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Abstract

Background The efficacy of oncolytic viruses (OV) in cancer treatment depends on their ability to successfully
infect and destroy tumor cells. However, patients' tumors vary, and in the case of individual insensitivity to an OV,
therapeutic efficacy is limited. Here, we present a protocol for rapid generation of tumor cell-specific adapted
oncolytic coxsackievirus B3 (CVB3) with enhanced oncolytic potential and a satisfactory safety profile. This is
achieved by combining directed viral evolution (DVE) with genetic modification of the viral genome and the use of a
microRNA-dependent regulatory tool.

Methods The oncolytic CVB3 variant PD-H was adapted to the refractory colorectal carcinoma cell line Colo320
through serial passaging. XTT assays and virus plague assays were used to determine virus cytotoxicity and virus
replication in vitro. Recombinant PD-H variants were generated through virus mutagenesis. Apoptosis was detected
by Western blots, Caspase 3/7 assays, and DAPI staining. The therapeutic efficacy and safety of the adapted
recombinant OV PD-SK-375TS were assessed in vivo using a subcutaneous Colo320 xenograft mouse model.

Results PD-H was adapted to the colorectal cancer cell line Colo320 within 10 passages. Sequencing of passage
10 virus P-10 revealed a heterogenous virus population with five nucleotide mutations resulting in amino acid
substitutions. The genotypically homogeneous OV PD-SK was generated by inserting the five detected mutations
of P-10 into the genome of PD-H. PD-SK showed significantly stronger replication and cytotoxicity than PD-H in
Colo320 cells, but not in other colorectal carcinoma cell lines. Increase of apoptosis induction was detected as key
mechanisms of Colo320 cell-specific adaptation of PD-SK. For in vivo safety PD-SK was engineered with target sites
of the miR-375 (miR-375TS) to exclude virus replication in normal tissues. PD-SK-375TS, unlike the PD-H-375TS not
adapted homolog suppressed the growth of subcutaneous Colo320 tumors in nude mice without causing any side
effects.

Conclusion Taken together, here we present an optimized protocol for the rapid generation of tumor cell-specific
adapted oncolytic CVB3 based on the oncolytic CVB3 strain PD-H. The protocol is promising for the generation of
personalized OV for tumor therapy and has the potential to be applied to other OV.
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Background

Oncolytic viruses (OVs) are an innovative class of tumor-
selective immunotherapeutics that selectively replicate
in tumor cells. The anti-tumor efficiency is achieved
through the virus induced destruction of the tumor
cells leading to a potent systemic anti-tumor immune
response [1]. Among the numerous OVs tested in clini-
cal trials, three have received clinical approval: Oncorine
[2], an engineered adenovirus which is used in combina-
tion with chemotherapy for the treatment of nasopharyn-
geal and head and neck cancers, T-Vec [3], an engineered
herpes simplex virus (HSV) that overexpresses gran-
ulocyte-macrophage colony-stimulating factor for the
treatment of advanced melanoma, and Delytact [4], a
triple-mutated, replication-conditional HSV for the
treatment of malignant glioma. However, in regard to
the therapeutic efficacy of all clinical trials involving
OVs from 2000 to 2020, only about 20% of treated can-
cer patients derived benefit from OV treatment [5].
Although the exact reasons have not yet been elucidated
in detail, both viral and host-dependent factors appear
to be responsible for the failure of OV therapy in can-
cer patients. OVs developed in recent decades typically
exhibit a broad tumor cell tropism [6]. This trait arises
from the inherent tropism of the viruses to tumor cells,
but also from modification implemented in the viruses
by genetic engineering [7]. Nevertheless, multiple stud-
ies with hundreds of tumor cell lines and various in vivo
tumor models have shown that the sensitivity of tumor
cells to OVs varies widely, ranging from highly sensitive
to completely resistant [8—12]. The latter concerns tumor
cells from tumors of different entities, but also those
belonging to tumors of the same entity [10, 12, 13]. The
heterogeneity of tumor cells can directly impact the ther-
apeutic success of OV therapy. This is due to inefficient
viral delivery and viral entry into the cancer cells as well
as the limited viral replication and release and the virus-
induced destruction of the tumor cells. Consequently,
this impairs the induction of a systemic antitumor
immune response, which is a key mechanism determin-
ing the oncolytic efficacy of OV [1].

Directed virus evolution (DVE) is an approach
employed to enhance the efficacy of OV. Although DVE
has been widely used by virologists to study the life cycle
and evolution of viruses [14, 15] it is still rarely used for
development of improved OV. DVE bases on the abil-
ity of viruses to rapidly generate mutations in their
genetic material while replicating. This enables viruses to
adapt to host cells that do not or only partially support
virus replication through an autonomous process [16].

Compared to genetically engineering, a major advan-
tage of DVE is that improved OV can be generated
without the need to elucidate the underlying resistance
mechanisms of the cancer cells [17]. Key features of such
adapted OV are increased oncolytic activity and viral fit-
ness in the refractory cancer cells [10]. However, depend-
ing on the goal of the adaptation strategy, adapted OVs
may also exhibit higher stability, better intratumoral
spread, or a wider range of infectivity than the parental
viruses [10, 18, 19]. Both DNA and RNA viruses has been
used to develop novel OVs by DVE [10, 20, 21]. Although
it has been shown that an adapted OV generated by DVE
can also has a higher oncolytic activity in other tumor
cell lines than in the one in which it was adapted [10], the
adaptation process is generally tumor cell-specific, and
the OV has typically the highest oncolytic activity in the
tumor cells in which it was generated [22, 23]. Therefore,
DVE is a technology that could be particularly suitable
for the development of OV in the context of personalized
cancer therapy. One major obstacle to the widespread use
of this technology in OV production is the inability to
predict whether the customized OV will retain the safety
features of its parent strain. Additionally, the process of
developing and testing the customized OV is complex,
time-consuming and expensive [21].

Here, we have developed a protocol for the rapid gener-
ation of tumor cell-specific adapted OV with high safety
using the OV PD-H, a non-enveloped single (+)-strand
RNA virus of the picornavirus family which belongs
to the coxsackie B virus of the serotype 3 (CVB3) [24].
Key points of this protocol are the strict restriction of
the number of passages in the resistant tumor cell line
to 10, direct cloning of detected mutations within the
viral genome into the cDNA of PD-H and equipping of
the genome of the adapted virus with target sites of miR-
375 (miR-375TS), to prevent possible virus induced side
effects in vivo. We show that using this protocol PD-H
can be easily and fast adapted to the refractory colorec-
tal cancer cell line Colo320. The adapted virus PD-SK
replicated up to 100-fold stronger in Colo320 cells and
induced significantly stronger cells lysis than the paren-
tal founder in vitro. In vivo, PD-SK engineered with
miR-375TS demonstrated distinct oncolytic activity in
Colo320 tumors without inducing side effects, whereas
the parental founder remains ineffective. Mechanistically,
the stronger activity of the adapted virus was primarily
due to the increased induction of apoptosis in Colo320
target cells.
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Materials and Methods

Cell Culture

HeLa cells were cultured in Eagle’s minimal essential
medium (MEM) (Gibco, Karlsruhe, Germany) supple-
mented with 5% fetal calf serum (FCS), 0,02 M HEPES,
1% non-essential amino acids (NEAA) and 1% penicil-
lin / streptomycin (P/S). HEK293T cells were cultured
in DMEM High glucose (Biowest, Darmstadt, Germany)
supplemented with 10% FCS, 1% P/S, 1% L-glutamine
and 1% Na-pyruvate. The murine colorectal carcinoma
cell lines Colon-26 and the human colorectal cancer
cell lines DLD-1, Colo320, Colo205 and Colo680H were
cultured in RPMI 1640 (c.c.pro, Oberdorla, Germany)
supplemented with 10% FCS, 1% P/S, 1% L-glutamine
and 2% Na-pyruvate. The human colorectal cancer
cell line Caco-2 cells was cultured in DMEM High glu-
cose (Biowest) supplemented with 10% FCS, 1% P/S, 1%
L-glutamine, 1% NEAA and 2% Na-pyruvate. The murine
colorectal CT-26Luc cells were cultured in RPMI 1640
(c.c.pro) supplemented with 10% FCS, 1% P/S, 1% L-glu-
tamine, 1% NEAA and 2% Na-pyruvate.

Cell Killing Assay

1.5%x10° Colo320 cells and 5x10* HeLa cells were seeded
in 96-well plates and infected the next day with virus
at a dose of MOI 0.1, 1 and 10 in 100 pl. After 1 h the
medium was removed and 100 pl fresh medium was
added. 24 h and 48 h later the medium was removed,
cells were fixed with 10% trichloroacetic acid (TCA)
(Carl Roth, Karlsruhe, Germany) and stained with 30 pl
crystal violet solution (Carl Roth). The cells were washed
three times with phosphate buffered saline (PBS) and
then photographed.

Serial Passaging of PD-H in Colo320 Cells

Colo320 cells were seeded in 24-well (passage 1-8, each
8x10° cells), 12-well (passage 9, 1.6x10° cells) or 6-well
(passage 10, 4x10° cells) plates. After 24 h, the medium
was removed, and cells were infected with PD-H at MOI
0.1 in fresh medium for 1 h. Cells were washed with PBS
and fresh culture medium was added (24-well 500 ul,
12-well 1 ml, 6-well 2 ml). After incubation for 72 h
viruses were isolated by three freeze-thaw cycles, cell
debris was removed by centrifugation and virus titer in
supernatant was determined by plaque assay on HeLa
cells. The isolated virus batches were named according
to their passage. The viruses were stored at -80 °C until
use in the next round of passaging. In each further round
0.1 MOI of virus obtained from the previous round of
passaging was applied to fresh Colo320 cells. In total 10
virus batches (PD-1 to PD-10) were generated.
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Virus Plaque Assay

HeLa cells were seeded in 24-well plates as conflu-
ent monolayers. After 24 h, medium was removed, and
cells were incubated for 30 min with 300 pl of serial
10-fold dilutions of virus-containing samples in PBS.
After removing the supernatant cells were overlaid
with 3.2% BD-Difco Noble Agar (Thermo Fisher Scien-
tific, Waltham, USA) containing Eagle’s minimal essen-
tial medium (MEM) (Gibco). Seventy-two h after virus
infection HeLa cells were stained with Tetrazoliumbro-
mid-Iodnitrotetrazoliumchlorid solution (both VWR
International GmbH, Darmstadt, Germany) and incu-
bated for 4 h before plaque counting.

Virus Growth Curves

For generation of viral growth curves, 1.5x10° Colo320
cells were seeded in 96-well plates. After 24 h, medium
was removed, and cells were infected with 100 ul virus
suspension at MOI 0.1 and incubated for 1 h. Afterwards
the medium was removed and 200 pl fresh medium was
added. Cells were disrupted by three freeze-thaw cycles
0, 4, 8, 24, 48 and 72 h post infection. The cell lysate was
centrifuged, and the supernatant was used for determina-
tion of virus titers by plaque assay on HeLa cells.

Cell Viability Assay

Cell viability was assessed by using Cell Prolifera-
tion Kit (XTT) (Promega GmbH, Walldorf, Germany)
according to the manufacturer’s instructions. Cells were
seeded in 96-well plates and infected the next day when
they reached a confluence of about 80%. Twenty-four h,
48-72 h after infection absorbance levels were measured
using the TriStar2 LB 942 Modular Multimode Micro-
plate Reader (Berthold Technologies, Bad Wildbad, Ger-
many). As negative control, cells were treated with 50 pl
5% Triton X-100 solution.

Mutagenesis and Cloning of PD-H cDNA-containing
Plasmids

Mutagenesis was done by the In-Fusion HD Cloning Kit
(Takara Bio, Shiga, Japan) according to manufacturer’s
instructions. The mutagenesis-primers were designed
using the online infusion primer designing tool (Takara
Bio). Eight different plasmids were generated by muta-
genesis of the plasmid pJet-CVB3-PD-H [24] contain-
ing the cDNA of the oncolytic CVB3 PD-H [24]. These
plasmids were named as follows and contain nucleotide
substitutions leading to substitution of certain amino
acids (aa) in the viral polyprotein (shown in parenthesis),
pJET-CVB3-PD-K4 (A3T), pJET-CVB3-PD-K1 (E596V,

E768D), pJET-CVB3-PD-K2A (Y940C), pJET-CVB3-
PD-K2B (N1027D), pJET-CVB3-PD-K2AB (Y940C,
N1027D), pJET-CVB3-PD-K1-2AB (E596V, E768D,

Y940C, N1027D), pJET-CVB3-PD-SK (A3T, E596V,



Elsner et al. Biological Procedures Online (2024) 26:11

E768D, Y940C, N1027D). A further plasmid, pJet-CVB3-
PD-SK-375TS (A3T, E596V, E768D, Y940C, N1027D)
was generated by mutagenesis of the plasmid pJet-CVB3-
PD-H-375TS [24] containing the PD-H ¢cDNA with two
target sites of the miR-375 in the 3’ UTR [24].

Generation of Recombinant Viruses

HEK293T cells were seeded into 6-well plates and next
day at a confluence of 70-80% transfected with 2.5 ug
of plasmids containing viral cDNA using PEImax (Poly-
sciences Europe GmbH, Hirschberg an der Bergstrafle,
Germany). The viruses PD-H and PD-H-375TS were
generated by transfection of the plasmids pJET-CVB3-
PD-H [24] and pJET-CVB3-PD-H-375TS [24]. The
viruses PD-K1, PD-K4, PD-K2A, PD-K2B, PD-K2AB,
PD-K1-2AB, PD-SK, and PD-SK-375TS were generated
by transfection of plasmids containing the corresponding
viral cDNAs. Seventy-two h after transfection cells were
disrupted by three freeze-thaw-cycles. The cell lysate was
centrifuged, and the supernatant was used for determina-
tion of virus titers by plaque assay on HeLa cells. Viruses
were amplified by infection of HEK293T with 0.3 MOI
of viruses. For in vivo studies PD-H-375TS and PD-SK-
375TS were purified and concentrated by ultracentrifu-
gation with 30% sucrose gradient as described previously
[25].

Sequencing of CVB3 Genome

The whole genome of PD-5 and PD-10, and all mutated
sites of the engineered PD-H variants were sequenced.
Therefore, viral RNA was extracted with the NucleoSpin
RNA Virus Kit (Macherey-Nagel, Diiren, Germany)
according to the manufacturer’s instructions and reverse
transcribed by using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, USA).
PCR fragments were generated with Q5° High-Fidelity
DNA Polymerase (New England Biolabs, Frankfurt, Ger-
many) using CVB3 specific primers and sequenced by
sanger sequencing by LGC Biosearch Technolgies (Ber-
lin, Germany). Sequence alignment was done with Snap-
Gene 5.1.7 software.

Comparison of aa Substitutions Found in PD-10 with Other
CVB3 Strains

PD-H according to [24]. The other strains can be found
at the National Center for Biotechnology Informa-
tion (NCBI) with the following accession numbers.
Strain 0 AY752945.1; strain 20 M88483.1; strain 2035 A
KY286529.1; strain 28 AY752944.2; strain 31-1-93
AF231763.1; strain H3 U57056.1; strain L M16572.1;
strain M2 M33854.1; strain Nancy JX312064.1; strain P
AF231764.1 and strain RD HQ157560.1.
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Virus Attachment and Uptake Assay

Colo320 cells were seeded in 24-well plates. Next day
when cells reached a confluence of 80% the cells were
washes with ice cold PBS, then incubated with 0.1 MOI
virus in a volume of 500 pl ice cold cell culture medium
on ice for 1 h. The medium was removed, the cells
washed twice with ice cold PBS. To determine virus
attachment thereafter the cells were immediately frozen
to -80 °C. After three freeze-thaw-cycles the supernatant
was used for viral RNA extraction. To determine virus
uptake the cells were infected as described, overlaid with
500 pl cell culture medium and incubated for further
30 min at 37° C. The medium was removed, the cells were
washed twice with icecold PBS and total RNA from cells
was isolated using TRIZOL reagent (Life Technologies,
Carlsbad, USA). RT-PCR was used to determine virus
genome copy number.

Determination of Virus Genome Copy Number by
Quantitative RT-PCR

For quantification of viral genomic RNA, total RNA from
virus infected cells was isolated using the NucleoSpin
RNA Virus Kit (Macherey-Nagel) or using TRIZOL
reagent (Life Technologies) according to the manufac-
turer’s instructions and reverse transcribed by using the
High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems). Real-time PCR was performed using the
CVB3 specific forward primer, 5-CCCTGAATGCGGCT
AATCC and the reverse primer 5- ATTGTCACCATAA
GCAGCCA in SsoFastTM EvaGreen Supermix (Bio-Rad
Laboratories, Hercules, USA). Cycle times were one cycle
at 50 °C for 2 min followed by 94 °C for 10 min and 40
cycles at 94 °C for 15s and 60 °C for 60s. A standard curve
was used to calculate the number of viral genome copies.
The RNA copies were determined by the AA., calcula-
tion method.

Western Blots

Colo320 cells were seeded in 6-well plates. Twenty-
four h later when cells reached a confluence of 80% the
cells were infected with PD-H and PD-SK at MOI 0.1.
Twenty-four h later cells were washed with PBS and
trypsinated. Cell suspension was centrifuged, super-
natant removed, and cell pellet immediately frozen at
-80 °C. Cells were treated with lysis buffer (20 mM TRIS/
HCI, pH 8.0, 140 mM NaCl, 1 mM EDTA, 1% Triton
X-100, 1% protease inhibitor cocktail) (Sigma-Aldrich,
Taufkirchen, Germany) and 1% phosphatase inhibi-
tor cocktail (Calbiochem, San Diego, USA). Protein
concentration was measured by a BCA assay (Thermo
Fisher Scientific). Cell extracts were separated by SDS/
PAGE and immunoblotted with primary antibody anti-y-
tubulin (T6557) (Sigma-Aldrich), selfmade mAb against
CVB5-VP1 which binds CV-1 of CVB3 [26], anti-eIF4G
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(N-20) (Santa Cruz Biotechnology, Dallas, Texas, USA),
anti-cleaved caspase 3 (Aspl75, #9661), anti-caspase 8
(1C12, #9746), anti-caspase 9 (C9, #9508) and anti-PARB
(#9542) (all Cell Signaling Technology, Danvers, MA,
USA). The monoclonal anti-VP1 antibody was generated
against VP1 from CVB5 strain Faulkner. For detection
the membrane was blocked with 5% dry milk/PBS-T and
incubated overnight at 4 °C with the respective antibod-
ies. Subsequently the membrane was washed three times
with PBS-T and incubated with goat anti-mouse and
anti-rabbit IgGs conjugated to horseradish peroxidase
(Bio-Rad, Hercules, USA) in 5% dry milk/PBS-T for 1 h.
Magic MarkXP (Thermo Fisher Scientific) was used as a
molecular weight marker to determine size of detected
proteins after western blotting. Chemiluminescence was
performed using the Supersignal West Pico Substrate
(Thermo Fisher Scientific) and detected with Imager 600
from GE Healthcare (Chalfont St Giles, UK). Quantifica-
tion of the expression of indicated genes was carried out
relative to the expression of y-tubulin by densitometric
analysis using the Image] densitometry software.

Fluorescence Imaging

Colo320 cells were seeded in 24-well plates and were
infected the next day when cells reached a confluence of
about 80% with PD-H and PD-SK at MOI 0.1. Twenty-
four h after infection cells were fixed with 4% formalde-
hyde (Carl Roth) for 15 min, washed three times with
PBS and incubated with 500 pl blocking solution (PBS,
5% goat serum, 0.3% Triton X-100) for 1 h. Blocking solu-
tion was removed, and cells were incubated with primary
antibody for cleaved caspase-3 (Cell Signaling Technol-
ogy) at 4 °C overnight. After washing with PBS, incu-
bation with secondary antibody Goat anti-Rabbit IgG
(H+L) Alexa Fluor™ 488 (Thermo Fisher Scientific) was
carried out for 2 h. Thereafter, cells were washed three
times with PBS followed by co-staining with 1 pug/mL of
40,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich)
for 10 min. Cells were washed twice again with PBS and
images were taken by fluorescence microscopy (Observer
Z1, Carl Zeiss, Oberkochen Germany).

Caspase-3/7 Activities

Caspase-3/7 activities were measured using Caspase-
Glo® 3/7 Assay Systems (Promega GmbH) according to
the manufacturer’s instructions. Cells were seeded in
96-well plates and were infected the next day when cells
reached a confluence of about 80% at MOI of 0.1 and
0.01. Twenty-four h after infection luminescence was
measured using the TriStar2 LB 942 Modular Multimode
Microplate Reader (Berthold Technologies, Bad Wildbad,
Germany).
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Quantification of MicroRNA Levels

For quantification of miR-375 level, total RNA from cells
or mouse tissues was isolated by using TRIZOL reagent
(Life Technologies). RNA was reverse transcribed by
using the High-Capacity ¢cDNA Reverse Transcription
Kit (Applied Biosystems). Expression levels of miR-375
(assay ID: 000564) were determined by utilizing the Taq-
Man gene expression master mix and specific TagMan
gene expression assays (Life Technologies) according to
the manufacturer’s instructions. The data were analyzed
by using the AACt method, and results were normalized
against U6 snRNA (assay ID: 001973) levels of cell lines
and tissues.

MicroRNA-dependent Virus Silencing

HEK293T cells were seeded in 24-well plates and trans-
fected the next day when they reached a confluence
of about 70-80% with 800 ng of the plasmid pCMV-
miR-375 expressing the miR-375 or the plasmid pCMV-
GFP-miR-216 expressing GFP protein and the miR-216.
Both plasmids were purchased from Origene Technolo-
gies (Rockville, MD, USA). Transfection was done using
PEImax (Polysciences Europe GmbH). Forty-eight h post
transfection cells were inoculated with PD-SK-375TS
at MOI 0.01 for 30 min at 37 °C. After removal of viral
solutions, fresh medium was added. Twenty-four h post
infection cells were disrupted by three freeze-thaw-
cycles, the cell lysate was centrifuged, and the virus con-
taining supernatant was used for determination of virus
titers by plaque assay in HeLa cells.

Xenografted Subcutaneous Colo320 Cancer Mouse Model
The animal experiments were performed in accordance
with the principles of laboratory animal care and all Ger-
man laws regarding animal protection and approved by
the responsible local authorities (State Office of Health
and Social Affairs, Berlin, Germany, reference number G
0048/18). For generation of Colo320 tumors, 6-week-old
female Balb/C nude mice (Charles River, Sulzfeld, Ger-
many) were injected with 5x10° cells subcutaneously
into the right and left flank. After 9 days, when tumor
reached a diameter of approximately 5 mm, one of the
tumors was injected with 3x10° PFU of PD-H-375TS or
PD-SK-375TS, each in 30 ul PBS. Control animals were
injected with 30 pl PBS. Tumor volume was measured
every two days. The maximal tumor size/burden permit-
ted by ethics committee was 1,8 cm®. The maximal tumor
size/burden was not exceeded in the experiments.

Histopathological Analysis

For histopathological analysis tissues were fixed with 4%
paraformaldehyde (Carl Roth) and embedded in paraf-
fin. The tissue was cut in 5 um-thick sections and stained
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with hematoxylin and eosin (H&E) to visualize inflamma-
tion and tissue destruction.

Statistical Analysis

Statistical analysis was performed with Graph-Pad Prism
8.2 Software. Results are expressed as the mean SEM for
each group. Statistical significance was determined by
use of the two-tailed unpaired Student’s t-test for cell
culture investigations and by use of the Mann-Whitney
U-test for in vivo investigations. Differences were consid-
ered significant at p<0.05.

Results

Generation of PD-SK by Direct Evolution of PD-H in
Colo320 Cells and Engineering of the PD-H cDNA Clone
The oncolytic CVB3 variant PD-H [24], which is in the
focus of this study, was generated from a cDNA clone
isolated from the oncolytic CVB3 variant PD-0, which
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demonstrated potent oncolytic activity in colorectal
carcinomas as described by our group [13]. However,
we have also observed that certain colorectal cancer
cell lines, including Colo320 cells, exhibit resistance to
PD-0 [13]. To confirm that Colo320 cells are also refrac-
tory to PD-H and therefore a suitable target for the DVE
approach, we infected Colo320 cells and the control cell
line HeLa with the virus and analyzed the cell viabil-
ity 24 and 48 h later. HeLa cells were highly sensitive to
PD-H, while Colo320 cells were lysed only at a high viral
dose (Fig. 1A), confirming the insensitivity of Colo320
cells to PD-H. To adapt PD-H to Colo320 cells, we seri-
ally passaged PD-H in Colo320 cells using a low MOI
of 0.1. Passage 1 virus (PD-1) was harvested, and virus
titers determined by plaque assay. Fresh Colo320 cells
were than infected with 0.1 MOI of PD-1 and ten virus
passages were performed. A significant increase in virus
titers was detected beginning at passage 4 up to passage
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Fig. 1 Adaption of PD-H in Colo320 and functional analysis of PD-SK. (A) Susceptibility of Colo320 cells to PD-H. Colo320 and Hela cells were infected
as indicated with of PD-H. Cell viability was determined 24 h and 48 h post infection by crystal violet staining. (B) Development of viral titers during se-
rial passaging of PD-H. Colo320 cells were infected with MOI 0.1 and incubated for 72 h. Viral titer was determined by plaque assay. The procedure was
repeated for 10 passages. Shown are mean values+ SEM. Significance compared to previous passage, * p <0.05; ** p<0.01. (C) Changes of cell viability
during passaging of PD-H. Colo320 cells were infected with PD-H, PD-5 or PD-10 at the indicated MOls. Cell viability was measured by XTT assay 72 h after
infection. Shown are mean values + SEM. Significance, ** p<0.01; **** p <0.0001. (D) Detection of mutations in PD-5 and PD-10. Upper panel, Chromato-
grams of the sanger sequencing of viral RNA isolated from PD-H, PD-5 and PD-10. Nucleotide substitutions are highlighted in yellow boxes. Lower panel,
schematic of PD-H genomic RNA, location of the nucleotide and resulted aa substitutions detected in PD-10. (E) Comparison of aa substitutions found in
PD-10 with other CVB3 strains. (F) Virus growth kinetics. Colo320 cells were infected with PD-H, PD-10 and PD-SK at MOI 0.1. Virus titer was determined
by plague assay. Shown are mean values + SEM. Significance compared to PD-H, * p <0.05; **** p <0.0001. (G) Cell viability. Colo320 cells were infected
with PD-H, PD-10 or PD-SK at the indicated MOI. Cell viability was measured 48 h after infection. Shown are mean values+ SEM. Significance, ** p<0.01;
®% 5 0,001; *** p < 0.000]1
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7, where the maximum was achieved (Fig. 1B). To assess
the cytotoxic activity of passaged viruses, XTT cell viabil-
ity assay was performed for viruses harvested at passage
5 (PD-5) and passage 10 (PD-10) and compared them
to PD-H. The cytotoxicity of PD-5 was similar to PD-H,
while the cytotoxicity of PD-10 was much stronger than
that of PD-H and PD-5 indicating that the increase in
cytotoxic activity occurred with a time delay during
adaptation of PD-H to Colo320 cells (Fig. 1C).

To determine the genetic basis of virus adaptation,
the viral genome of PD-5 and PD-10 was sequenced.
For PD-5, two mutations, both in the capsid protein
VP1 were detected leading to aa substitutions at aa26
[E — V] and aal98 [E — D]). In PD-10 besides aa26 and
aal98 three additional aa substitutions were found, in
the viral capsid protein VP4 (aa3 [A — T]), the viral pro-
tease 2 A (aa89 [Y — C]) and the viroporin 2B (aa26 [N
— DJ) (Fig. 1D). All mutations were unusual for CVB3,
as there was nearly no homology to other CVB3 isolates
(Fig. 1E). Importantly, sanger sequencing detected signals
of mutated and founder sequences at the site of nucleo-
tide substitution for both mutation sites of PD-5 and in
four of the five mutation sites of PD-10 (Fig. 1D) dem-
onstrating that both PD-5 and PD-10 represent a heter-
ogenous virus population. We hypothesized that all aa
substitutions were beneficial for the virus to replicate and
kill Colo320 cells. Therefore, we directly cloned the five
mutations detected in PD-10 into cDNA of PD-H using
the rapid in Fusion snap assembly cloning procedure.
The resulted viral cDNA was transfected into HEK293T
cells, and the virus PD-SK was produced. To determine
whether PD-SK retained the functional features of PD-10,
we compared its growth kinetics by generating one step
growth curves and measured its cytotoxicity by XTT
assays in Colo320 cells. As expected, PD-SK replicated to
distinctly higher virus titers and induced distinctly higher
cytotoxicity compared to those of PD-H, but surprisingly
virus titers and cytotoxicity of PD-SK were also signifi-
cantly higher than those of PD-10 (Fig. 1G, F), indicating
that the virus clone was more potent than PD-10.

Increase of Oncolytic Efficiency of PD-SK is Restricted to
Colo320 Cells

DVE leads to target cell-specific virus adaptation. How-
ever, it has been observed that the adaptation of an OV
to one tumor cell line can also improve its oncolytic effi-
ciency in other tumor cells [10, 19]. To find out whether
this also applies to PD-SK, we determined the cytotoxic-
ity of PD-SK and PD-H in six additional colorectal can-
cer cell lines 24 h and 48 h after infection with 1 and 0.1
MOI and investigated the replication of both viruses in
these cell lines 24 h after infection with 1 MOL In five
of the six cell lines, the cytotoxicity of PD-SK was mod-
erately lower than that of PD-H, while the sixth cell line,
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Colo205, which was also sensitive to PD-H, could not be
lysed by PD-SK (Fig. 2A). In four of six colorectal can-
cer cell lines PD-SK replication was similar or minimally
reduced compared to PD-H, whereas in two cell lines,
Colo205 and CaCo2, the replication of PD-SK was dis-
tinctly lower than those of PD-H (Fig. 2B). These results
show that the increased oncolytic activity of PD-SK in
Colo320 did not lead to increased oncolytic efficiency in
other colorectal carcinoma cell lines. On the contrary,
DVE of PD-H in Colo320 cells had a negative effect on
replication and cytotoxicity in other cancer cell lines.

Acquired Virus Mutations act Cooperatively to Achieve
Best Performance of the Adapted Virus

To determine the importance of acquired mutations for
the improved performance of PD-SK in Colo320 cells,
we next generated a panel of viral mutants with single or
clustered mutations in the PD-H background (Fig. 3A)
and compared their replication and cytotoxicity with
PD-H and PD-SK. The virus mutant PD-K1-2AB contain-
ing the mutated VP1, 2A and 2B proteins, exhibited the
best growth among the tested virus mutants. It replicated
similarly to PD-SK with approximately 150-fold higher
final virus titers compared to PD-H. The virus variants
PD-K2B and PD-K2AB, which contain the mutated 2B
and the mutated 2A and the mutated 2B, respectively,
had virus titers about 15 times higher than PD-H, but
did not reach the replication of PD-SK, while the vari-
ant PD-K2A replicated only slightly better than PD-H. In
contrast, the viruses PD-K4 and PD-K1, containing the
mutated VP4 and the mutated VP1, respectively under-
performed and replicated distinctly worse than PD-H
(Fig. 3B). With the exception of PD-K1, whose plaques
were larger than those of PD-H, all mutant viruses and
PD-SK had smaller plaques than PD-H (Fig. 3C). The
cytotoxicity of the virus mutants was highly variable and
only partially correlated with their replication in Colo320
cells. Only PD-K4, PD-K2AB and PD-K1-K2AB demon-
strated greater cytotoxicity than PD-H but did not reach
the cytotoxicity observed for PD-SK. Meanwhile PD-K1,
PD-K2A and PD-K2B were as ineffective as PD-H in kill-
ing Colo320 cells (Fig. 3D). In summary, these data dem-
onstrate that each mutation acquired during evolution
of PD-H in Colo320 cells affected virus replication and
cytotoxicity. When considered individually, the effects
were either positive or negative. Interestingly, mutations
that on their own did not improve or even impaired the
oncolytic activity of the virus, in combination with other
mutations, contributed to a further increase in the onco-
lytic activity of the adapted virus.
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Fig.2 Comparison of oncolytic efficiency and replication of PD-H and PD-SK in colorectal cancer cell lines. (A) Cell viability. The colorectal cancer cell lines
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and 48 h after infection. Shown are mean values + SEM. Significance, * p <0.05, ** p<0.01; *** p<0.001;

; ¥¥*¥% p<0.0001. (B) Virus titer. Cells were infected

with MOI 1; virus titer was determined 48 h after infection by plaque assay. Shown are mean values + SEM; Significance, * p < 0.05; ** p<0.01

Enhancement of Apoptosis Induction is a Crucial
Mechanism Determining the Improved Oncolytic Efficiency
of PD-SK in Colo320 Cells
Next, we were interested in determining the mechanisms
involved in overcoming resistance of Colo320 cells by
PD-SK. Mutations acquired during evolution of PD-H in
Colo320 cells affected the viral capsid proteins VP1 and
VP4 and the non-structural proteins 2 A and 2B. Both
capsid proteins are involved in mediating the virus entry
into target cells [27], suggesting that mutation within
these proteins may affectPD-SK entry into Colo320 cells.
To prove this Colo320 cells were treated with 0.1 MOI
PD-SK and PD-H and the virus attachment and internal-
ization were investigated. PD-SK bound significantly bet-
ter to the surface than PD-H, although the overall effect
was small. However, this did not resulted in increased
uptake of PD-SK into the cells (Fig. 4A, B). suggesting
that viral entry does not play a critical role in the final
adaptation of PD-SK.

The CVB3 proteins 2A and 2B have distinct func-
tions in the life cycle of coxsackieviruses, but a common

feature is their involvement in regulation of apoptosis
[28, 29]. Accordingly, we investigated apoptosis induction
in Colo320 cells 24 h after infection with 0.1 MOI PD-H
and PD-SK. As shown by western blotting, increased
expression of cleaved eukaryotic initiation factor 4 g
(elF4G), cleaved poly ADP-ribose polymerase (PARP)
and cleaved caspase-3, -8, and 9 was detected in PD-SK-
infected compared to PD-H-infected cells (Fig. 5A). The
stronger induction of apoptosis by PD-SK compared
to PD-H was confirmed by detection of higher expres-
sion of cleaved caspase 3 by immunostaining (Fig. 5B)
as well as by increase of chromatin condensation and
nuclear fragmentation by DAPi staining (Fig. 5C). To
determine whether increase of apoptosis was caused by
the action of mutated 2 A or mutated 2B protein, next
we infected Colo320 cells with 0.1 MOI PD-K2A, PD-
K2B, PD-K2AB, PD-SK and PD-H, respectively, and
measured the caspase 3/7 activity 24 h later. Compared
to PD-H, no change in caspase 3/7 activity was detected
in PD-K2A-infected cells, whereas a significant increase
was observed after infection with PD-K2B. An even
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Fig. 3 Importance of individual aa substitutions for the replication and cytotoxicity PD-SK. (A) Schematic representation of generated PD-H mutant
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PD-H. Colored columns in the scheme represent the location of nucleotide substitutions compare to PD-H. (B) Virus growth kinetics. Upper panel, Colo320
cells were infected with PD-H, PD-K4, PD-K1, PD-K2A, PD-K2B, PD-K2AB, PD-K1-2AB and PD-SK at MOI 0.1. Virus titers were determined by plaque assay
at indicated time points. Shown are mean values +SEM. Significance compared to PD-H, * p<0.05; ** p<0.01; *** p<0.001; *** p<0.0001. Lower table,
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eter. Shown are mean values +SEM. Significance compared to PD-H, ** p<0.01; *** p<0.0001, for n=50 plaques. (D) Cell viability. Colo320 cells were

infected with indicated viruses at MOI 0.1 and

1; cell viability was measured 24 h (upper diagram) and 48 h (lower diagram) after infection. Shown are mean

values +SEM. Significance compared to PD-H, ** p<0.01; *** p<0.001; *** p <0.0001

higher caspase 3/7 activity, reaching values measured
for PD-SK, was detected in PD-K2AB-infected Colo320
cells (Fig. 5D), indicating that the cooperative action of
mutated 2 A and 2B enhanced apoptosis in Colo320 cells.
Thus, the enhanced apoptosis induction seems to be key
mechanisms determining the higher oncolytic activity of
PD-SK in Colo320 cells.

Genetic Engineering of PD-SK with miR-375TS Inhibits
Virus Replication in miR-375 Expressing Target Cells
Although the evolution of PD-H led to the adaptation of
the virus to Colo320 cells, it cannot be ruled out that the
adapted PD-SK virus could also replicate in normal body
cells and thus cause side effects after application in vivo.
To ensure the safety of the virus, we have therefore gen-
erated PD-SK-375TS containing miR-375TS the 3’ UTR
of its genome. MiR-375 is a pancreas-specific microRNA
that inhibits the replication of oncolytic CVB3 equipped
with miR-375TS in the normal organs of mice [30]. How-
ever, to ensure that the virus continues to replicate in
Colo320, a prerequisite for the success of this approach
is that miR-375 is not expressed in Colo320 cells, or only

in small quantities. This could be confirmed by measure-
ment of miR-375 expression by RT-PCR in Colo320 cells
using real time RT-PCR (Fig. 6A). To assess the func-
tionality of PD-SK-375TS, we next examined its cyto-
toxicity and replication in Colo320 cells and compared
it with PD-SK, PD-H as well as a further control virus
PD-H-375TS, representing PD-H equipped with miR-
375TS. PD-SK-375TS showed slightly lower replication
and cytotoxicity than PD-SK, but replicated and killed
Colo320 cells significantly stronger than PD-H or PD-H-
375TS (Fig. 6B, C). In addition, PD-SK-375TS replication
was distinctly inhibited in HEK293T cells transfected
with miR-375, indicating that the virus became sensitive
to miR-375 (Fig. 6D).

PD-SK-375TS Reduces Growth of Subcutaneous Colo320
Tumors in Xenografted Mice Without Inducing Side Effects
Next, we compared the oncolytic efficiency and safety of
PD-SK-375TS in vivo in a subcutaneous xenograft mouse
model of Colo320 cancer. Colo320 tumor cells were
injected into both flanks of nude mice. When the tumor
reached a size of about 0.5 cm, one tumor was injected
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Fig. 4 Attachment and uptake of PD-SK and PD-H to Colo320 cells. Colo320 cells were and infected with 0.1 MOI of PD-SK and PD-H. (A) Virus attach-
ment. After infection the cells on ice, virus was removed, and cells were washed two times with ice-cold PBS and viral RNA isolated. Virus genome copy
number was determined by quantitative RT-PCR. Shown are mean values + SEM, Significance, * p <0.05. (B) Virus uptake. After infection the cells on ice
with PD-H and PD-SK Colo320 cells were incubated at 37 °C for 1 h. Cells were washed two times with ice-cold PBS and virus RNA isolated. Virus genome
copy number was determined by quantitative RT-PCR. Shown are mean values + SEM. Significance, * p<0.05; ** p<0.01

with 3x10° PFU of PD-SK-375TS, the control virus PD-
H-375TS or with PBS. The contralateral tumor was not
injected (Fig. 7A). During the 22-day study period, a sim-
ilar increase in body weight was observed in all treated
animal groups (Fig. 7B). No deaths or impaired health
status were detected in any of the animals. Treatment
with PD-SK-375TS resulted in a significant reduction
in the growth of the injected Colo320 tumors, while no
growth inhibition was noted in the tumors injected with
PD-H-375TS (Fig. 7C, E) and in non-injected tumors.
(Fig. 7D, E). Thirteen days after virus injection all animals
were sacrificed, and the abundance of the viruses was
determined in the tumors and organs. Neither PD-SK-
375TS nor the PD-H-375TS were detected in the heart
and the pancreas of the mice as well as in the spleen, and
the untreated tumors. PD-H-375TS was also not detected
in the injected tumor. In contrast, in three of five treated
animals PD-SK-375TS was found in the injected tumor
(Fig. 7F). In accordance with the lack of virus replication,
no pathological alterations were detected in the pan-
creas and the heart, representing the most susceptible
organs for CVB3, for both viruses (Fig. 7G). These data
demonstrate, that Colo320 tumors became susceptible to
PD-SK-375TS in vivo. Moreover, PD-SK-375TS did not
induce side effects in the treated animals.

Discussion

Here we present a protocol for rapid development
of tumor cell specific-adapted oncolytic CVB3 with
enhanced oncolytic potential and a satisfactory safety
profile (Fig. 8). The protocol consists of a standard-
ized method of DVE, combined with genetic engineer-
ing of the viral genome of the founder virus and use of
a microRNA-dependent regulation tool. Starting from
the oncolytic CVB3 strain PD-H and the colorectal
tumor cell line Colo320 refractory to this OV, we gener-
ated PD-SK-375TS using this method. Compared to its
founder, the virus showed significantly stronger tumor
cell-specific replication and cytotoxicity in Colo320 in
vitro. Additionally, it efficiently suppressed subcutane-
ous Colo320 tumor growth in nude mice in vivo without
inducing side effects in the treated mice.

Oncolytic virotherapy is a new immunotherapy for
cancer. However, clinical trials have shown that only a
minority of patients profit from OV treatment. Since effi-
cient infection, replication and damage of tumor cells is
crucial for triggering a strong and sustained anti-tumor
immune response and thus for the therapeutic outcome,
the primary resistance of tumor cells to the virus may be
a reason for the failure of this approach. Therefore, the
development of improved OVs that are able to overcome
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Fig.5 PD-SKinduces stronger apoptosis in Colo320 cells than PD-H. (A) Determination of CVB3 VP1 and cellular proteins involved in apoptosis induction.
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analysis using the ImageJ densitometry software. (B) Immunofluorescence staining of Colo320 cells for cleaved caspase 3. Cells were seeded in 24 well
plates and infected with PD-H and PD-SK at MOI 0.1. Twenty-four h after infection cells where fixed with 4% formaldehyde and stained for cleaved caspase
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the resistance of tumor cells is an indispensable prereq-
uisite for further increasing the efficacy of virotherapy.
The mechanisms that lead to viral resistance in tumor
cells are often complex and poorly understood, which is
why the improvement of OVs by single targeted genetic
modification of the viral genome alone is only possible to
a limited extent. Additionally, the genetic heterogenicity
of tumors require individual solutions for patients. DVE
is a method that utilizes the intrinsic activity of viruses to
autonomously adapt to a cellular environment that does
not primarily support viral infection. This makes DVE an
excellent option for the development of OVs for personal-
ized applications. However, one of the biggest challenges
in using DVE is to produce an OV with sufficient safety
within a defined time period to ensure that the patient
can actually benefit from its use. The protocol we estab-
lished here addresses this question. To restrict time a key
point of the developed protocol concerns the limitation
of the number of virus passages used to a necessary mini-
mum, which is particularly important in terms of reduc-
ing the time required to generate the adapted virus by
DVE. Depending on the virus and cell line used as well

as the aim of the investigations, the number of passages
in the various studies typically varies between 5 and more
than 30 [10, 11, 22, 23, 31-33]. In this study, we found
that 10 passages were sufficient to adapt the founder virus
PD-H to the refractory cell line Colo320 confirmed by
the observation that at this passage number the increase
of viral replication reached a plateau, and the cytotoxicity
of the virus was strongly enhanced. However, sequencing
revealed that PD-10 virus population at this time point
was heterogenous, demonstrating that the adapted virus
had not yet fully prevailed itself. Typically, this obser-
vation would require further passaging [23] or in vitro
selection of the adapted variant for example by plaque
purification to generate a homogenous virus isolate [11,
34]. We demonstrate that these elaborate procedures can
be avoided by directly inserting all detected mutations
into the genome of the founder virus PD-H using fast
and easy to perform site directed mutagenesis of the viral
c¢DNA. Interestingly, the engineered virus PD-SK did not
only show improved oncolytic activity compared to the
founder but also to PD-10, indicating that engineered
PD-SK was better adapted to Colo320 cells than PD-10.
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Fig. 6 Replication, cytotoxicity of PD-SK-375TS in Colo320 cells and its sensitivity to miR-375. (A) Relative expression level of miR-375 in Colo320 cells and
murine organs. Expression levels were determined by quantitative RT-PCR. Each miR expression level was normalized against the level of endogenous U6
snRNA expression and is shown relative to miR-375 levels of the pancreas which was set to 1. (B) Virus growth kinetics. Colo320 cells were infected with
PD-H, PD-H-375TS, PD-SK or PD-SK-375TS at MOI 0.1. Virus titer was measured by plaque assay at indicated time points. Shown are mean values + SEM.
Significance, * p <0.05; n.s., not significant. (C) Cell viability. Colo320 cells were infected with PD-H, PD-H-375TS, PD-SK or PD-SK-375 at the indicated MOI.
Cell viability was determined by XTT assay 48 h after infection. Shown are mean values+ SEM. Significance, ** p<0.01; *** p<0.001; **** p <0.0001. (D)
Silencing of PD-SK-375TS by miR-375. HEK293T cells were transfected with pCMV-miR-216a or pCMV-miR-375 and infected 48 h later with MOI 0.01 PD-
SK-375TS. Virus Virus titers were determined by plaque assay 24 h post infection. Shown are mean values + SEM. Significance, *** p<0.001

Furthermore, the method used to develop PD-SK fixes
the adapted virus in a cDNA clone, allowing for repeated
virus production using the same DNA starting material.
Mutations acquired within a virus population during
an adaptation process can have positive, neutral or nega-
tive effects on the function of the virus [35]. In the case

of successful evolution in a tumor cell, mutations that
negatively affect the virus are not expected to be fixed.
Therefore, it was a surprising result, that two of the five
detected mutations we detected in PD-10 for itself inhib-
ited virus replication in Colo320 cells and the other three
mutations for itself had only minor positive effects on
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Fig. 7 Oncolytic activity and safety of PD-SK-375TS and PD-H-375TS in nude mice with Colo320 cell tumors. Colo320 tumors were established on both
flanks of Balb/C nude mice, when the tumor size reached ~ 0.5 cm, one of the tumors was injected with 3x 10° PFU PD-SK-375TS (n=5) or PD-H-375TS
(n=5) or with PBS (n=5) while the contralateral tumor remained untreated. All animals were sacrificed 13 days later and investigated. (A) Time course
of virus application and analysis. (B) Development of animal weight. (C) Growth of the injected tumor. Left, shows mean values+SEM for each group;
right, data from PD-SK-375TS and PD-H-375TS of the left diagram for each animal. Significance PD-SK-375TS vs. PD-H-375TS, * p <0.05; ** p < 0.01. Signifi-
cance, PD-SK-375TS vs. PBS, *p<0.05; #p<0.01. The dashed lines indicate the times at which the viruses were injected. (D) Growth of the non-injected
contralateral tumor. Left, shows mean values + SEM for each group; right, data from PD-SK-375TS and PD-H-375TS of the left diagram for each animal. (E)
Representative images of explanted left and right tumors of PD-SK-375TS and PD-H-375TS; * marks the injected tumor. Scale bar =1 cm. (F) Distribution
of PD-SK-375TS and PD-H-375TS in indicated organs and in the injected and untreated contralateral tumors. Left diagram: PD-H-375TS and PD-SK-375TS
titers determined by plaque assay on Hela cells. Right diagram: Virus genome copy number in the pancreas determined by quantitative RT-PCR. (G) His-
tological examination of heart and pancreas. Shown are representative tissue slides after staining with H&E

the oncolytic activity of the virus. Only when the five
mutations acted in concert in PD-SK viral replication
and oncolytic viral activity were fully activated. The lat-
ter emphasizes for our protocol the need to insert the
entirety of the mutations into the founder virus genome
to achieve optimal performance of the engineered OV.
This assessment was confirmed by a further experiment
we carried out to adapt PD-H to a pancreas carcinoma
cell line. Again, the greatest increase in oncolytic activ-
ity of the modified adapted virus was achieved when all
mutations found in the heterogenous virus population
of passage 10 were inserted into the genome of the virus
founder (results not shown).

The second important point to consider when creat-
ing personalized OVs is the safety of the OVs. Although
several studies have shown that adapted OVs do not per-
form worse than the viral founder in terms of their safety
profile [10, 19] it cannot be ruled out a priori that OVs
generated by DVE may induce side effects. Therefore, a
comprehensive safety analysis is required before these

OVs can be used on a patient. However, this would sig-
nificantly delay the use of the virus or possibly even pre-
vent it if side effects occur. To overcome this drawback,
we used an microRNA-dependent technology, that
enables cell- and tissue-specific suppression of virus rep-
lication [36]. Using this technology, we and others have
demonstrated that OVs can efficiently be suppressed
in normal tissues, while virus replication and oncolytic
activity remains unaffected in targeted tumor cells [24,
30, 36-39]. Importantly, equipping the virus genome
with suitable target sites of microRNAs can even convert
highly virulent strains of CVB3 avirulent [30]. With this
technology, potential side effects of customized OV can
be prevented from the outset, rendering extensive safety
analyses of DVE-generated viruses unnecessary. In this
study, the genome of PD-SK was equipped with miR-
375TS, which we found in a previous investigation to be
capable of preventing CVB3-induced replication in nor-
mal mouse tissues [24, 30]. In fact, we provide evidence
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here that the virus did not replicate or damage normal
tissues in Colo320 tumor-bearing nude mice.

Since the success of DVE depends on various factors,
it remains a crucial question whether the protocol devel-
oped here can also be used for the adaptation of PD-H
to other tumor cells and whether it can be transferred to
other OVs. We can answer this question in the affirma-
tive, as we have successfully adapted PD-H to another
colorectal and a pancreatic cancer cell line (results not
shown). Moreover, a similar protocol was recently suc-
cessfully utilized to produce an improved oncolytic
alphavirus [10], demonstrating that the protocol could be
transferred to other OVs as well.

Despite DVE is a mechanism that leads to tumor spe-
cific adaptation of viruses, several studies have found

that an adapted OV can also become more active in
other tumor cells [10, 19], probably as the resistance
of the tumor cells to the OV was mediated by similar
mechanisms. In this study, the enhanced oncolytic activ-
ity of PD-SK was restricted to the Colo320 cell line and
was mediated by enhanced virus-mediated induction of
apoptosis. Colorectal carcinoma cell lines exhibit high
genetic diversity, and among the colorectal cancer cell
lines studied here, Colo320 differs significantly from the
others in terms of its global expression profile [40]. The
latter could explain why PD-SK activity was restricted to
Colo320 cells. On the other hand, this result confirms the
personalized nature of our approach.
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Conclusion

Tumor cell-specific adapted OVs represent the next
generation of OVs with the potential to significantly
enhance the efficacy of cancer therapy through person-
alized application. Previous procedures demonstrating
the production of such viruses are often protracted, lack
standardization, and necessitate extensive safety test-
ing due to unpredictable changes occurring during the
virus adaptation to tumor cells. The standardized proto-
col we have developed facilitates the rapid development
of tumor cell-specific adapted oncolytic CVB3 viruses
with enhanced oncolytic activity and a satisfactory safety
profile, thus overcoming these challenges. This estab-
lished protocol can also be applied across different tumor
types, transferred to other OVs and allows for further
optimization.
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