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Viruses are able to efficiently penetrate cells, multiply, and
eventually kill infected cells, release tumor antigens, and acti-
vate the immune system. Therefore, viruses are highly attrac-
tive novel agents for cancer therapy. Clinical trials with first
generations of oncolytic viruses (OVs) are very promising
but show significant need for optimization. The aim of Ther-
aVision was to establish a broadly applicable engineering
platform technology for combinatorial oncolytic virus and
immunotherapy. Through genetic engineering, an attenuated
herpes simplex virus type 1 (HSV1) was generated that
showed increased safety compared to the wild-type strain.
To demonstrate the modularity and the facilitated generation
of new OVs, two transgenes encoding retargeting as well as
immunomodulating single-chain variable fragments (scFvs)
were integrated into the platform vector. The resulting
virus selectively infected epidermal growth factor receptor
(EGFR)-expressing cells and produced a functional immune
checkpoint inhibitor against programmed cell death protein
1 (PD-1). Thus, both viral-mediated oncolysis and immune-
cell-mediated therapy were combined into a single viral vec-
tor. Safety and functionality of the armed OVs have been
shown in novel preclinical models ranging from patient-
derived organoids and tissue-engineered human in vitro 3D
tumor models to complex humanized mouse models. Conse-
quently, a novel and proprietary engineering platform vector
based on HSV1 is available for the facilitated preclinical
development of oncolytic virotherapy.

INTRODUCTION
Cancer is a disease that in 2020 affected nearly 10 million people
worldwide.1 Significant progress in cancer treatment has, however,
been made with recent developments including oncolytic viruses
(OVs)2 and immunotherapies.3 Immune checkpoint inhibitors
(ICIs4) are therapeutic antibodies developed and already translated
into the clinic to overcome the tumor-mediated block of immune
Molec
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cells, re-enabling the immune cells’ ability to fight the tumor cells.5,6

OVs, a more recent therapeutic modality for tumor diseases,7

multiply upon injection into a tumor, resulting in an inflammatory
reaction8 with potential long-term effects, a so-called tumor vaccina-
tion. Initial results from preclinical and clinical studies of the first and
second generation of therapeutic viruses9 are highly promising either
alone or in combination with other therapeutic modalities such as
ICIs.10

A number of characteristics makes herpes simplex virus type 1
(HSV1) one of the preferred viral vectors for oncolytic virus therapy,
while numerous others are currently investigated.11,12 Decades of
research emphasized therapeutic advantages of the HSV1 vector,
such as its replication resulting in cell lysis, the generally self-limiting
disease, and an existing and effective antiviral drug.13 AnHSV1-based
OV, called Imlygic or T-VEC, for the treatment of malignant mela-
noma, was the first OV to receive approval from the Food and
Drug Administration (FDA) in 2015. For additional safety, viral repli-
cation of T-VEC is controlled by deletion of the infected cell protein
(ICP) 34.5.9 Further deletion of ICP47 maintains the antigen pre-
sentation otherwise downregulated by viral gene products.13 Addi-
tionally, the virus is modified to express granulocyte-macrophage
colony-stimulating factor (GM-CSF) expected to modulate functions
of the innate immune system.14 The approval of T-VEC marks a
breakthrough in viral therapeutics with a stimulating effect on the
development of new viral technologies and therapies. In the mean-
time, numerous preclinical and clinical studies using OVs involving
T-VEC and a diverse range of viruses are being performed, while
translation into the clinic is delayed, suggesting that further improve-
ments of the OVs are necessary.
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Safety and efficacy evaluation of immunomodulating anti-cancer
treatments requires complex preclinical models that represent pa-
tients’ disease and optimally contain the most relevant cells of the
tumor microenvironment. Patient-derived preclinical in vitromodels
have been shown to adequately recapitulate drug responses of pa-
tients.15,16 They can also be combined with relevant immune popula-
tion such as natural killer (NK) cells or T lymphocytes.17,18 As a more
complex approach, tissue-engineered human in vitro 3D tumor
models, such as the porcine decellularized tissue matrix termed
small-intestinal submucosa with preserved mucosa (SISmuc) are
used. Here, anti-cancer therapies can be investigated in an environ-
ment with in vivo-like proliferation indices, tissue homeostasis, and
physiologic cell anchorage.19 Co-cultures with non-malignant stro-
mal cells are established on the models,20 also holding the chance
to get insight into the specificity of a viral therapy for tumor cells
in vitro. Further considering the limiting role of the extracellular ma-
trix (ECM) for viral spread, especially in solid tumors with desmo-
plastic stroma reaction,20 SISmuc models containing the preserved
ECM of native tissue hold the capability to model this central aspect
for OV therapy. However, most commonly, in vivo models such as
syngenic mouse models are used to test ICIs, oncolytic viruses, or
even the combination of both.21 Recently, humanized mouse models
have been established22 to evaluate ICI efficacy in a humanized in vivo
microenvironment.23,24

It was the aim of this project to develop more potent and customized
OVs using an effective and high-capacity engineering platform based
on HSV1. To this end, we made use of the bacterial artificial chro-
mosome (BAC) technology, a well-established technology for the
construction of recombinant herpesviruses.25–27 The resulting propri-
etary engineering platform is characterized by modularity and facili-
tated integration of several transgenes into the HSV1 genome using
recombinational technology. As a proof of concept, transgenes were
implemented into the platform vector for optimized targeting and
preferential infection of tumor cells on the one hand, and for
recruitment and activation of the immune system in the tumor envi-
ronment on the other hand. Safety and efficacy were evaluated in
a novel preclinical testing platform consisting of models with
increasing complexity of the tumor microenvironment. These OVs
functionalized for a combined virus immunotherapy met the safety
Figure 1. Generation of an oncolytic platform vector based on HSV1
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RESULTS
Generation and characterization of an oncolytic platform vector

based on HSV1

To develop a highly versatile platform vector based on HSV1, five
different clinical isolates were analyzed regarding potency as well as
sensitivity against acyclovir and discriminated against HSV2 (data
not shown). The most promising isolate was selected to clone the
entire HSV1 genome as a BAC using a two-stage geneticmanipulation
inmammalian cells. To this end, essential bacterial genes togetherwith
defined regulatory genes flanked by loxP sites were inserted between
the herpesviral genes UL3 and UL4.28 As a result, a novel basic vector
called pB was available for genetic engineering of HSV1 in Escherichia
coli (Figure 1A). Viruses reconstituted upon transfection of the pB vec-
tor into Vero cells behaved similarly to the selected virus isolate
regarding potency and acyclovir sensitivity (data not shown). To allow
for an efficient functionalization of the pB vector, the platform vector
called pPwas created (Figure 1A). In a two-stage process, two different
recombination sites, called Flp or flipase recognition target-site (FRT)
and mutant FRT (mFRT),29 were inserted between the HSV1 inter-
genic regions UL10/UL11 and UL55/UL56,30 respectively, of pB. The
resulting pP allows for future rapid and targeted insertion of two inde-
pendent transgene cassettes into pP. The function of both recombina-
tion sites was validated by PCR using oligonucleotides to amplify the
flanking intergenic regions (Figure 1B) and local sequence analysis;
vector integrity was confirmed using restriction fragment-length poly-
morphism analysis (data not shown). The P virus was reconstituted
through transfection of BAC-DNA into Vero cells, thereby essentially
all bacterial and regulatory genes betweenUL3/UL4were removed due
to the encoded Cre recombinase (data not shown). As a result, only
one loxP site and an additional polyadenylation signal were left in
the viral genome. Growth kinetics of Vero cells infected with the B
or P virus at MOI 0.1 were comparable (Figure 1C), indicating that
the insertion of FRT/mFRT had no influence on genome stability
and viral growth.30

To generate a safe P virus, as required for oncolytic virotherapy,
further genetic engineering was applied. To develop a virus selectively
pPNA vector. To clone the genome of an HSV1 isolate as BAC, essential bacterial
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with MOI 0.1 in triplicates, harvest of the cell culture supernatant at different hpi, and

. (D) PCR analysis of genes UL37 and UL39 was carried out before (pP) and after
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wth kinetics of the PNA virus compared to P virus using conditions described in (C).
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infecting cancer cells, UL39, a gene essential for viral replication in
non-proliferating cells,31 was partially deleted. To remove neurotox-
icity of the HSV1 pP vector, the herpesviral tegument protein pUL37,
a neuroinvasion effector that facilitates retrograde axonal transport of
viral particles,32 seemed promising. Therefore, partial deletion of
UL39 together with targeted mutagenesis of UL37 were applied to
the pP vector in order to generate a neurotox-free and attenuated
platform vector called platform, prevented neurotoxicity, attenuation
(pPNA). Genetic engineering steps using en passant BAC mutagen-
esis33,34 were controlled, among others, by PCR analysis of the con-
cerned regions of UL37 and UL39 showing the expected shift of the
slower-migrating UL39 fragment after deletion (Figure 1D). Detailed
growth kinetics revealed that replication of the PNA virus was char-
acterized by a rather flat growth curve with no obvious plateau and an
overall impairment of about 1 log compared to the P virus (Figure 1E).
Thus, growth analysis revealed the attenuation of the PNA virus
together with a delayed viral propagation in cell culture. Taken
together, a vector for efficient and concerted insertion of two different
transgenes via the Flp/FRT system was established and engineered for
safe oncolytic virotherapy.

The newly generated platform virus is safe

To investigate the neurotoxic properties of the newly generated pP
and pPNA vector, an NSCLC tumor model in NSG mice was used.
To this end, luciferase-positive human lung carcinoma cell lines
A549Luc and HCC827Luc were generated using lentiviral gene trans-
fer35 allowing for the visualization of cell growth via a highly sensitive
camera in vivo. Two weeks after subcutaneous application of 2 � 105

bioluminescent cells in immunodeficient NSG mice, palpable tumors
had formed. Using bioluminescence imaging, an increase in biolumi-
nescence could be observed in tumors formed by either cell line,
which correlated with the increase in tumor volume. Oncolytic viro-
therapy was performed with a single intratumoral injection of either
1.8 � 107 plaque-forming units (PFU) of P virus or 3.3 � 106 PFU of
PNA virus starting at a tumor size of approximately 100 mm3

(Figures 2A–2D). One week after P virus application, a significant
reduction in survival rate (0%, p < 0.001) was observed for treated
versus non-treated mice (80% survival; Figure 2A), as was expected
for the wild-type-like neurotoxicity of the P virus. In contrast, intra-
tumoral injection of PNA virus resulted in survival of treated mice
even 3 weeks after virus inoculation, comparable to non-treated
ones (Figure 2B), suggesting efficient attenuation of the PNA virus.
In addition, successful deletion of neurotoxicity was demonstrated
Figure 2. Safety analysis of generated oncolytic platform vectors

(A–D) NSCLC tumor was induced in immunodeficient NSG mice using 2 � 105 A549L

tumorally treated with 1.8 � 107 PFU of the P virus on day 17 (A and C) or 3.3 � 106

according to humane endpoints (nnon-treated = 10–11 (blue), nvirus = 9–10 (red)). (C) and (D

analysis was performed by Mann-Whitney U test in comparison to non-treated contro

human dermal fibroblasts (HDFs) 6 dpi. Infection (left) was illustrated by immunofluore

staining of vimentin (red), nuclei by staining with DAPI. White arrows point to double-p

sentative pictures (right) shows no infection of fibroblasts by the PNA virus after 3, 5, an

inoculated with increased MOI values of the PNA virus for 4 days in two different media (

were performed for each MOI value. The error bars represent SEM (T cell medium 2�/
by detecting �800-fold less HSV1-DNA in brains of PNA virus
versus P virus-treated mice using qPCR analysis (Figures 2C and
2D). Together, this demonstrated that the PNA virus is neurotox free.

To further analyze the selectivity and toxicity/risk of the P and PNA
virus, a 3D tissue model derived from porcine intestine (SISmuc)
was used representing a complex cellular environment. After seeding
SISmuc with human cells in Transwells, a homeostasis-like cell
growth is reached within 11 days. Co-cultures of lung carcinoma cells
HCC827 with human dermal fibroblasts (HDFs) show a strong infec-
tion of both cell types with P virus 6 dpi (MOI 0.1), evident by stained
virus proteins in tumor cells on top of the matrix and in single fibro-
blasts in deeper layers of the matrix (Figure 2E). The P virus exhibited
a high potential to eradicate tumor cells with more than 50% 7 dpi
(Figure S1). Using the optimized PNA virus, no infection was
observed in either fibroblasts or immune cells (THP1) even after
7 dpi and with a 10-fold higher MOI of 1.0 (Figures 2E and S2).

To deepen the insight into the safety of the PNA virus, its impact on
non-cancer cells was investigated. Therefore, T cells isolated from pe-
ripheral blood were infected with different MOIs for 4 days. As
T cells grow under different conditions than cancer cells, the efficacy
of the virus was tested in variousmedia (T cell medium, primary cancer
cell medium [PCCM]) and under addition of interleukin (IL)-2. No
reduction in T cell viability was observed in the tested media over the
increased MOI (Figure 2F), supporting the safety of the PNA virus. In
addition, the PNA virus demonstrated infection of NSCLC cells with
amore advanced and invasive phenotype in SISmucmodels (Figure S3).
Together, these observations support the successful generation of a se-
lective and safe genetically optimized HSV1 with oncolytic properties.

Virus engineering to develop functionalized OVs against NSCLC

Based on the safe pPNA vector, OVs to specifically kill NSCLC were
developed using either one or both recombination sites for insertion
of transgenes. The first transgene encoding a targeting molecule was
inserted between UL55/UL56 using mFRT (Figure 3A). Specific tar-
geting of OVs to cells expressing high levels of epidermal growth fac-
tor receptor (EGFR) such as NSCLC tumor cells should be achieved
by fusion of the HSV1 glycoprotein H to a single-chain variable frag-
ment (scFv) that binds EGFR.36 The second transgene to be inserted
between UL10/UL11 using FRT encodes a myc-tagged antibody frag-
ment scFv that acts as ICI against programmed cell death protein 1
(PD-1) (Figure 3A).
uc or HCC827Luc cells on day 0 by subcutaneous injection into the flank and intra-

PFU of the PNA virus on day 44 (B and D). (A) and (B) show percentage of survival

) show HSV1-DNA copies in tumor (,) or brain (p) tissue after euthanasia. Statistical

l. (E) Infection of 3D tissue model of lung carcinoma cells HCC827 cocultured with

scence staining of VP21/VP22a (HSV1 proteins, green). HDFs were visualized by

ositive cells (VP21/VP22a, vimentin). Quantitative evaluation of three to five repre-

d 7 dpi. The scale bar corresponds to 100 mm. (F) T cells isolated from PBMCs were

blue, T cell medium; red, PPCM) before ATP amount was measured. Five replicates

1 � 5, 1 � 4, PCCM 1�/1 � 5).
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Insertion of the transgene encoding a targeting molecule (scFv bind-
ing EGFR) between UL55/UL56 using mFRT resulted in the func-
tionalized PNA-targeting molecule PNAT) vector (Figure 3A).
Restriction fragment-length polymorphism confirmed expected cha-
nges within the pPNAT vector (Figure 3B). Further validation using
PCR (Figures 3C–3E) and local sequencing of the transgene region re-
vealed the correct insertion of the transgene. Growth kinetics of the
newly functionalized PNAT virus were similar to the PNA virus (Fig-
ure 3F). Simultaneous insertion of both transgenes into the pPNA
vector resulted in the functionalized (immune checkpoint inhibitor,
targeting molecule (pPNAIT) vector. Restriction fragment-length
polymorphism confirmed three expected changes within the pPNAIT
vector (Figure 3B). Further validation using PCR (Figures 3C–3E)
and local sequencing of the transgene region revealed the correct
insertion of the transgenes. Growth kinetics of the newly functional-
ized PNAIT virus were similar to the PNA virus (Figure 3F). Taken
together, the results are consistent with the stability of the PNAT
and PNAIT virus genome and the tolerance of the viral propagation
for inserted transgenes.

The functionalized PNAIT virus was targeted to EGFR-positive

cells and expressed a functional PD-1 inhibitor

The PNAIT virus represents a potential oncolytic virus double func-
tionalized by improved targeting via expression of a targeting mole-
cule (scFv against EGFR fused to gH) and expression of an immune
checkpoint inhibitor (scFv against PD-1). To analyze the targeting
of PNAIT to EGFR-positive cells such as NSCLC tumor cells, a re-
porter cell assay was applied where EGFR-negative J1.1-2 cells37

were compared to J-EGFR cells that stably express EGFR. To follow
the infection of these cells by the PNAIT virus, the herpesviral glyco-
protein B (gB) was monitored. As shown in Figure 4A, the PNAIT vi-
rus specifically infected J-EGFR but not J1.1-2 cells, and the amount
of gB was lower if entry into J-EGFR cells was blocked by anti-EGFR
antibodies (Figure 4A). Thus, the PNAIT virus was successfully func-
tionalized for specific recognition of EGFR-expressing target cells.

Expression of the scFv against PD-1 by PNAIT was confirmed in in-
fected cell lysates of both NSCLC cell lines A549 and HCC827 (Fig-
ure 4B). The functionality of the virus-encoded scFv was further
investigated by a competitive approach involving PD-1 and its ligand
partner PD-L1. Using PNAIT virus-infected cell lysates, complex for-
mation between PD-1 and PD-L1 was inhibited by approximately
50%, normalized to the anti-PD-1 antibody pembrolizumab (Fig-
Figure 3. Transgene insertion to develop the functionalized OVs PNAT and PN

(A) Schematic depiction of the transgene insertion by Flp-mediated recombination. The

UL55/UL56 via mFRT resulted in the functionalized pPNAT. The transgene encoding an

via FRT, resulting in the double-functionalized pPNAIT vector. (B) To analyze restriction

pPNA vector, isolated BAC-DNA was digested with NotI, separated in 0.8% TBE agaros

differences. (C–E) Insertion of transgenes was verified by PCR analysis using oligonucleo

and pPNAIT). In (C), oligonucleotides are shown as arrows. Expected fragment sizes ar

template. (E) Fragment analysis using nucleic acids of reconstituted virus as template. (D

by Midori Green Advance under UV light. (F) To analyze growth kinetics of the PNAT a

triplicates. Progeny virus at different hpi in the supernatant were detected using plaque
ure 4C). Thus, the virally expressed scFv against PD-1 is functional.
Taken together, the double-functionalized virus PNAIT was targeted
to EGFR-positive cells and expressed a functional immune check-
point inhibitor.

The optimized platform virus and the double-functionalized

oncolytic virus are potent both on 2D and 3D in vitro tumor

models

Next, the efficacy of the PNA, PNAI, and PNAIT virus was tested on
different NSCLC 2D or 3D in vitromodels, including a cell line or pa-
tient-derived cells. First, a kinetic analysis of viral protein expression
throughout viral replication (Figures 5A–5D) was performed in
Vero cells infected with PNA (A), PNAI (B), or PNAIT (C) viruses us-
ing MOI 0.1 or MOI 5 (data not shown) or mock treated (D). Kinetic
analysis of cell lysates revealed that the immune modulating myc-
scFv-PD-1 appeared as early as 6 h post infection (hpi) and was prom-
inently detected at 16 hpi upon infection with PNAI and PNAIT
viruses (Figures 5B and 5C). As expected, myc-scFv-PD-1 was not
observed in cells infected within non-functionalized PNA or mock
treated (Figures 5A and 5D). Expression of myc-scFv-PD-1 continued
for up to 48 hpi, where co-expression of viral marker proteins indicates
the continuous replication of the viruses analyzed. Importantly, the
amount and onset of expression of myc-scFv-PD-1 as well as viral
marker proteins were comparable in cells infected with either PNAI
(expressing myc-scFv-PD-1) or PNAIT (expressing both myc-scFv-
PD-1 as well as the targeting function), indicating that virus efficacy
was unaffected by double functionalization (Figures 5B and 5C).
Similar results were achieved upon infection of Vero cells with
PNAI or PNAIT at MOI 5 (data not shown). Taken together, these
comparative kinetic data showed a robust and persistent expression
of the immunomodulatory scFv-PD-1 by single- or double-function-
alized PNAI or PNAIT viruses revealing a wide window for their appli-
cation in oncolytic virotherapy in terms of time and MOI.

Next, killing curves on lung carcinoma cell lines HCC827 and A549
were performed. The PNAIT virus was able to reduce the cell viability
to 55.3% for HCC827 (Figure 5E) and even to 43.7% for A549 (MOI
0.5) (Figure 5F) showing a trend similar to the PNA virus.

As a proof of concept, both viruses—PNA and PNAIT—were tested
on 2D and 3D patient-derived models. Both the PNA and PNAIT vi-
rus led to similar 50%MOI values on the 2D and even 3D model. For
the 2D model, the calculated 50% MOI of the PNA and PNAIT virus
AIT

transgene encoding a targeting molecule (scFv against EGFR fused to gH) between

immune checkpoint inhibitor (scFv against PD-1) was inserted between UL10/UL11

fragment-length polymorphism of the pPNAT and pPNAIT vectors compared to the

e gel and visualized by Midori Green Direct under UV light. Arrows point to important

tides flanking the intergenic regions before (pPNA) and after functionalization (pPNAT

e indicated in base pairs. In (D) PCR analysis was done using isolated BAC-DNA as

and E) PCR fragments were separated in an agarose gel (1.2%, TAE) and visualized

nd the PNAIT virus compared to PNA virus, Vero cell were infected with MOI 0.1 in

assay.
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Figure 4. Functionality test of PNAIT virus-encoded targeting molecule and immune checkpoint inhibitor

(A) Targeting of the PNAIT virus to EGFR-expressing cells was analyzed through a cell-based assay using J1.1-2 cells and derivatives (J-EGFRs) that are deficient for wild-type

HSV1 infection. J1.1-2, J-EGFR, and J-EGFR cells with blocked EGFR via anti-EGFR antibodies were incubated with the PNA or PNAIT virus, lysed 20 hpi, and analyzed by

SDS-PAGE and western blot using anti-gB antibodies. HSV1 gB representing a successful penetration is indicated by an arrow. (B) Virus-encoded expression of scFv-PD-1

was investigated after infection of Vero, A549, and HCC827 cells with the PNAIT or PNA virus as control. Cell lysates were harvested 20 hpi and analyzed via SDS-PAGE and

western blot using anti-Myc antibodies. Myc-scFv-PD-1 is indicated by an arrow. (C) To test the functionality of scFv-PD-1, PNAIT virus-infected Vero cell lysate was analyzed

in a PD-1:PD-L1 inhibitor assay. Inhibition was normalized to the inhibition control, anti-PD1 antibodies (100 nM). Untreated cell lysate was used as control (n = 2).

Molecular Therapy: Oncology
was 0.111 ± 0.012 and 0.141 ± 0.019, respectively (Figures 5G and
5H). For the organoids, the 50% MOI of the PNA and PNAIT virus
was 1.959 ± 0.524 and 2.159 ± 0.366, respectively (Figures 5G and
5H). These results suggest a reliable efficacy of the PNAIT virus on
2D and even 3D in vitromodels, equipped with patient-derived tumor
cells. Taken together, the efficacy of the optimized platform virus and
the functionalized PNAIT virus could be demonstrated on distinct
in vitro NSCLC models.

The oncolytic virus reduced NSCLC growth in a mouse in vivo

tumor model, a trend confirmed in humanized mice

To compare the oncolytic effects of the PNA virus and the function-
alized PNAT and PNAIT viruses on tumor progression, oncolytic vi-
rotherapy was performed in an NSCLC tumor model in humanized
NSG mice (Figure S4A). PNA virus was administered on day 43 after
tumor induction by single intratumoral injection of 3.3 � 105 PFU,
while the control group remained untreated. Prior to virus applica-
tion, both groups exhibited comparable tumor growth (Figure 6A).
Immediately after PNA virus treatment, significant inhibition
(p < 0.05) in tumor progression was observed. In contrast, the tumor
of the non-treated control group increased by a multiple of the initial
volume. During the first 2 weeks after virus injection (day 44 to day
8 Molecular Therapy: Oncology Vol. 32 March 2024
58), tumor growth was arrested without an increase in mean tumor
volume. In the course of the experiment, the tumor volume increased
again in virus-treated mice but did not achieve volumes comparable
to non-treated tumors 3 weeks after oncolytic virotherapy. Compara-
ble findings regarding tumor progression were obtained by analysis of
tumor bioluminescence (Figure 6B, exemplary image). Oncolytic
virotherapy using the PNA virus showed an inhibited increase in
bioluminescence 20 days after treatment induction compared to
non-treated tumors (Figure S4). Explanted tumors were examined
by immunohistochemistry, showing PNA-treated tumors with multi-
ple HSV1-positive areas (Figure 6C). Clusters of HSV1- and TUNEL-
positive areas (detection of apoptosis-induced fragmented DNA)
suggest virus-induced apoptosis processes, detectable only in PNA-
treated tumors.

Since efficient inhibition of tumor progression was demonstrated for
single PNA virus application in the bioluminescent tumor mouse
model, triple intratumoral application (3.3 � 105 PFU each) of the
PNAT virus at 1-week intervals was investigated in comparison to a
single injection. All groups showed comparable tumor growth until
initial virus inoculation on day 53 (Figure 6D). Triple administration
of the targeted PNAT virus showed significant inhibition of tumor
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growth compared to the untreated control group (p < 0.05). This ef-
fect was sustained, resulting in long-term suppression of tumor pro-
gression. Interestingly, comparable results could be obtained even
with a single dosage of the PNAT virus. Furthermore, a significant in-
crease in survival to �50% (p < 0.05) was demonstrated using triple
PNAT virus application in contrast to the non-treated control group
with 0% survival (Figure 6E). Upon single treatment, �30% of mice
survived. In addition, the clinical score was significantly increased
in non-treated animals (single therapy, p < 0.01; triple therapy,
p < 0.05), referring to tumor size (Figure S5). No adverse effects attrib-
utable to HSV1 infection were detected in any treated mouse.

Since efficacy evaluation of the functionalized PNAIT virus requires
the presence of immune cells, immunodeficient NSG mice were hu-
manized prior to tumor induction. After formation of HCC827Luc-
derived tumors, intratumoral treatment with 1.6 � 105 PNAIT virus
was performed and compared to an untreated control group. PNAIT
virus-treated mice showed tendential reduction regarding tumor pro-
gression compared to untreated tumors with unaffected tumor
growth (Figure S6). The tumor-inhibitory effects were long lasting
and did not require further application of oncolytic virotherapy.

DISCUSSION
With the project TheraVision, a broadly applicable engineering plat-
form technology for a combined virus immunotherapy was success-
fully established. First, the entire workflow for BAC cloning of viral
genomes has been established, available to efficiently clone the
genome of any viral isolate and to transfer it into a platform vector.
Using this technology, a novel and proprietary oncolytic vector for
recombinational engineering was developed based on HSV1. Safety,
efficacy, and specificity of the functionalized viruses have been evalu-
ated in a novel preclinical testing platform ranging from patient-
derived organoids and tissue-engineered human in vitro 3D tumor
models to animal models that enable analysis of tumor-immune in-
teractions. Overall, a novel, efficient, and meaningful workflow for
the preclinical development of an oncolytic virotherapy is available.

To establish and modify the engineering platform, the BAC technol-
ogy that allows for cloning of entire large viral genomes and their ge-
netic manipulation was applied.25 Compared to other viral engineer-
ing approaches that mostly use cell-based modifications, the BAC
technology is performed in the bacterial system using E. coli genetics
and thus completely independent of cellular and viral parameters that
vary in the course of viral infection. Importantly, the BAC technology
Figure 5. Efficacy of the safe PNA virus and the functionalized PNAI and PNAIT

(A–D) Kinetic analysis of viral protein expression throughout viral replication was perform

mock treated (D). Cell lysates were harvested at 4, 6, 16, 24, 30, 36, or 48 hpi and analyze

or VP5, viral marker proteins of the immediate-early, early, or late transcriptional phase, r

immune modulating myc-scFv-PD-1. As loading control, the cellular protein b-actin wa

A549 (F) carcinoma cell lines were performed over 66.5 hpi (MOI 0.5). Cell viability was

untreated control. (G and H) For efficacy testing of PNA (G) and PNAIT (H) on NSCLC p

0.01 and 1 while the 3Dmodel (red) was inoculated withMOI values from 0.1 to 10. The A

for each MOI value, and the experiments were repeated at least twice. The error bars r
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can be complemented by other engineering technologies, such as
CRISPR-Cas.38 In this study, a highly potent clinical isolate was
cloned as BAC, which is now available for traceless and precise genetic
modification of the viral vector independent of the cellular context.

Using this novel HSV1-BAC, two genomic sites were predefined on
the basic BAC vector for recombinational integration of transgenes.
These include the long-known FRT and mFRT sites that differ in
sequence.29,39,40 Importantly, in contrast to previous OVs, this novel
platform allows for a controlled integration of transgenes with the
integrity and expression of the herpesviral genome being main-
tained.13 As proof of concept, two different transgenes, one for retar-
geting of the virus, the other for expression of an ICI, were integrated
simultaneously to generate the pPNAIT. Together, these transgene
cassettes amounted to roughly 2 � 4 kb, significantly extending the
size of the viral genome. We demonstrate the site-specific insertion
and integrity of both transgene cassettes. Consistently, double-func-
tionalized virus with infectious properties comparable to the prede-
cessor virus could be reconstituted. Thus, the TheraVision vector tol-
erates significant amounts of foreign genetic information and is thus
amenable to high-capacity programming. Interestingly, with a devel-
oping time of just a few weeks from design to transgene insertion and
viral testing, this modular and recombinational engineering platform
is highly suitable as high-throughput research platform for transgene
development and testing.

Specific targeting of the virus to cancer cells was achieved by one
transgene expressing glycoprotein H fused to an EGFR-specific
scFv recapitulating recent developments.36 Indeed, the resulting virus
specifically infected cells overexpressing EGFR demonstrating the
functionality of the HSV1-exposed targeting molecule. The second
transgene aimed at enhanced efficacy of the oncolytic virus, encoding
an scFv against the immune checkpoint PD-1. Expression and func-
tionality of the PD-1 inhibitor was confirmed in lysates of infected tu-
mor cells. Interestingly, all attempts to detect the virally encoded ICI
in the extracellular milieu remained unsuccessful. Our findings sug-
gest that the ICI had entered the secretory pathway where it was pro-
cessed into a functional component, unstable upon release to the
extracellular milieu. We thus conclude that the virally encoded ICI
is functional but its effect may be strongest in close proximity to
the infected tumor cell.

To generate a viral vector and HSV1 virus that, in addition to being
sensitive to the antiviral acyclovir, satisfies all safety requests, the
virus on different 2D and 3D in vitro models

ed in Vero cells infected with PNA (A), PNAI (B), or PNAIT (C) viruses using MOI 0.1 or

d via SDS-PAGE andwestern blot using antibodies detecting ICP0, glycoprotein gB,

espectively. A myc-specific antibody was used to follow the kinetic expression of the

s detected. (E and F) Killing curves of PNAIT compared to PNA on HCC827 (E) and

measured using neutral red assay. Values were normalized on the mock-infected/

atient-derived models, the 2D model (blue) was inoculated with MOI value between

TP counts were normalized on the untreated control. Five replicates were performed

epresent SEM.



Figure 6. Efficacy of the platform and functionalized oncolytic virus on 3D in vivo model

(A–C) NSCLC tumor was induced in immunodeficient NSG mice using 2� 105 HCC827Luc cells on day 0 by subcutaneous injection into the flank and intratumorally treated

with 3.3 � 106 PFU of PNA on day 44. (A) Tumor progression of non-treated (blue) or PNA-treated (red) mice (n = 10) compared to initial tumor volume on day 44. (B) Tumor

bioluminescence in mice 20 dpi compared to initial tumor bioluminescence. (C) Tumor tissue sections with immunofluorescence staining against HSV1 capsid proteins (VP5,

red) from non-treated and PNA-treated tumors. The cell nuclei were stained with DAPI. Apoptosis-induced fragmentation of DNA was visualized using TUNEL method

(green). White arrows point to clusters of HSV- and TUNEL-positive regions. The scale bar corresponds to 100 mm. (D and E) NSCLC tumor was induced in immunodeficient

NSG mice using 2� 105 HCC827Luc cells on day 0 by subcutaneous injection into the flank and intratumorally treated once with 3.3 � 106 PFU of PNAT on day 53 (n = 11,

orange). Another group received PNAT intratumorally three times at 7-day intervals (n = 13, red). Additionally, a non-treated tumor group was included as control (n = 13,

blue). (D) Percentage of survival according to humane endpoints. (E) Tumor progression compared to initial tumor volume on day 53. Statistical analysis was performed by

Mann-Whitney U test in comparison to non-treated control.
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platform vector was further modified by partial deletion of the essen-
tial viral gene UL39 (encoding ICP6, the large subunit of ribonucleo-
tide reductase [RR]) with the aim to provide a virus that selectively
replicates in highly proliferating cells such as cancer cells while
sparing non-proliferating ones.31 Neurotoxicity of the HSV1 pP vec-
tor was addressed by targeted mutagenesis of UL37, a gene encoding
the herpesviral tegument protein and neuroinvasion effector
pUL37.32 Growth kinetics of the engineered virus showed its attenu-
ation, and the increase in safety was demonstrated by a significant in-
crease in survival of animals infected with the UL37/UL39 modified
virus compared to the wild-type one. The dramatic reduction of
HSV1-DNA in brains of mice infected with the modified virus further
demonstrated the successful removal of neurotropism and thus
neurotoxicity of the modified virus. Remarkably, mutagenesis of the
tegument protein pUL37 represents a novel, minimalistic, and effec-
tive principle to remove viral neurotoxicity that also marks a notable
difference to T-VEC.13 Taken together, the resulting innovative vec-
tor was shown to be attenuated, neurotox free, and suited for virother-
apy based on its increased safety profile.

Oncolytic virotherapy primarily focuses on therapy of solid tumors
where it initiates a highly complex inflammatory process, including
viral propagation, tumor cell destruction, attraction, and stimulation
of immune cells.8,41 However, preclinical safety and efficacy evalua-
tion of OVs is generally still performed in conventional 2D and
immunodeficient animal models. Despite lacking a human microen-
vironment, the latter have provided profound knowledge on efficacy
and safety of OVs and their combination with ICIs.42,43 In
TheraVision, we have established a complex test platform including
patient-derived models, 3D tissue models, as well as humanized
mouse models enabling OV testing in an appropriate time frame.
Initially, efficacy of the engineered viruses was shown in 2D cell lines
as well as patient-derived organoid models that recently have been
shown to provide meaningful preclinical data to test efficacy of
OVs.44 However, whether co-cultures of organoids and autologous
immune cells can be used to model OV-dependent immune activa-
tion needs to be evaluated. Furthermore, the optimized OV candi-
dates are investigated in novel tissue-engineered 3D tumor models
integrating cues from the microenvironment such as tissue architec-
ture, ECM components, and also stromal cells. In the tissue-engi-
neered Transwell-model tumor, cell growth of several entities, such
as colorectal, breast, and lung cancer, is sustained with microphysio-
logical characteristics,19,45,46 and immune-therapeutic approaches
such as CAR T cells47,48 and trispecific antibodies19 can be evaluated.
Co-culturing HSV1-permissive fibroblasts49 with tumor cells on the
SISmuc allowed a risk assessment of the viral therapy in vitro that
was in agreement with the in vivomodels in this study. The abolished
infection of fibroblasts with the attenuated virus went, however, hand
in hand with reduced oncolytic effects on the 3D models, asking for
optimization including higher doses for effective therapy.50 Further-
more, we tested the functionalized PNAIT in humanized mice in
presence of human immune cells, confirming the long-lasting tu-
mor-inhibitory effects. Since humanized mice have previously been
used for evaluation of ICI efficacy,23,24 it seems reasonable to assume
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that immune activation by OVs or in combination with ICI can also
be adequately represented in those models. However, the full im-
mune-activating potential of engineered virus in humanized mouse
models needs to be further evaluated in future.

By combining information from several preclinical models ranging
from patient-derived organoids, tissue-engineered human 3D tumor
models, and humanized mouse models, we aim to represent the most
relevant components of the tumor microenvironment to characterize
OV efficacy. Perspectively, additional efforts are required, e.g., to
determine the immunostimulating activity of OVs; their ability to
penetrate the tumor; and, most importantly, their potential to act as
long-lasting tumor vaccines in models that fully recapitulate the
complexity of tumor microenvironments and specific tumor
types.51,52 Therefore, further developments are required toward
more meaningful preclinical models, e.g., by integrating human tis-
sue-derived models53 such as tissue slice cultures into our pipeline
to successfully translate OV therapy concepts into the clinical
situation.

Oncolytic engineering platforms are of high importance for further
improvement of therapy combinations in cancer.54 Besides the intro-
duction of checkpoint blockade options as addressed here, OV ther-
apy could be combined with standard-of-care therapeutics. In
contrast to the already approved T-VEC, the TheraVision vector rep-
resents an innovative open platform for versatile engineering and thus
(combinational) treatment of varying types of cancer in a personal-
ized manner. TheraVision can be modularly programmed to encode
varying functions for enhanced efficacy and specificity of OVs. Future
clinical trials where systemic or intratumoral co-application of, e.g.,
ICIs with OVs is compared to effects of OV-encoded ICIs may
provide interesting insights into pros and cons of these different
approaches.

While the antitumor effect of viruses was discovered more than 100
years ago,55 the breakthrough in oncolytic virotherapy only came in
2015/2016 with the approval of T-VEC: more than 97 clinical trials
were performed between 2000 and 2022, with promising results.56

Considering the intense developments of the last years, further
FDA approvals are expected to follow soon, accompanied by an enor-
mous upswing in this form of tumor therapy. Still, OVs reach the
market with a delay hampered by insufficient specificity, efficacy,
and safety. With the workflow developed by TheraVision and pre-
sented in this study, we are prepared to significantly contribute to
advanced development, approval, and translation in the field of onco-
lytic virotherapy.

MATERIALS AND METHODS
Cells

Vero (ATCC no. CCL-81), HCC827 (DSMZ ACC566), HCC44
(DSMZ ACC534), A549 (DSMZ ACC107), THP1 (DMSZ ACC16),
adult HDFs (HDFa), Gibco C0135C), and J1.1-2 cells (kindly pro-
vided by G. Campadelli-Fiume, University of Bologna, Bologna, Italy)
were cultured at 37�C and 10% CO2 under humid atmosphere.
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J-EGFR cells were generated by transfection of J1.1-2 cells with the
plasmid pCAGGS-SM2667 followed by puromycin (5 mg/mL)
selection.

Construction of plasmids

Newly assembled plasmids were controlled by restriction digest and
local sequence analysis (Eurofins Genomics, Ebersberg, Germany).
The plasmid pMA-SM2274 was assembled through insertion of the
cloning fragment in pMA via PacI/AscI by Invitrogen (Thermo Fisher
Scientific, Waltham, MA). The cloning fragment was assembled from
synthetic oligonucleotides and/or PCR fragments and can be excised
by NruI-ScaI restriction. It contains the GFP cassette of pEGFP-N1
(nt 5–1,642, GenBank: U55762) (Clontech Laboratories by Takara
Bio USA, San Jose, CA) followed by the polyadenylation site of
UL21/UL2257 of human herpesvirus 1 strain 17 (nt 43,661–43,930,
GenBank: JN555585.1), flanked by parts of BamHI tomimic insertion
into the intergenic region of UL3/UL4 via BamHI58 and additionally
flanked by sequences of about 2 kbp up- and downstream of the inter-
genic region of UL3/UL4.

To remove one SphI restriction site in the gene lacZ and to insert two
restriction sites up- and downstream of the lacZ expression cassette
(Pcil and SphI), the vector pSF-CMV-BetaGal (Sigma-Aldrich,
Merck, Darmstadt, Germany) was rearranged using Gibson Assembly
cloning (NEB, Ipswich, MA) and oligonucleotides no. 1–6 (Table 1).
Incorporated mutations were controlled through Sanger sequencing
with oligonucleotides no. 7–9 (Table 1). The resulting plasmid was
named pSF-SM2464.

pEX-A128-SM2334, which contains one loxP site flanked by homol-
ogous sequences for further cloning, was synthesized by Eurofins Ge-
nomics (Ebersberg, Germany).

pUC19-SM2466 was cloned using Gibson Assembly cloning and con-
tains one loxP site and sequences of about 2 kbp up- and downstream
of the intergenic region of UL3/UL4. Fragments were generated by
PCR using oligonucleotide no. 10/11 (Table 1) and pMA-SM2274,
oligonucleotide no. 12/13 (Table 1) and pMA-SM2274, oligonucleo-
tide no. 14/15 (Table 1) and pEX A128-lox-syn as well as oligonucle-
otide no. 16/17 (Table 1) and pUC19. Correct cloning was controlled
using sequencing oligonucleotides no. 18–20 (Table 1).

To assemble the plasmid pBeloBAC11-SM2465 that contains the lacZ
expression cassette in pBeloBAC11, the SphI/Pcil and Pcil/SphI frag-
ment of pBeloBAC11 (NEB, Ipswich, MA) and pSF-SM2464, respec-
tively, were ligated using ElectroLigase (NEB, Ipswich, MA).

The plasmid pBeloBAC11-SM2467 was cloned by ligation of the SphI/
BstEII fragment of pBeloBAC11-SM2465 and the BstEII/SphI frag-
ment of pUC19-SM2466. pBeloBAC11-SM2467 contains the lacZ
expression cassette and the SphI/Pcil fragment of pBeloBAC11 con-
taining bacterial genes SopABC for active partitioning, ori2 as origin
of replication, RepE as initiation factor for replication, and the chlor-
amphenicol resistance gene for selection. The assembled sequences are
flanked by loxP sites, further flanked by sequences of about 2 kbp up-
and downstreamof theGFP cassette of thefluorescently labeledHSV1.
The plasmid pBeloBAC11-SM2467 can be linearized by PmlI.

The plasmid pUC19-SM2479 contains one loxP site, the Cre cassette
with a synthetic intron preventing expression of the functional
protein in E. coli from pCREin49 and the Zeocin resistance cassette
(nt 1–645) from pOriR6K-zeo-ie.59

The donor plasmids for transgene insertion via FRT/mFRT29 were
cloned using Gibson Assembly based on pGPS-CMV/GFP-Kn-FRT
(GenBank: MT731686) and pGPS-CMV/GFP-Kn-mFRT,25 respec-
tively. The donor plasmid pGPS-SM2532 corresponds to pGPS-
CMV/GFP-Kn-FRT (nt 1–2, nt 1,659–3,791, GenBank: MT731686)
and contains the Ef1a promoter of pSF-EF1Alpha (nt 238–1,442,
Sigma-Aldrich, Merck, Darmstadt, Germany) controlling the expres-
sion of scFv-PD-1. The scFv-PD-1 gene encodes the murine immuno-
globulin (Ig) kappa chain leader sequence of pSecTag2/A (nt 905–
967, Invitrogen, Thermo Fisher Scientific, Waltham, MA) followed
by the variable domain of the heavy chain (scFv 5C4 [Patent US
8008449 B2]), a polyGS-linker (GGGGS3), the variable domain of
the light chain (scFv 5C4 [Patent US 8008449 B2]), a GS-linker,
and a Myc-tag (EQKLISEEDL). The donor plasmid pGPS-SM2534
corresponds to pGPS-CMV/GFP-Kn-mFRT (same as for pGPS-
SM2532) and contains the ampicillin-resistance gene of pCR3 (nt
3,568–4,599, Invitrogen, Thermo Fisher Scientific, Waltham, MA).
It contains the scFv against EGFR of pSecTagA_scFv(hu225) (nt
85–807)60 inserted between the sequence corresponding to amino
acid 23 and 24 of HSV1 glycoprotein H (nt 46,315–46,383, nt
43,867–46,314, GenBank: JN555585), as described previously.36

The plasmid pCAGGS-SM2667 corresponds to pCAGGS-flpE-
puro61 (nt 1–2,401, nt 3,701–7,728, a gift of Rudolf Jaenisch [Addgene
plasmid # 20733]) and contains the codon-optimized sequence of hu-
man EGFR (BioCat, Heidelberg, Germany).

Construction of the basic vector pB

To generate the pB vector for simplified genetic engineering of the
HSV1 genome in E. coli, the genome of the most promising HSV1
isolate (acyclovir sensitive, most potent) was cloned as BAC. There-
fore, essential bacterial genes together with some regulatory elements
were inserted between UL3 and UL4 in a two-stage process in
mammalian cells. First, a GFP encoding cassette and an additional
polyadenylation signal derived from UL21/UL22 were inserted to
enhance the intergenic region. The NruI-ScaI fragment of pMA-
SM2274 was co-transfected with isolated genomic viral DNA in a
1:5 ratio in Vero cells using Lipofectamine 3000 (Thermo Fisher
Scientific, Waltham, MA). Green fluorescent infectious areas were
isolated under the fluorescent microscope and four rounds of plaque
purification were applied. Isolated genomic DNA of this fluorescently
labeled HSV1 was co-transfected with linearized and dephosphory-
lated pBeloBAC11-SM2467 in 1:3 ratio in Vero cells using Lipofect-
amine 3000. After 1 day, Vero cells were overlaid with 1% LMP
agarose/culture medium and further incubated. Two days post
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Table 1. Sequences of oligonucleotides used

No Name Sequence Use

1 pSF_1_fw CCAACACACATACATGTTCGATGGATAG Gibson

2 pSF_1_rev CCTTCTTCCGCGTGCAGCAGATG Gibson

3 pSF_2_fw CATCTGCTGCACGCGGAAGAAGG Gibson

4 pSF_2_rev GGTAAGCGGCATGCTCGGAACAGG Gibson

5 pSF_3_fw CCTGTTCCGAGCATGCCGCTTACC Gibson

6 pSF_3_rev CGCTATCCATCGAACATGTATGTGTGTTGGTTTTTTG Gibson

7 pSF_1seq_fw TCTGGCTCTATCGAATCTC Sequencing

8 pSF_2seq_fw GCGATTACCGTTGATGTTG Sequencing

9 pSF_3seq_fw CAGAATTGCGTCAGTCAAG Sequencing

10 pUC_1_fw ATTACGCCGGTTACCCCAACACGGACAGTCTGTGTAAAAG Gibson

11 pUC_1_rev CACGTGTTGCGTGACGACAGCTTTGTAAAGAC Gibson

12 pUC_2_b_fw GTCGTCACGCAACACGTGTAGGGCGACAGGATTTG Gibson

13 pUC_2neu_rev GAATAACGACCCGAAGCTGCTCTCGCACTC Gibson

14 pUC_4_fw GCTTCGGGTCGTTATTCAGTC Gibson

15 pUC_4_rev GCTTAACTATGCGGCATCAGAGC Gibson

16 pUC_3neu_fw CTGATGCCGCATAGTTAAGCCAGCC Gibson

17 pUC_3_rev TTGGGGTAACCGGCGTAATCATGGTCATAGCTG Gibson

18 pUC_1seq_fw GCGCCCAATACGCAAAC Sequencing

19 pUC_2seq_fw AAACACGTCGAGCTGTTG Sequencing

20 pUC_3seq_fw ATTACACGCGATCTTCGG Sequencing

21 DgalK_Cre_fw
GCGGCCGCTGCCAAGCTTCCGAGCTCTCGAATTCAAAGGAGGT
ACCCACCATGCCCAAGAAGAAGAGGAAGGTG

Construction basic vector

22 DlacZ_Cre_rev
GACTGTCCGTGTTGGGGTAACCAATGAGATTAGGGAGGG
AAGAAAGTTTGCTTAATATAACTTCGTATAGCATACATTAT

Construction basic vector

23 UL3-2_fw ccgcagattccattcgg PCR control

24 UL4-7_rev Gcgtatccgttcgactc PCR control

25 pBelo_seq_rev GATTTCCGGCAGTTTCTACAC PCR control

26
mFRT_Kan_Insertion_
UL10_11_F

TAACCCGACCGTGGTGTATGTCTGGTGTGTGGCGTCCGATC
CCGTTACTATGTGGGCGGACAATAAAGTCTTAAACTGAA

Construction platform

27
UL11-AS_
mFRTKn_rev

TGTCGTTTTTAAAAAAACCCACAATCGCCGGGGTTTGG
GGGGAACGGTGATGTGGGCGGACAAAATAGTTGG

Construction platform

28 UL55_FRTKn_fw
AATAAAGAGCCGTAACCCAACCAAACCAGGCGTGGTGTG
AGTTTGTGGTGTGGGCGGACAATAAAGTCTTAAACTGAA

Construction platform

29 UL56-AS_FRTKn_rev
AGTATCACGGTCCATACTGGCCTGTCGCATTGTCTCTG
AGGGCTTTGGGTTGTGGGCGGACAAAATAGTTGG

Construction platform

30 ICP6_Del_fw
CTCCCCGCTTCACCCTGGGTGGCGGCT
GTTGTTCCTGTCGGAGCACGAAGCCCA
GCTGGTTAGGGATAACAGGGTAATCGATTT

Construction platform

31 ICP6_Del_rev
CCAGAGCCTGGGCCAGGATCACCAGCT
GGGCTTCGTGCTCCGACAGGAACAACA
GCCGCCGCCAGTGTTACAACCAATTAACC

Construction platform
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transfection (dpt), 1% LMP agarose/culture medium with 300 mg/mL
Bluo-Gal was added. Three days post transfection, blue-labeled pla-
ques were isolated and two rounds of plaque purification using
LMP agarose/culture medium with Bluo-Gal were performed. Hirt
extract62 was used to transform electrocompetent E. coli DH10B
(ElectroMAX DH10B, Thermo Fisher Scientific, Waltham, MA) un-
14 Molecular Therapy: Oncology Vol. 32 March 2024
der 25 mg/mL chloramphenicol selection. Received clones were sepa-
rated and controlled by isolation of BAC-DNA followed by restriction
fragment-length polymorphism analysis. To control the integrity of
the BAC-DNA, Vero cells were transfected and the reconstituted vi-
rus was analyzed regarding plaque size and growth kinetics, showing
no difference to the virus isolate (data not shown).
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To ensure the deletion of the bacterial genes after virus reconstitution,
the lacZ selection cassette was exchanged for the Cre cassette fused to
the Zeocin resistance cassette and a second loxP site using homolo-
gous recombination as described by Datsenko and Wanner.63 To
this end, E. coli DH10B carrying the vector and pKD4663 were trans-
formed with 400 ng of the linear fragment amplified by PCR using
oligonucleotide no. 21/22 (Table 1) and pUC19-SM2479 as template.
The removal of bacterial genes through Cre excision was investigated
by PCR analysis using the isolated nucleic acids of reconstituted virus
and oligonucleotide no. 23 together with no. 24 and oligonucleotide
no. 23 together with 25 (Table 1). The received BAC-DNAwas named
pB vector (basic vector).

Construction of the platform vector pP

For insertion of the recombination sites FRT and mFRT into the in-
tergenic regions of UL10/UL11 and UL55/UL56,30 respectively, a se-
lection cassette was inserted according to the homologous recombina-
tion protocol described by Datsenko and Wanner.63 The selection
cassette that contains the kanamycin resistance gene flanked by
FRT or mFRT, respectively, was amplified by PCR using pGPS-Kn-
FRT/mFRT25 as template and oligonucleotide no. 26/27 or oligonu-
cleotide no. 28/29 (Table 1). Excision of the marker gene, the kana-
mycin resistance gene, was performed by transiently expressed Flpe
recombinase as described previously,27 except that pSC101-BAD-
Flpe (Gene Bridges, Heidelberg, Germany) and therefore LB-agar
plates containing 25 mg/mL chloramphenicol, 10 mg/mL tetracycline,
and 0.4% (w/v) L-arabinose for selection and LB-agar plates contain-
ing 25 mg/mL chloramphenicol were used for further processing. The
received BAC-DNA was named pP vector (platform vector).

Partial deletion of UL39 and mutation of UL37 were performed by en
passant BAC mutagenesis.33,34 Thus, the platform vector was trans-
formed into E. coli GS1783. Targeted mutation of UL37 was done
as described previously.32 To prevent transcription of UL39 and to
interfere neither with UL38 nor UL40, a defined region of UL39 (nt
498–1,385 of CDS) was deleted. Therefore, pEPkan-S234 and oligonu-
cleotide no. 30/31 (Table 1) were used for PCR amplification prior to
en passant mutagenesis. The received BAC-DNA was named pPNA
(platform vector with attenuation and prevented neurotoxicity).

Functionalization of the platformvector - Insertionof transgenes

Insertion of transgenes into pPNA was performed using 100 ng of
the donor plasmid (pGPS-SM2532, pGPS-SM2534) and 400 ng of
the helper plasmid pGPS-Flpe (GenBank: MN687821) as described
previously.27

Viruses

To reconstitute (attenuated) virus, Vero cells at 50% confluency
were transfected with isolated BAC-DNA using Lipofectamine
3000 according to manufacturer’s protocol (Thermo Fisher Scienti-
fic, Waltham, MA). For further (attenuated) viral propagation, Vero
cells (4 h after seeding) were infected and incubated until cytopathic
effect (CPE) was observed. For (attenuated) virus titration via pla-
que assay, Vero cells at 90% confluency (4 h after seeding) were in-
fected with 10-fold solutions of virus stock in triplicates. At 4 hpi,
cells were overlaid with methylcellulose medium (7.5 g/L carboxy-
methylcellulose, 5% [v/v] fetal calf serum [FCS], 10% [v/v] MEM
[10�], 1% [v/v] L-glutamine, 0.5% [v/v] non-essential amino acids,
1% [v/v] penicillin/streptomycin, 4.94% [v/v] sodium bicarbonate
[7.5%]) and incubated for 3 (4) days followed by staining with crys-
tal violet for 10 min at room temperature (RT) (2 g/L crystal violet,
11% [v/v] formaldehyde, 2% [v/v] ethanol, 20 g/L paraformalde-
hyde). For plaque purification64 of (attenuated) virus, Vero cells
at 80% confluency (4 h after seeding) were infected for 1 h (over-
night) and then overlaid with LMP agarose/culture medium. To
determine the growth kinetics of (attenuated) virus, Vero cells at
80% confluency (4 h after seeding) were infected with MOI 0.1 in
triplicates. After 1 h, the inoculum was removed and infected cells
were incubated in growth medium. The supernatants containing
extracellular virus were collected at different time points and titrated
via plaque assay. Plaque size was measured using Axiovision 4.8
(Zeiss, Oberkochen, Germany).

To evaluate transgene expression, cells were infected at MOI 0.5. At
20 hpi, the cells were lysed with RIPA buffer (0.1M Tris-HCl [pH
7.4], 0.75M NaCl, 5% [w/v] Triton X-100, 5% [w/v] sodium deoxy-
cholate, 5% [w/v] SDS, protease inhibitor cocktail) on ice. The lysates
were cleared by centrifugation (13,000 rpm, 4�C, 10 min) and further
analyzed by SDS-PAGE followed by western blot using anti-Myc
9E10 antibodies (Santa Cruz Biotechnology, Dallas, TX) or via PD-
1[Biotinylated]:PD-L1 Inhibitor Screening Assay (BPS Bioscience,
San Diego, CA) using anti-PD-1 humanized antibodies (Pb3)
(BioVision, Milpitas, CA) as control.

To follow the kinetic expression of the immunomodulating scFv-
PD1, Vero cells were infected with the viruses PNA, PNAI, and
PNAIT at MOI 0.1 or MOI 5. Cell lysates were prepared at varying
times post infection and analyzed by western blot using anti-HSV-1
ICP0 antibody (Santa Cruz Biotechnology, Dallas, TX), anti-
HSV1 + HSV2 ICP5/VP5 Major Capsid Protein antibody (3B6) (Ab-
cam, Cambridge, UK), anti-HSV-1 and HSV-2 gB antibody (0B7)]
(Abcam, Cambridge, UK), and anti-Myc 9E10 antibodies (Santa
Cruz Biotechnology, Dallas, TX), as described above. As loading con-
trol, anti b-actin antibodies (Abcam, Cambridge, UK) were used.

To analyze the targeting of functionalized virus to EGFR-expressing
cells, a cell-based assay was developed. J1.1-2, J-EGFR and J-EGFR
cells pre-incubated with anti-EGFR chimeric antibodies (Ce3)
(BioVision, Milpitas, CA) (30 min, 4�C) were infected with virus
(MOI 5). At 20 hpi, cells were harvested and samples were analyzed
by western blot using anti-gB vc-14 antibodies (Santa Cruz Biotech-
nology, Dallas, TX), as described above.

To determine killing curves of lung carcinoma cell lines after infec-
tion, the cell viability was measured using neutral red uptake assay.
To this end, 6 � 103 A549 and 3 � 103 HCC827 cells were seeded
in a 96-well plate and infected 4 h later (MOI 0.5). After 1 h, the inoc-
ulum was removed and cells were incubated in growth medium.
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Neutral red uptake assay was performed at different time points as
described previously.65

Virus killing assay on 2D respective 3D patient-derived models

and non-cancer cells

A previously established and characterized 2D patient-derived cell
line from an NSCLC primary tumor was seeded in a mClear 384-
well plate (1,500/well) in PCCM. The PCCM consists of advanced
DMEM/F12, 5% SAM-FCS (PAN-Biotech, Aidenbach, Germany),
1% Glutamax, 1% penicillin/streptomycin, 1 mg/mL insulin (PAN-
Biotech, Aidenbach, Germany), 10 ng/mL epidermal growth factor
(EGF) (Thermo Fisher, Germany), 50mM hydrocortisone (Sigma-
Aldrich, Merck, Darmstadt, Germany), and 10 mM Y27632 (Selleck-
chem, Munich, Germany). After 3 h, the PNA or PNAIT virus dilu-
tions (MOI 0.01–1) were added at a final volume of 40mL of PCCM.
At 4 dpi, the plate was removed from the incubator, equilibrated for
30 min at RT, and 40mL of ATPlite were added in every well before
mixing for 2 min at 1,200rpm. The luminescence was measured using
the PerkinElmer’s EnVision Multimode Plate Reader. The percentage
of surviving cells is normalized on the untreated control, five repli-
cates were made for each MOI value, and two independent experi-
ments were performed. The toxicity on non-cancer cells was tested
in vitro on T cells. Therefore, peripheral blood mononuclear cells
(PBMCs) were isolated and propagated by stimulation with
2 mg/mL CD3 (BioLegend, Amsterdam, the Netherlands), 2 mg/mL
CD28 (BioLegend, Amsterdam, the Netherlands), and 150 U/mL
IL-2 (BioLegend, Amsterdam the Netherlands). The virus killing
assay on T cells was performed exactly in the same way as the 2D
model; only the medium differed. The T cell medium consists of
a base medium (RPMI 1640, 1% Glutamax, 1% penicillin/strepto-
mycin, 1% HEPES, 5 mM 2-mercaptoethanol) with 10% human
AB-serum (Valley Biomedical Products & Services, Winchester,
VA) mixed 1:1 with AIM-V medium (Thermo Fisher Scientific, Wal-
tham, MA).

Similar to the 2D assay, established and characterized patient-derived
organoids (PDOs) (3D) were seeded in a mClear 384-well plate (500
organoids/well) in organoids medium66 without Matrigel for the
3D assay. After settling of the PDOs, PNA or PNAIT virus dilutions
(MOI 0.1–10) were added at a final volume of 40mL of organoids me-
dium. At 3 dpi, the plate was equilibrated for 30 min at RT and 40mL
of CellTiter-Glo (CTG, Promega Corporation, Fitchburg, MA) were
added in every well before shacking for 5 min at 800 rpm and incu-
bation at RT for 25 min. The luminescence was measured using the
PerkinElmer’s EnVision Multimode Plate Reader. The percentage
of surviving organoids was normalized on the untreated control,
five replicates were performed for each MOI value, and the experi-
ment was done three times independently.

Matrix preparation for 3D tissue model

Chemical decellularization of jejunal segments was performed as pre-
viously described.67–69 The intestinal segments were explanted, rinsed
with PBS, and chemically decellularized with a sodium deoxycholate
monohydrate solution; the former vascular tree was manually
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removed prior to gamma sterilization. Finally, tumor models were
prepared as published before.19

Determination of cell number on static 3D tumor model

After removing the unseeded parts of the SISmuc, cells were separated
by trypsinization followed by scraping with a cell scraper. After
filtering the cell suspension with a filter (40 mm), cells were counted
with a Neubauer chamber.

Treatment of a static 3D model with virus

According to the mean cell numbers determined on the SISmuc, a
suspension of virus stock was added at day 11 to the medium in the
inner compartment of a cell crown to reach the respective MOI (me-
dium volume in the inner compartment of the cell crown, 1 mL; me-
dium volume in the outer compartment of the cell crown, 1.5 mL).

Humanization of NSG mice

The 24- to 48-h-old NOD.Cg-PrdcscidIL2rgtm1Wjl/SzJ (NSG, Jackson
Laboratory, Bar Habor, ME) were irradiated with 1 Gy using Small
Animal Radiation Research Platform (SARRP, XStrahl, GA). At
3–5 h after irradiation, intrahepatic injection of 2–4 � 105 human
CD34+ hematopoietic stem cells per mouse in RPMI-1640 medium
containing 10% FCS was performed. After 12 weeks, blood was
analyzed to determine the cellular composition by flow cytometry.
NSG mice were considered to be humanized when 20% or more of
all CD45+ cells in peripheral blood were of human origin.

NSCLC tumor model in NSG mice and oncolytic virotherapy

Solid tumor experiments were performed using immunodeficient
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice (NSG, Jackson Laboratory,
Bar Habor, ME). All experiments were performed in accordance
with EU Directive 2010/63/EU for animal experiments and approved
by local authorities. Tumor induction was performed under isoflur-
ane anesthesia by injecting 2 � 105 reporter cells (A549Luc or
HCC827Luc) in 100mL of PBS subcutaneously in one mouse flank.
Mice were clinically assessed two or three times weekly and the tumor
volume was determined and scored using the following scoring sys-
tem: 0 (no tumor growth or tumor volume <500mm3), 5 (tumor vol-
ume R0.5cm3), 10 (tumor volume R1 cm3), or 20 (tumor volume
R1.5cm3, corresponds to human endpoint). The tumor volume
was calculated by measuring width and length of the palpable tumor
(volume = (length� width� width)/2). In addition, the clinical score
was obtained for following abnormalities: 0 (no weight loss or gain), 1
(<5%weight loss), 5 (R5%weight loss), 10 (R10% weight loss), or 20
(R20% weight loss, corresponds to human endpoint); 0, 1, 5, or 10
points for fur defects; 10 points for hunched position, lethargy, or co-
ordination disorders; 20 points for respiratory difficulties, visible tu-
mor necrosis, paralysis, morbidity, or death (corresponds to human
endpoint, respectively). After solid tumor formation of �100 mm3,
experimental groups were formed in order to obtain a homogeneous
distribution of tumor volumes in each group. Virotherapy was per-
formed by intratumoral injection of 30 mL of virus in PBS. Biolumi-
nescence imaging (BLI) was used to monitor tumor growth, since
an increase in tumor cell number correlates with bioluminescence.
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For this purpose, mice were anesthetized with isoflurane and
150 mg/kg D-luciferin (PerkinElmer, Waltham, MA) was injected
intraperitoneally. After incubation for 20 min, bioluminescence
measurement was performed using IVIS spectrum (Xenogen, Perki-
nElmer, Waltham, MA). Bioluminescence signals were evaluated
using Living Image 3.2 software (PerkinElmer, Waltham, MA) as
photons per area. Statistical analysis was performed by Mann-
Whitney U test in comparison to non-treated control.

Real-time qPCR

Viral DNA was isolated from tumor and brain using gentleMACS
Octo Dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany)
for tissue homogenization and QIAamp MinElute Virus Spin Kit
(Qiagen, Hilden, Germany) for DNA isolation. Quantitative detection
of HSV1-DNA was performed using LightCycler 480 (Roche Hold-
ing, Basel, Switzerland), 5 mL of viral DNA by real-time PCR protocol
as described,70,71 and LightCycler FastStart DNAMasterPlus Hybrid-
ization Probes Kit (Roche Holding AG, Basel, Switzerland). Absolute
DNA quantification was performed using standard curve and DNA
dilutions of 30 to 3 � 106 HSV1 copies. Limit of detection (LOD)
was defined as to 30 DNA copies.

Immunohistochemical staining

The 3D tumor models were fixed in a 4% PFA solution for 2 h,
embedded in paraffin, and cut with a sliding microtome at 3–5 mm.
Hematoxylin and eosin (H&E) staining (Morphisto, Offenbach am
Main, Germany) was performed according to the manufacturer’s
protocol. The following primary antibodies were used: rabbit anti-vi-
mentin (Abcam, Cambridge, UK), mouse anti-HSV1 VP21/VP22a
(Bio-Rad Laboratories, Hercules, CA). Primary antibodies were
diluted 1:100 in antibody diluent (DCS Innovative Diagnostik-
Systeme, Hamburg, Germany) and incubated overnight at 4�C.
Secondary antibodies (donkey anti-mouse IgG [Thermo Fisher Scien-
tific, Waltham, MA] conjugated to Alexa 647 or donkey anti-rabbit
IgG [Thermo Fisher Scientific, Waltham, MA] conjugated to Alexa
555) were diluted 1:400 in antibody diluent and incubated for 1 h
at RT. Cell nuclei were counterstained using 40,6-diamidino-2-phe-
nylindole (DAPI) within the embedding medium Fluoromount-G
(Thermo Fisher Scientific, Waltham, MA). Images were taken using
a digital microscope (BZ-9000, Keyence, Japan).

For immunohistological detection of HSV1 and apoptosis in tumor
tissue, tumor tissue samples of mice were fixed in 4% buffered para-
formaldehyde solution (PFA, Sigma-Aldrich, Merck, Darmstadt,
Germany) for 24 h after explantation. Specimens were embedded
in paraffin and transferred to slides as 4- to 6-mm sections.
Immunostaining was performed after antigen demasking (30 min
in preheated 10 mM citrate buffer) either for HSV1 or TUNEL stain-
ing (detection of apoptosis-induced fragmented DNA). After block-
ing non-specific binding using 5% goat serum (Abcam, Cambridge,
UK) and 0.3% Triton X-(Sigma-Aldrich, Merck, Darmstadt, Ger-
many) in PBS for 1 h, HSV staining was performed using primary
antibodymouse anti-HSV1 +HSV2 ICP5 (1:400, Abcam, Cambridge,
UK) overnight at 4�C and secondary antibody goat anti-mouse IgG
Alexa Fluor 647 (1:400, Thermo Fisher Scientific, Waltham, MA)
for 2 h in blocking buffer. TUNEL staining was performed using
the In Situ Cell Death Detection Kit (Roche Holding, Basel,
Switzerland). Nuclei were stained by incubating with 2.5 mg/mL
DAPI (Sigma-Aldrich, Merck, Darmstadt, Germany) solution for
10 min. Specimens were coverslipped with Dako Fluorescence
MountingMedium (Agilent Technologies, Santa Clara, CA) and eval-
uation was performed by Eclipse Ti fluorescence microscope (Nikon,
Tokio, Japan).

General methods

Isolation of BAC-DNAwas performed using standard phenol-chloro-
form isolation.

Isolation of viral nucleic acids was done usingHigh Pure Viral Nucleic
Acid Kit (Roche Holding, Basel, Switzerland). Genomic viral DNA
from capsids was isolated as described elsewhere.72 Preparation of
electrocompetent E. coli DH10B or E. coli GS1783 (genotype:
W3110 DlacU169 gal490 lN:lacZ D(N-int) cI857 D(cro-bioA)) and
transformation was done as described previously.27,33,34,73,74 After
BAC mutagenesis, E. coli colonies were separated and controlled by
isolation of BAC-DNA followed by analysis of restriction fragment-
length polymorphism, control of PCR fragment, and local sequencing.
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