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Vaccinia virus (VACV) is widely used as a vaccine and onco-
Iytic vector due to its safety profile and its capacity to accom-
modate exogenous DNA. However, its compact genome
offers limited loci for transgene insertion without disrupting
functional viral sequences. To develop VACV vectors capable
of delivering multiple therapeutic genes, additional insertion
sites that support stable transgene expression are needed. In
this study, we validated the suitability of two new intergenic
sites for this purpose. Using in silico analysis, we identified
candidate sites based on genomic features and the conserva-
tion of flanking genes across VACYV strains. Using a reporter
transgene expression cassefte, we assessed the potential of
these newly identified sites to support transgene expression.
Our results demonstrated that the DIOR-DIIL and ES8R-
E9L intergenic sites enable stable and robust transgene
expression without diminishing the expression of adjacent
viral genes. The modified viruses retained their ability to
replicate and kill cancer cells and exhibited similar pathoge-
nicity in mouse models compared to control viruses. These
findings identify the DIOR-DIIL and E8R-E9L intergenic
regions as promising insertion sites for developing VACV-
based clinical candidates carrying multiple therapeutic
transgenes.

INTRODUCTION

Vaccinia virus (VACV) is a double-stranded DNA virus from the
Poxviridae family and was historically used as a live virus vaccine
to eradicate smallpox.' Thanks to its success and strong safety record
in this vaccination campaign, as well as the diverse features of various
strains, VACV is now widely used in a broad range of therapeutic ap-
plications.>” Different VACYV strains, such as Western Reserve (WR)
or Copenhagen (Cop), are used to develop promising oncolytic vi-
ruses due to their rapid lytic cycle, capacity to infect tumor cells of
various origins, and ability to elicit antitumor immune responses.*
Alternatively, VACV strains with restricted replication in mamma-
lian hosts, such as Modified Vaccinia virus Ankara (MVA), are
used as safe vectors for delivering antigens from heterologous
pathogens or tumors.”

A key advantage in all VACV-based therapeutic applications is its
large capacity to accommodate foreign DNA.” The incorporation
and expression of different transgenes enable both antigen delivery
for vaccination and enhancement of the antitumor properties of on-
colytic vectors. Classically, foreign DNA has been inserted into
VACYV by replacing nonessential genes in vitro, including thymidine
kinase (TK), hemagglutinin (HA), ribonucleotide reductase (RR),
the VACV growth factor gene, and the A46R, B8R, and BI4R
genes.””'” Although VACV appears to contain a significant amount
of genetic material that is dispensable for replication in cell culture,
some of these genes may play essential functions in vivo. Their dele-
tion could potentially alter the efficacy of the vector,"" ' particularly
in the context of oncolytic therapy. In the MVA strain, major dele-
tion sites have been used for transgene insertion, although genetic
instability has been observed in some cases."* This approach, howev-
er, is unfeasible for oncolytic vectors, as these major deletions are
absent. As an alternative, the insertion of foreign DNA into inter-
genic regions has been explored. Different transgenes have been suc-
cessfully cloned between the VACV genes I8R and GIL in both vacci-
nation'” and oncolytic contexts,'® demonstrating high transgene
stability and minimal impact on viral characteristics. However, the
new generation of oncolytic vectors intended for clinical use requires
the combination of multiple therapeutic transgenes. Thus, novel,
viable intergenic insertion sites are needed for the construction of
this new class of therapeutic agents.

In this study, we identify and test novel candidate intergenic sites
within the VACV genome for use in both vaccine and oncolytic vec-
tor development. We selected three intergenic regions as potential
sites for foreign DNA insertion and constructed oncolytic VACV
strains with an eGFP expression cassette inserted into these loci.
We then evaluated their genomic stability, oncolytic properties,
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and expression levels of the inserted transgene and neighboring
genes. Our results show that the regions between the VACV genes
DIOR-DI1IL and E8R-E9L are convenient transgene insertion sites
and could be used across a broad spectrum of VACV strains for
the generation of multi-transgene clinical candidates.

RESULTS

Identification of intergenic regions within the VACV genome with
potential for transgene insertion

The goal of our study was to identify and evaluate new intergenic
sites within the VACV genome suitable for the insertion of multiple
therapeutic transgenes. First, we performed an in silico analysis of
various VACV strain genomes to identify intergenic regions with
the desired characteristics. Given that the VACV genome is densely
packed with coding regions and to minimize disruption of unidenti-
fied regulatory elements, we restricted our search to specific inter-
genic regions. In particular, we focused on regions located between
convergently transcribed genes—those where the upstream gene is
transcribed rightward (R, according to the VACV Cop strain
nomenclature)'” and the downstream gene leftward (L), with stop
codons in close proximity. The intergenic region between the
VACV I8R and GIL genes (Figure 1A) meets these criteria and has
previously demonstrated its suitability for stable transgene insertion
without detrimental effects on vector characteristics.'> Our analysis
identified 26 such intergenic regions across most VACV genomes,
where the upstream open reading frame (ORF) is transcribed right-
ward and the downstream OREF leftward. Of these, only five included
short intergenic sequences of fewer than 40 nucleotides with no gene
overlap (Table S1). For this study, we selected three candidate re-
gions based on the conservation of their intergenic sequences and
flanking genes across VACV strains commonly used for vector
development (Cop, WR, CVA [Chorioallantois Vaccinia virus An-
kara], and MVA). The selected intergenic regions DIOR-DIIL,
E8R-E9L, and H2R-H3L are shown in Figure 1A.

Construction of oncolytic VACVs harboring an eGFP expression
cassette integrated into novel intergenic regions

To assess the suitability of these newly identified intergenic sites, we
constructed a set of oncolytic VACVs with an eGFP expression
cassette (driven by the strong late VACV promoter P11) inserted
into each of the selected regions. A construct with the cassette in-
serted into the previously validated I8R-GIL intergenic site served
as a control. The resulting viruses and controls (WR/TK-, WR/
TK-/D10R-eGFP-D11L, WR/TK-/E8R-eGFP-E9L, WR/TK-/H2R-
eGFP-H3L, and WR/TK-/I8R-eGFP-G1L) are depicted in
Figure 1B. As the backbone, we used a VACV WR strain virus
with an inactivated TK gene to achieve selective replication in cancer
cells,'® along with an mCherry expression cassette inserted into the
TK locus as a fluorescence marker of viral gene expression.

Genetic stability of eGFP expression cassette inserted into
different VACV intergenic regions

First, we evaluated the genetic stability of the recombinant viruses by
confirming the presence of the transgene within the VACV genome
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through PCR amplification after serial rounds of infection. The
results demonstrated that the recombinant viruses with eGFP in-
serted between I8R-GI1L, DIOR-D11L, and E8R-E9L remained stable
for up to 10 serial passages, with no evidence of deletions or recom-
bination events (Figure 2A). In contrast, insertion of the cassette
between H2R and H3L proved unstable, as bands indicating loss of
the transgene were detected after the fifth passage.

Expression levels of eGFP inserted into the identified intergenic
regions

Next, we assessed eGFP expression levels using multiple ap-
proaches. Quantification of eGFP mRNA by quantitative reverse-
transcription PCR (qRT-PCR) revealed increased expression
when the cassette was inserted between DIOR-DI1IL and E8R-E9L
compared to the control I8R-GIL insertion site (Figure 2B). In
contrast, insertion between H2R and H3L resulted in more than
a 7-fold reduction in expression relative to the I8R-GIL control.
Consistent results were obtained when eGFP fluorescence intensity
was measured in infected cells by flow cytometry: similar or
increased fluorescence levels were observed for insertions at
DIOR-D1IL and E8R-E9L, while a significant decrease was detected
with the H2R-H3L insertion (Figure 2C).

Impact of transgene insertion on viral and oncolytic properties
To further assess the suitability of the newly identified intergenic
regions as insertion sites, we evaluated whether transgene inser-
tion affected the functional properties of the recombinant viruses.
We first analyzed by qRT-PCR whether foreign DNA insertion
influenced the expression of adjacent genes. As shown in
Figure 3A, insertion of the cassette between DIOR-DIIL and
E8R-E9L did not reduce the expression of the neighboring genes
compared to a virus without foreign DNA inserted in those re-
gions. In contrast, insertion between H2R and H3L significantly
affected the expression of both flanking genes. Interestingly,
cassette insertion between I8R and GIL also led to reduced expres-
sion of these VACV genes.

We next examined the ability of the recombinant VACVs to replicate
in and kill cancer cells. Insertion of the eGFP cassette between DIOR-
DI1L and E8R-E9L did not significantly impair viral replication
compared to the unmodified control (Figure 3B). In contrast, inser-
tions at H2R-H3L and I8R-GIL negatively impacted this feature.
Despite these effects, all recombinant viruses retained their ability
to kill tumor cells effectively (Figure 3C).

Finally, we monitored mouse body weight after systemic administra-
tion of the recombinant viruses to determine whether genomic mod-
ifications altered in vivo virulence. All viruses induced comparable
weight-loss profiles. However, mice treated with the virus carrying
the insertion between I8R and GIL showed slightly reduced weight
loss by day 4, suggesting mild attenuation (Figure 3D). The virus
with the transgene insertion between H2R and H3L was excluded
from this experiment as its impairment had been clearly demon-
strated in previous experiments.
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Figure 1. Generation of oncolytic VACV vectors expressing eGFP from newly identified intergenic regions

(A) Schematic representation of the four intergenic regions within the VACV WR strain genome used in this study for transgene insertion: I8R-G1L, D10R-D11L, ESR-E9L, and
H2R-H3L. All intergenic regions are short, non-overlapping intergenic sequences located between ORFs transcribed in opposite orientations. (B) Diagram of the different
recombinant VACV constructs generated in this study, showing insertion of the P11-eGFP expression cassette into the indicated intergenic regions. WR/TK- was used as the

backbone for these modifications and served as a control in viral characterization assays.
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Figure 2. Transgene stability and quantification of transgene expression
(A) PCR analysis of transgene insert stability after 10 serial passages. Expected amplicon sizes for each recombinant virus are indicated. (B) Relative eGFP mRNA expression
levels. Hela cells were infected at an MOI of 20, and total RNA was extracted 6 h post-infection. eGFP mRNA levels were quantified by qRT-PCR and normalized to GAPDH
using the 274484 method. (C) Quantification of eGFP fluorescence by flow cytometry 24 h post-infection. For both (B) and (C), data are presented as mean + SD from three
independent biological replicates. ns, not significant; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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Figure 3. Functional characterization of recombinant VACVs

(A) Relative expression of genes flanking the insertion sites. Hela cells were infected with the indicated viruses at an MOI of 20, and total RNA was extracted 6 h post-infection.
mMRNA expression levels of upstream (I8R, D10R, ESR, H2R) and downstream (G7L, D17L, E9L, H3L) genes for each intergenic region were quantified by gRT-PCR and
normalized to GAPDH using the 2~44C4 method. Data are plotted as fold change versus WR/TK- + SD from three independent biological replicates. (B) Comparative viral
replication. Hela cells were infected at an MOI of 5 and viral titers were determined by plagque assays 48 h post-infection. (C) Cytotoxicity in HelLa cells. Cells were infected at
an MOl of 1 with the indicated viruses and the percentage of dead cells was quantified 72 h post-infection. For both (B) and (C), data represent the mean + SD from three
independent biological replicates. (D) Body weight changes following intravenous administration. BALB/c mice were injected intravenously with 1 x 108 PFU of indicated
viruses, and body weight was monitored every 2 days until full recovery. PBS was used as a control. Data represent the mean + SEM for five individual mice, and
significance is shown for day 4 post-injection. ns, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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DISCUSSION

In this study, we describe and evaluate novel intergenic regions
within the VACV genome as potential insertion sites for therapeutic
transgenes. We specifically selected intergenic regions flanked by
convergently oriented genes—where the upstream gene is tran-
scribed rightward and the downstream gene leftward—to minimize
the potential disruption of regulatory elements. This strategy has
proven successful with the intergenic region between the I8R and
GIL VACYV genes."” The intergenic region between the VACV genes
I4L and I5L (both transcribed leftward) has also been previously eval-
uated in the context of the non-replicative strain MV A, but increased
immunogenicity was detected, suggesting altered expression of
neighboring genes."

To assess the suitability of our selected intergenic regions for trans-
gene insertion, we used eGFP as a reporter, allowing straightforward
quantification of transgene expression. Our results indicate that the
E8R-E9L and DIOR-DIIL intergenic regions are ideal for this
purpose as foreign DNA insertion between these genes did not crit-
ically impair the expression of adjacent genes or affect viral replica-
tion and virulence. Moreover, these genomic modifications were sta-
ble, and the inserted transgene was expressed at high levels. In
contrast, the third intergenic site tested in this study, H2R-H3L,
showed limited potential for transgene insertion, as impaired viral
replication and reduced expression levels for both the transgene
and flanking genes were observed. Notably, our results also show
that insertion of foreign DNA between I8R-G1L, which has been pre-
viously used for transgene insertion,'>'®
replication and in vivo virulence. Although eGFP represents a rela-
tively small transgene, we anticipate that moderate increases in insert
size—such as those typical of single therapeutic genes—are unlikely
to substantially affect transgene expression, genetic stability, or

negatively impacts viral

virus replication.

Our results also suggest that the suitability of a VACV intergenic re-
gion for transgene insertion is not linked to the function of the flank-
ing genes, but rather to how the insertion affects their expression. All
VACYV genes flanking the tested insertion sites are essential for pro-
cesses such as entry, replication, transcription, or virion assem-
bly.””"*” However, introduction of foreign DNA into the intergenic
region only significantly and negatively impacted the expression
levels of VACV genes G1L, H2R, and H3L. Interestingly, DNA inser-
tion between DIOR-DIIL and E8R-EIL increased the expression
levels of D10R, D11L, and E9L, although no effect on viral replication
or virulence was observed. The size of the flanking genes and their
timing of expression during the VACYV life cycle do not appear to
influence the impact of transgene insertion either. Thus, our exper-
imental findings are highly relevant for researchers aiming to
optimize transgene placement in the design of clinical-grade
VACV vectors.

This study was conducted in the context of oncolytic vectors, as this

is the therapeutic approach for VACYV that stands to benefit the most
from multiple transgene expression. Since both robust replication
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and elicitation of immune responses are key for the antitumor effi-
cacy of oncolytic VACVs,'" the cloning of transgenes into these
agents should not compromise these features by deleting VACV
genes with potential or unexpected effects in vivo. Therefore, the
availability of multiple intergenic insertion sites that do not compro-
mise replication or virulence is of high value. The construction of
clinical candidates that combine the expression of transgenes to
improve antitumor immunity,'®*® overcome barriers imposed by
the tumor microenvironment,” or activate prodrugs® could result
in effective responses in tumors that are currently resistant to immu-
notherapies. Moreover, other clinical applications, such as the con-
struction of vaccination vectors, may also benefit from these novel
insertion sites. Although these loci were selected based on their con-
servation across VACV strains, empirical validation in strains other
than WR could provide additional support for the transferability of
these findings.

In summary, the intergenic regions between VACV genes ESR-EIL
and DIOR-DIIL represent novel, advantageous sites for transgene
insertion and can be used for the development of multitransgene
VACYV vectors for diverse therapeutic applications.

MATERIALS AND METHODS

In silico genome analysis

Benchling software was used to identify intergenic regions between
two adjacent ORFs coding in opposite directions, with the upstream
OREF oriented rightward and the downstream ORF oriented leftward.
The published sequence of VACV strain WR (GenBank: AY243312.
1) was used for this analysis. The identified target regions
were compared with the published sequences of VACV strains
Cop (GenBank: M35027.1), CVA (GenBank: AM501482.1), and
MVA (GenBank: AY603355.1).

Cell lines and viruses

HeLa and BSC-40 cell lines were purchased from the American Type
Culture Collection (ATCC) and maintained in the recommended
culture media supplemented with 5%-10% fetal bovine serum and
1% penicillin-streptomycin at 37°C with 5% CO,.

All recombinant VACV's used or generated in this work are based on
the VACV strain WR. Construction of WR/TK-, which includes a
truncated viral TK gene and expresses mCherry under the VACV-
specific late promoter (P11), was previously described.* For the con-
struction of WR/TK-/I8R-eGFP-G1L, WR/TK-/D10R-eGFP-D11L,
WR/TK-/E8R-eGFP-E9L, and WR/TK-/H2R-eGFP-H3L, a P11-
eGFP expression cassette was inserted into the specified intergenic
sites by homologous recombination. The targeted regions were
located between the viral genes I8R and GIL, DIOR and DIIL, ESR
and E9L, and H2R and H3L, respectively. The recombinant viruses
were isolated using a selection process based on eGFP expression
and purified by ultracentrifugation through sucrose cushions, as pre-
viously described.'® Viral titers were determined by plaque assay in
BSC-40 cells.
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Genomic stability of recombinant viruses

HelLa cells were initially infected with the indicated viruses at an
MOI of 0.05 and, 2 days after infection, samples were harvested
and subjected to three freeze-thaw cycles in preparation for the sub-
sequent infection round. The infection process was serially repeated
up to 10 times, and viral DNA was isolated at rounds 0, 5, and 10
using the QIAamp DNA Micro Kit (Qiagen) for PCR analysis of
the modified regions.

Flow cytometry

HelLa cells were infected with the indicated viruses at an MOI of 5,
and samples were collected and fixed with 4% paraformaldehyde
24 h after infection. eGFP fluorescence intensity was analyzed using
a FACSCanto flow cytometer (BD Biosciences) and FlowJo software.

mRNA expression analysis

HelLa cells were infected with the indicated viruses at an MOI of
20. Samples were harvested 6 h after infection, and total RNA was
purified using the NucleoSpin RNA-Protein Extraction Kit
(Macherey-Nagel). Three independent replicates were performed
for each condition. Reverse transcription for cDNA synthesis
was carried out using the High-Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems), following the manufacturer’s
instructions. Random or gene-specific primers (5 pM) were
used with 1 pg of RNA as a template for each reaction. For the
qRT-PCR analysis, 1 pL of the reverse transcription product
was amplified using SYBR Select Master Mix (Applied Bio-
systems) in the presence of specific primers (5 pM) under the
following conditions: an initial denaturation step at 95°C for
10 min, followed by 40 cycles of 95°C for 15 s, 55°C for 35 s,
and 72°C for 40 s, with a final melting curve from 60°C to
95°C at 0.075°C per cycle. The analysis was performed on a
QuantStudio 7 Pro quantitative real-time PCR system (Thermo
Fisher Scientific), and relative gene expression levels were normal-
ized to GAPDH using the 2-AACq method. Primers used are
listed in Table S2.

Virus growth and cytotoxicity assays

To test viral replication, HeLa cells were infected with the indicated
viruses at an MOI of 5. Two hours post-infection, the viral-contain-
ing medium was removed and fresh medium was added to the cells.
After 48 h, samples were collected, subjected to three freeze-thaw cy-
cles, and viral titters were determined by plaque assay in BSC-40
cells.

For cytotoxicity assays, HeLa cells were infected with the indicated
viruses at an MOI of 1, and 3 days after infection, a non-radioactive
cell proliferation assay was used to quantify surviving cells and the
percentage of cell death.

Mouse models

All animal experiments were approved by the local ethics committee
of the University of Barcelona. Six-week-old female BALB/c mice
were obtained from Charles River Laboratories and housed in iso-

lated cage units with ad libitum access to food and water. Mice
were randomized and the indicated viruses were administered intra-
venously at a dose of 1 X 108 plaque-forming unit (PFU) per mouse.
Each group consisted of 10 animals. Body weight was monitored
every 2 days until day 13 post-virus injection, when full recovery
of weight was observed.

Statistical analyses

The results presented in Figures 2B, 2C, 3B, and 3C were analyzed
using a one-way ANOVA followed by Tukey’s multiple-comparison
test. A standard Student’s ¢ test was applied to the results shown in
Figure 3A, using an independent WR/TK- condition as the specific
control for each gene. To study mouse weight loss, a two-way
ANOV A followed by a Bonferroni post hoc test were used. Statistical
significance was defined as p < 0.05 for all analyses.

DATA AND CODE AVAILABILITY

The data presented in this study are available upon request from the corresponding
author.
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