Heidbuechel and Engeland J Hematol Oncol
https://doi.org/10.1186/s13045-021-01075-5

(2021) 14:63

Journal of
Hematology & Oncology

REVIEW Open Access

Oncolytic viruses encoding bispecific

®

Check for
updates

T cell engagers: a blueprint for emerging

immunovirotherapies

Johannes P W. Heidbuechel' and Christine E. Engeland '

Abstract

immunotherapies.

Bispecific T cell engagers (BiTEs) are an innovative class of immunotherapeutics that redirect T cells to tumor surface
antigens. While efficacious against certain hematological malignancies, limited bioavailability and severe toxicities
have so far hampered broader clinical application, especially against solid tumors. Another emerging cancer immu-
notherapy are oncolytic viruses (OVs) which selectively infect and replicate in malignant cells, thereby mediating
tumor vaccination effects. These oncotropic viruses can serve as vectors for tumor-targeted immunomodulation

and synergize with other immunotherapies. In this article, we discuss the use of OVs to overcome challenges in BITE
therapy. We review the current state of the field, covering published preclinical studies as well as ongoing clinical
investigations. We systematically introduce OV-BiTE vector design and characteristics as well as evidence for immune-
stimulating and anti-tumor effects. Moreover, we address additional combination regimens, including CAR T cells and
immune checkpoint inhibitors, and further strategies to modulate the tumor microenvironment using OV-BiTEs. The
inherent complexity of these novel therapeutics highlights the importance of translational research including correla-
tive studies in early-phase clinical trials. More broadly, OV-BiTEs can serve as a blueprint for diverse OV-based cancer
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Background

The strong rationale for combining BiTEs with oncolytic
viruses

Bispecific T cell engagers (BiTEs) represent a novel class
of immunotherapeutic agents. BiTEs are fusion proteins
that consist of two antibody single-chain variable frag-
ments (scFv) with one scFv binding CD3 and the sec-
ond scFv binding a tumor surface antigen. BiTE binding
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redirects polyclonal T cells toward tumor cells independ-
ent of MHC, thereby inducing anti-tumor cytotoxicity
even at low concentrations. This approach has demon-
strated considerable clinical efficacy against hematologi-
cal malignancies. Blinatumomab, a CD3xCD19 BiTE,
has been approved for treatment of B cell malignancies
(reviewed in [1]). However, due to limited serum half-life,
continuous infusion is required. Systemic administra-
tion is associated with severe, potentially fatal toxicities.
Efficacy against solid tumors has been limited, owing
to physical barriers and an immunosuppressive tumor
microenvironment (reviewed in [2, 3]). As such, BiTEs
are representative for diverse emerging cancer immuno-
therapeutics which show remarkable efficacy in certain
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subgroups of patients, but limited efficacy and unaccep-
table toxicities for the most part [4, 5].

One strategy to overcome these limitations has gained
widespread interest in the immunotherapy field: onco-
lytic viruses (OVs). OVs selectively infect and repli-
cate in malignant cells, ultimately leading to tumor cell
lysis. This selectivity is shared between OVs across dif-
ferent virus families (for a concise comparison of clini-
cally advanced oncolytic virus platforms, see Table 1)
[48]. Oncolytic virotherapy relies on tumor cell-specific
changes associated with the hallmarks of cancer, includ-
ing increased receptor expression, impaired antiviral
response, and altered metabolism (reviewed in [49]). OV
replication is thus restricted to the tumor site, leaving
healthy tissue unharmed (reviewed in [50]). In addition
to direct tumor debulking via lytic replication, OVs can
induce stromal remodeling [51], exert anti-angiogenic
effects [52, 53], and, most prominently, evoke anti-tumor
immune responses (reviewed in [54, 55]). Immunogenic
cell death with release of tumor-associated antigens
(TAAs), danger- and pathogen-associated molecular
patterns (DAMPs and PAMPs) as well as cytokines and
chemokines in the course of infection promote tumor-
specific immunity (reviewed in [56]). OV-mediated APC
maturation and antigen (cross-)presentation can result in
systemic anti-tumor immunity via priming, activation,
proliferation, trafficking, memory formation, cytokine
release, and cytotoxic activity of polyclonal T cells.
Oncolytic virotherapy is therefore an immunotherapy in
its own right and has ideal properties for combinatorial
approaches (reviewed in [57-59]). The unique, multi-
pronged mechanism of action circumvents the develop-
ment of resistance to classical therapies. Furthermore,
oncolysis can also render immune-excluded and immu-
nosuppressed tumors sensitive to otherwise unsuccessful
strategies such as immune checkpoint inhibition [60-62].
Finally, OVs can be engineered to express immunother-
apeutic transgenes directly at the site of infection, i.e.,
the inflamed tumor, achieving high local concentrations
while preventing systemic side effects (reviewed in [57]).
By retargeting of OVs on the entry- or post entry-level,
improved tissue specificity can be achieved to further
reduce the risk of immunotherapeutic on-target, off-
tumor toxicities [50]. The first FDA- and EMA-approved
oncolytic virus, talimogene laherparepvec (T-VEC), a
modified herpes simplex virus for the treatment of malig-
nant melanoma, encodes GM-CSF for enhanced in situ
tumor vaccination and represents the current clinical
benchmark in the field (reviewed in [63]). Recent data
from clinical practice indicate high rates of response to
T-VEC [64]. However, mainly patients with early-stage
disease benefit. Therefore, combination therapy may
be required to fully exploit the potential of oncolytic
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virotherapy. Furthermore, anti-tumor T cell activity has
been associated with favorable outcome [30, 65, 66].

Accordingly, the combination of BiTEs and OVs prom-
ises mutual benefits (see schematic in Fig. 1): OV infec-
tion induces local inflammation and attracts T cells to
tumors, which can be redirected to tumor cells by BiTEs.
In addition, encoding BiTEs in OVs can overcome BiTE
limitations. This mode of delivery can maximize local
concentrations at the tumor site and support penetra-
tion into solid tumors while reducing systemic exposure,
thereby increasing the therapeutic window.

Efficacy of the OV-BiTE approach, especially against
solid tumors, has been postulated by several groups
[67-69] and investigated by a collection of recent pre-
clinical studies. Herein, we review these approaches,
focusing on BiTE target selection, transgene design, virus
and BiTE characterization in vitro as well as the models
used to analyze efficacy of the different BiTE-encoding
oncolytic viruses (OV-BiTEs). We first address original
research articles about OV-BiTEs, followed by publica-
tions featuring OV-BiTE combinations with additional
immunotherapeutics. Lastly, we cover literature on OV-
encoded BiTEs that target tumor-promoting cell types of
the microenvironment rather than tumor cells directly.
While providing an overview on the existing literature
and highlighting the contributions of each publication to
the current state of the field, we aim at deducing the most
important open questions to be addressed for successful
clinical implementation. This review article specifically
discusses the existing literature on OVs encoding BiTEs.
However, more broadly, OV-BiTEs are an example for the
benefit of combining OVs with other immunomodulation
strategies for safe and effective cancer immunotherapy.
Along these lines, OV-BiTE can serve as a blueprint for
development of advanced OV immunotherapeutics.

Preclinical study design

In general, the publications featured in this review follow
a similar structure. This study design is typical for pre-
clinical investigations of immunomodulatory OVs. First,
the design of BiTE-encoding vectors is described, and we
will highlight the main characteristics of the transgene
sequences and expression cassettes in this review (see
Fig. 2 for a comparative illustration). Subsequently, the
viral vectors and transgene products are characterized.
Viral replication kinetics and direct tumor cell killing
are assessed by progeny quantification and metabolic-,
impedance-, or flow cytometry-based cell viability
assays, respectively. BiTE expression and secretion are
shown via SDS-PAGE and immunoblotting of cell-free
supernatant of virus-infected cells. Binding specificity of
BiTEs to their cognate antigens and antigen-expressing
cells is assessed by ELISA and/or flow cytometry assays.
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Fig. 1 BiTE-encoding oncolytic viruses for cancer immunotherapy.
Oncolytic viruses (OVs) selectively infect tumor cells, followed by lytic
replication (1). In addition to direct tumor debulking, viral oncolysis
triggers the release of danger- and pathogen-associated molecular
patterns, cytokines, chemokines, and tumor-associated antigens (2).
Upon immunogenic tumor cell death (ICD), local inflammation as
well as innate and adaptive anti-tumor immune responses can set
the stage for effective immunotherapy. Bispecific T cell engagers
(BiTEs) redirect T cells to tumor cell surface antigens. OVs can be
engineered for tumor-directed BiTE expression to benefit from

high BIiTE concentrations at the inflamed tumor site, while avoiding
systemic toxicities (3). Preclinical studies have shown efficacy of this
approach, utilizing BiTE-encoding OVs to engage endogenous or
adoptively transferred T cells, including genetically modified CART
cells (3a). Aside from direct tumor cell targeting, OV-BiTEs can also
be used effectively to target immunosuppressive cells of the tumor
microenvironment such as cancer-associated fibroblasts (3b) and
tumor-associated macrophages (3c). Created with BioRender.com

Importantly, BiTE functionality is investigated using
in vitro co-culture assays with target cells and immune
effector cells including appropriate controls. Although
establishing the basic feasibility of encoding functional
BiTEs by oncolytic viruses is not trivial, this review
focuses mainly on efficacy analyses performed in ex vivo
and in vivo models of cancer immunotherapy with OV-
BiTEs, comparing the different models and pointing out
the benefits and limitations of each approach (see Table 2
for a concise summary).

First studies providing proof-of-principle for the OV-BiTE
concept

In 2014, Yu et al. published the first study of a T cell
engager-armed oncolytic virus. This study introduced
an oncolytic Vaccinia virus (VV) encoding an EphA2-
targeted T cell engager (EphA2-TEA-VV) [70]. The BiTE
sequence featured scFvs targeting the human CD3-¢
chain and an EphA2 epitope. This epitope is accessible
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on malignantly transformed but not on healthy epithe-
lial cells [71]. The construct was expressed under con-
trol of a late promoter (F17R) to facilitate efficient viral
replication. Yu et al. analyzed EphA2-TEA-VV using the
EphA2-positive human lung cancer cell line A549 as tar-
get cells and human peripheral blood mononuclear cells
(PBMCs) and PBMC-derived T cells, respectively, as
effector cells. Virus characteristics and transgene func-
tionality were tested in vitro. In vivo studies were per-
formed in immunocompromised SCID/beige mice. A549
tumor cells were pre-mixed with PBMCs and injected
subcutaneously (s.c.). EphA2-TEA-VV was injected
intraperitoneally (i.p.) immediately thereafter. This treat-
ment prevented tumor development completely, as
opposed to treatments with PBS or control virus encod-
ing GFP. These effects were associated with upregula-
tion of effector cytokines. In an intravenous (i.v.) A549
lung colonization model, i.v. co-injection of PBMCs with
EphA2-TEA-VV one week after tumor challenge signifi-
cantly delayed tumor progression compared to control
virus and monotherapies.

This study was the first to demonstrate functionality of
OV-encoded BiTEs. However, the approach remained to
be tested in models closer to clinical reality, where a lack
of intratumoral T cell infiltration, an immunosuppres-
sive microenvironment, and heterogenous target antigen
expression are frequently observed [72].

Three years after this initial study, work focusing on an
oncolytic adenovirus (AdV) encoding an EGFR-targeting
BiTE (ICO15K-cBiTE) was published by Fajardo et al.
[73]. The scFv targeting epidermal growth factor recep-
tor (EGFR) was derived from cetuximab, a monoclonal
antibody approved for treatment of metastatic colorectal
cancer. The transgene was placed under control of a late
promoter as in Yu et al,, in this case the adenoviral major
late promoter. In vivo efficacy of ICO15K-cBiTE was
tested in immunocompromised SCID/beige mice bearing
established s.c. HCT116 or A549 tumors. In the HCT116
human colorectal cancer model, pre-activated PBMC-
derived T cells were injected iv. and IL-2 was adminis-
tered i.p. to support T cell viability and function. In this
model, intratumoral (i.t.) treatment with ICO15K-cBiTE,
but not with PBS or control virus, led to accumulation
of T cells in 50% of tumors on days four to eight post
injection. Both viral and ¢cBiTE mRNA were detected in
tumor tissue following i.t. virus injection and systemic T
cell administration. In another experiment, i.v. treatment
with ICO15K-cBiTE followed by three courses of T cell
transfer plus IL-2 i.p. resulted in delayed tumor growth
compared to groups receiving parental virus or PBS. In
the A549 model, the combination of i.t. ICO15K-cBiTE
with two courses of unstimulated PBMCs without IL-2
support significantly delayed tumor growth compared
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(See figure on next page.)

Fig. 2 Oncolytic virus transgene cassettes encoding bispecific T cell engagers. Generally, BiTE sequences comprise single-chain variable fragments
(scFvs) targeting CD3 (blue) and either a tumor-associated antigen (TAA, purple) or cell surface antigens expressed on cancer-associated fibroblasts
(yellow) or tumor-associated macrophages (red). Variable heavy (V,)) and light (V,) chains of scFvs are connected by flexible, non-immunogenic
glycine-serine (G/S) linkers. Most constructs harbor peptide tags for detection and/or purification purposes (green). Transgenes are preceded by
regulatory domains including promoters (F17R, SA, CMV, EF1, GRP78, GRP94), a Kozak sequence for efficient translation, and leader sequences
coding for secretory signaling peptides derived from immunoglobulins (all in grey). a BiTEs specific for human Ephrin type 2 receptor (EphA2) [70]
and murine fibroblast activation protein (FAP) [101], respectively, are encoded by oncolytic Vaccinia viruses (VV). b ICOVIR-15-derived adenoviral
vectors have been engineered to encode BIiTEs targeting human epithelial growth factor receptor (EGFR) (cBIiTE) [73, 74, 86] or FAP (FBIiTE, not
shown) [107]. c Enadenotucirev (EnAd)-derived adenoviral vectors encode BiTEs targeting human epithelial cell adhesion molecule (EpCAM) [77],
FAP (not shown) [106], or B. pertussis filamentous hemagglutinin adhesin (FHA, not shown) as a control, under control of either the constitutive
cytomegalovirus (CMV) promoter or the adenoviral major late promoter via a splice acceptor (SA) site. d EnAd has also been engineered to express
BiTEs specific for human folate receptor 3 (FRB) or FHA (control, not shown), arranged in different orders with the CD3-targeting moiety being either
C- or N-terminally [108]. e Four different BiTE transgene cassettes for oncolytic measles viruses (MV) have been designed, specific for either human
or murine CD3 and either human carcinoembryonic antigen (CEA) or CD20 [82]. f Employing a combinatorial adenoviral vector system (CAd) with
a replication-competent oncolytic adenovirus (not shown) and a helper-dependent vector, three immunomodulators have been encoded in cis; a
BIiTE targeting human CD44v6, a single-peptide interleukin-12 (IL-12p70), and an inhibitor of programmed death-ligand 1 (@PD-L1) [94]. TEA, T cell
engager; F17R, late Vaccinia promoter; Ig, immunoglobulin; H-c, heavy chain; L-c, light chain; h, human; m, mouse; SA, splice acceptor for adenoviral

major late promoter; CMV, cytomegalovirus promoter; HA tag, peptide from influenza A hemagglutinin; EF1, constitutive EF-1 a promoter;
GRP78/94, commercial hamster and human promoters, respectively. Created with BioRender.com

to control groups receiving parental virus or PBS or the
respective monotherapies without PBMCs. Immuno-
histochemical analyses showed equal abundance of viral
proteins in all virus-treated groups irrespective of PBMC
administration, indicating virus persistence at the tumor
site despite the presence of effector T cells.

Taken together, this study confirmed the functional-
ity of BiTE-encoding OVs previously shown by Yu et al.
using an alternative OV platform and a distinct target
antigen in two xenograft models with transfer of either
PBMCs or pre-activated T cells as effectors. Regard-
ing the OV platform choice, the authors speculate that
AdV might exhibit increased tumor cell specificity, but
a reduced oncolytic rate and immunogenicity compared
to VV. Compared to the previous study, the tumors had
been established for a longer time before treatment and
effector cells were not co-injected either with tumor cells
or virus to ensure more realistic conditions. Furthermore,
induction of T cell proliferation without exogenous IL-2
and prolonged intratumoral detection of viral transcripts
and proteins, unimpaired by T cell activity, supported the
notion of ongoing oncolysis, BiTE production, and T cell
redirection in situ.

To increase systemic availability of ICO15K-cBiTE,
Barlabé et al. utilized mesenchymal stem cells derived
from menstrual blood (MenSCs) as carriers in a follow-up
study [74]. The concept of AdV delivery via carrier cells
was already investigated in clinical trials (NCT01844661,
NCT04758533) [12]. A preclinical attempt with an onco-
lytic adenoviral vector not encoding an immunothera-
peutic transgene had shown MenSC-mediated tumor
delivery of the virus and modest anti-tumor efficacy
[75, 76]. Barlabé et al. applied this approach in NSG

mice bearing s.c. A549 tumors that had received human
PBMC:s i.v.. In this model, only i.p. application of MenSCs
infected with ICO15K-cBiTE significantly delayed tumor
growth, in contrast to PBS, ICO15K alone, ICO15K-
cBiTE alone, and ICO15K-infected MenSCs, respectively.
High intratumoral BiTE transgene expression was con-
firmed via RT-qPCR but correlated with reduced intra-
tumoral adenovirus copies. The authors attributed this to
competition between BiTE transgene and viral genes. T
cell-mediated antiviral effects could provide an alterna-
tive explanation. Taken together, this study demonstrated
tumor-targeted delivery of OV-BiTEs via carrier cells and
anti-tumor efficacy of the strategy, however only in an
immunodeficient mouse model lacking key components
of the antiviral immune response such as neutralizing
antibodies.

Thus, efficacy of the OV-BiTE approach still remained
to be demonstrated in models with a more relevant
immune contexture. This shortcoming was addressed by
Freedman et al., who studied AdVs encoding an EpCAM-
targeting BiTE in patient-derived ex vivo models. In this
study, BiTEs were placed either under control of the con-
stitutive CMV promoter (EnAd-CMV-EpCAMBITE) or
preceded by a splice acceptor (SA) site of the major late
promoter (EnAd-SA-EpCAMBITE), the latter restrict-
ing BiTE expression to cells supporting productive AdV
infection [77]. Similar to EGFR, epithelial cell adhesion
molecule (EpCAM) is frequently overexpressed on carci-
nomas but also present in healthy tissues, hindering sys-
temic targeting due to toxicities (reviewed in [78]).

Importantly, the authors demonstrated T cell-medi-
ated anti-tumor efficacy of the BiTE-encoding adeno-
viral vectors using tumor-immune cell mixtures from
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a EphA2/FAP-TEA-VV

anti-hEGFR scFv

A

anti-humanCD3 scFv

anti-mouseCD3 scFv

G.S anti-hEphA2

G.S anti-mFAP

anti-hCD3e scFv FLAG tag

aTAA V. (G4S)3 aTAA Vy

C EnAd-CMV/SA-EpCAM/FAPBITE

aCD3 Vy (GS),6G aCD3 V.

. CMV/SA || g L-c leader anti-hEpCAM scFv E anti-hCD3¢e scFv Hisqo tag
aTAA V. (G,S); aTAA Vy aCD3Vy (G4S); aCD3 V.
d EnAd-FR3/3FR
: : :(él\:/ISl: : }:: :I:g:l_:-c::]éa:cie:r: ; anti-hFRB scFv G.S anti-hCD3e scFv Hisqo tag
:: : :(él\:/lil: : ::i :I:g:l_:c:: ]éécie:r: :. anti-hCD3¢e scFv m anti-hFRB scFv Hisqo tag
€ MV-BIiTE

-Kozak- Igk leader z/ANEL]

A

anti-h/mCD3e scFv

anti-hCEA/hCD20 scFv

E

Hise tag

h
aCD3 Vy (G4S)3 aCD3 VvV,

f CAd-Trio

aTAA VH (G4S)3 aTAA V|_

aTAA Vy (G4S)3 aTAA V|_

aCD3 Vy (G4S); aCD3V,

patient-derived pleural effusions and ascites fluids as
described in [79]. This study was the first to show OV-
BiTE efficacy in primary samples comprising matched
tumor cells and T cells, immunosuppressive factors such
as IL-10, and an exhausted effector T cell phenotype.
Results were comparable between samples from several
individual patients with distinct underlying malignancies.

For EnAd-SA-EpCAMBITE, transgene expression to was
restricted to EpCAM-positive tumor cells in contrast to
EnAd-CMV-EpCAMBITE, which induced BiTE expres-
sion also in macrophages and other cells present in the
malignant fluids.

This article described a second BiTE-armed AdV with
a different target antigen, developed independently of
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ICO15K-cBiTE. Efficacy was demonstrated in patient-
derived exudates as models for tumor-immune cell
interactions. Successful application in these models
highlights the potential of OV-directed BiTE expression
under immunosuppressive conditions. In addition, the
number of EpCAM-negative stromal cells present in the
malignant fluids seemed to be unaffected by BiTE- or
virus treatment, indicating specificity and safety of the
approach. One obvious drawback of such models is the
lack of three-dimensional structures and the inability to
investigate the biodistribution of agents and cells. How-
ever, bloodstream stability and applicability of systemic
administration of EnAd had been demonstrated in clini-
cal trials [80, 81]. Nevertheless, the well-mixed, liquid
systems applied in this study failed to show superiority of
the strategy to encode the BiTE on the OV backbone. In
these experimental systems, purified BiTE led to similar
or sometimes superior efficacy compared to the BiTE-
encoding viruses, which may be attributed to higher
overall BiTE concentrations. A potential benefit of OV-
BiTE, compared to direct application of the BiTE itself,
thus remained to be demonstrated.

This was achieved in a 2018 study reporting on onco-
lytic measles viruses (MV) encoding BiTEs targeting the
human model tumor antigens CEA and CD20, respec-
tively [82]. The transgene cassette was inserted down-
stream of the measles virus hemagglutinin open reading
frame to balance viral replication capacity and transgene
expression. Viruses encoding BiTE variants containing
scFvs targeting either human or murine CD3 were gener-
ated as described in [83] in order to investigate MV-BiTE
in both patient-derived xenograft and immunocompetent
mouse models.

Patient-derived xenografts were established by s.c.
injection of colorectal carcinoma cultures in immuno-
deficient NSG mice. Mice receiving one i.t. injection
of PBMCs followed by MV-CEA-BIiTE i.t. on four con-
secutive days survived significantly longer than animals
receiving either of the monotherapies. In contrast to
i.v. administration, BiTE serum levels remained below
the detection limit following i.t. injections of the virus.
Both BiTE and viral N protein expression levels in
tumor tissue remained stable over ten days post treat-
ment. However, long-term survival was not observed,
which was associated with a lack of T cell persis-
tence, but not with MV-BiTE clearance or BiTE target
antigen loss. Importantly, a fully immunocompetent
mouse model was also employed. C57BL/6 mice were
s.c. engrafted with tumors derived from the syngeneic
murine melanoma cell line B16, expressing the human
antigens CD46 and CD20 for MV entry and as a BiTE
target, respectively (B16-CD20-CD46). In this model
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i.t. MV-CD20-BiTE treatment significantly prolonged
survival compared to unmodified virus and virus
encoding a non-targeting control BiTE. This correlated
with increased intratumoral T cell infiltration and an
enhanced T cell effector phenotype as evidenced by
flow cytometry and targeted transcriptome analyses.
Importantly, long-term survivors were protected from
re-challenge with parental B16 cells, indicating activa-
tion of endogenous T cells specific for B16 melanoma
antigens as opposed to human CD20 or CD46 antigens.
This suggests antigen spread, potentially induced by
viral oncolysis and supported by BiTE-mediated T cell
redirection and recruitment. Interestingly, not only T
cell activation, differentiation and proliferation genes
were upregulated, but also genes associated with T cell
inhibition and exhaustion. This provides a rationale
for additional combinations with immune checkpoint
inhibitors, which may further increase treatment effi-
cacy. In the B16-CD20-CD46 model, several control
treatment groups were analyzed, including i.t. injec-
tions of purified BiTEs, which had no significant effect
on tumor growth and mouse survival on their own, and
UV-inactivated viruses, which did not differ signifi-
cantly in efficacy from non-inactivated counterparts.
This result was consistent with observations of low-
level measles virus replication in murine tumor cells,
indicating that immunogenicity rather than direct onc-
olysis played the major role in this experimental model.
Finally, efficacy of i.t. MV-BiTE was not impaired in
MV-immunized animals, suggesting potential of the
approach even in measles-seropositive individuals.
Despite the obvious limitations of both in vivo mod-
els, this study provided evidence of BiTE-encoding
OV efficacy in both an MV-permissive tumor model in
immunocompromised mice as well as in a less MV-per-
missive, immunocompetent model. The syngeneic B16
tumor model is known for low T cell infiltration, which
was significantly increased by MV-BiTE treatment. For
the first time, endogenous T cells were thus shown to
be engaged for in vivo anti-tumor responses by BiTE-
encoding OVs. In line with the comparable efficacy of
UV-inactivated virus, viral gene expression, replication,
and cytotoxicity are likely limited by post-entry restric-
tion factors in the B16 model despite ectopic CD46
expression allowing for viral entry into the tumor cells.
The authors speculate that the observed results may
therefore translate to even higher efficacy in the human
setting with both highly virus-permissive tumors and
a complete, though potentially suppressed, endog-
enous immune system. Correlative immuno-analysis
identified T cell exhaustion and inhibition as an obsta-
cle to be addressed in the future, providing a ration-
ale for combinations with further immunotherapeutic
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approaches, in particular immune checkpoint inhibi-
tion, which had been successfully combined with MV
treatment before [84, 85].

Combination of OV-BiTE and CART cell therapy to address
tumor heterogeneity

While this study demonstrated efficacy of OV-BiTE via
recruitment of endogenous T cells, in subsequent stud-
ies the OV-BIiTE approach was further combined with
adoptive transfer of chimeric antigen receptor (CAR) T
cells [86]. As an alternative to BiTEs linking the endog-
enous T cell receptor to a tumor surface antigen, patient-
derived T cells can be genetically engineered to express
an artificial receptor. Such a CAR provides an extracel-
lular antigen binding domain, a transmembrane domain,
and intracellular signaling and co-stimulatory domains
for efficient T cell redirection [87]. CAR T cells are
activated and expanded ex vivo and reinfused into the
patient for cancer therapy. In analogy to the BiTE prod-
uct Blinatumomab, CD19-specific CAR T cell products
have been approved for the treatment of B cell malignan-
cies [88] (see [89, 90] for a recent discussion on the ben-
efits of both approaches). In general, CAR T cell therapy
provides a highly active, rapidly expanding effector cell
pool but suffers from similar limitations in treating solid
tumors as do BiTEs [91] and could also benefit from OV-
mediated immunogenic tumor cell lysis [92, 93].

Wing et al. were the first to report combination of OV-
BiTE with CAR T cells. By combining ICO15K-cBiTE
AdV encoding an EGFR-targeting T cell engager with
folate receptor a (FR-a)-specific CAR T cells this group
aimed at addressing tumor heterogeneity and potential
antigen loss. Indeed, in NSG mice bearing s.c. SKOV3
(human ovarian carcinoma) tumors, the authors showed
that selection of FR-a-negative cells occurred upon CAR
T cell monotherapy, while EGFR expression was not
affected. On-target off-tumor toxicity as a safety concern
of redirecting T cells toward tumor-associated antigens
via CARs and BiTEs was also addressed in this study.
Cetuximab-based EGFR-specific CARs were shown to
exert increased cytotoxicity toward healthy keratinocytes
and fibroblasts in vitro compared to FR-CARs. This sup-
ports the choice of FR-a as the CAR target and OV-medi-
ated, tumor-directed delivery of EGFR-specific BiTEs to
avoid systemic exposure.

In vivo efficacy of the combinatorial approach was
investigated in two xenograft models in immunodefi-
cient NSG mice, s.c. HCT116 (colorectal cancer) and
Panc-1 (pancreatic cancer). Treatment with ICO15K-
cBiTE and FR-CARs significantly prolonged survival in
the HCT116 model and delayed tumor progression in the
Panc-1 model compared to either monotherapy alone.
This correlated with enhanced intratumoral CAR T cell
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accumulation, proliferation, and expression of T cell
inhibitory receptors. While both tumor cell lines express
high levels of the BiTE target antigen EGFR, expression
of the CAR target antigen FR-a differed with interme-
diate levels in HCT116 and low expression in Panc-1.
Interestingly, treatment was efficacious in both models,
indicating successful BiTE-mediated re-direction of CAR
T cells. In addition, combination of OV-BiTE with FR-
CARs was more effective than combination with CD19-
specific CAR T cells that do not target a tumor antigen in
this setting. This indicates CAR-mediated killing of FR-a-
positive tumor cells in addition to BiTE-mediated kill-
ing via EGER targeting. Taken together, this was the first
study to show successful combination of OVs, BiTEs, and
CARs, suggesting increased efficacy at a tolerable safety
profile. Furthermore, this study introduced a strategy to
address tumor heterogeneity and antigen loss by con-
current targeting of two distinct tumor surface antigens.
However, the immunodeficient NSG model was not well
suited to investigate potential synergistic effects includ-
ing immunogenic oncolysis.

Potentially, CAR T cells in combination with OV-
BiTE could benefit from additional immunomodulators
such as cytokines and immune checkpoint inhibitors.
Recently, another preclinical study tested this hypoth-
esis. Porter et al. combined CAR T cell therapy with an
oncolytic helper adenovirus system encoding a BiTE, the
T cell-stimulatory cytokine IL-12, and a PD-L1 inhibi-
tor (CAd-Trio) for increased anti-tumor T cell activity
[94]. This vector system relies on a replication-competent
oncolytic adenovirus and a non-self-replicating helper-
dependent packaging virus encoding the immunomodu-
latory transgenes [95]. The authors previously reported
on a variant encoding IL-12p70 and an anti-PD-L1 mini
antibody only (CAd-Duo) [96, 97], which was extended
here by introducing a sequence encoding a BiTE specific
for CD44 variant 6 (CD44v6), a cancer-associated anti-
gen that had been studied as an antibody- and CAR T
cell-target before [98, 99].

This construct was tested in two s.c. tumor models in
immunodeficient NSG mice, FaDu head and neck squa-
mous cell carcinoma and CAPAN-1 pancreatic adeno-
carcinoma. CAR T cells targeting HER2 were applied in
the FaDu model, and PSCA-specific CAR T cells were
used for treatment of CAPAN-1 tumors. In these mod-
els, CAd-Trio did not show superior efficacy compared
to CAd-Duo. Next, the authors tested the combinato-
rial approach in an orthotopic model with FaDu cells
injected into the mouse tongue. When combined with a
suboptimal number of HER2-specific CAR T cells (five
times lower than in the s.c. model), CAd-Trio signifi-
cantly prolonged survival compared to monotherapies.
Early anti-tumor efficacy of the CAd-Trio and CAR T cell
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combination treatment was superior to CAd-Duo plus
CAR T cells with regards to tumor reduction and T cell
activation. However, this came at the expense of overall
and long-term reduced CAR expression and increased
PD-L1 levels indicating exhaustion, and the observed
survival benefit did not reach statistical significance. The
differences in median survival and in early anti-tumor
effects between CAd-Duo and CAd-Trio were more pro-
nounced in HER2-deficient FaDu tumors, indicating suc-
cessful redirection of HER2-specific CAR T cells via the
CD44v6-specific BiTE encoded by CAd-Trio. In conclu-
sion, these data indicate efficacy of combined CAR T cell
treatment, virus-mediated oncolysis, BiTE-induced T cell
redirection and T cell-supporting immunomodulators
in an immunodeficient mouse model. The authors now
investigate the hypothesis that improved efficacy might
be observed in mice harboring a humanized immune
system. This study illustrates the impact of model choice
on experimental outcome, highlighting the challenge of
identifying suitable, i.e., clinically relevant, model sys-
tems [100].

Targeting the tumor microenvironment with OV-BiTE
Rather than targeting tumor cells directly, BiTEs can be
designed to direct T cells against pro-tumorigenic com-
ponents of the tumor microenvironment. This approach
was first implemented in OV-BiTE combination ther-
apy using a fibroblast activation protein (FAP)-specific
BiTE by Yu et al. [101]. Cancer-associated fibroblasts
(CAFs) exert various immunosuppressive and pro-tum-
origenic functions, including secretion of transform-
ing growth factor beta (TGF-B), and can be targeted via
FAP (reviewed in [102, 103]). As FAP is also expressed on
healthy fibroblast subsets during wound repair and tissue
remodeling [104, 105], tumor-selective delivery by an OV
may avoid toxicities. A Vaccinia-based vector encoding a
murine FAP-specific BiTE (mFAP-TEA-VV) was gener-
ated analogously to EphA2-TEA-VV described in their
earlier study [70]. The latter was also employed here as a
control in addition to GM-CSE- and GFP-encoding V'Vs.
In immunocompetent C57BL/6 mice bearing s.c. B16
tumors, i.t. injections of mFAP-TEA-VV induced a sig-
nificant reduction in intratumoral FAP-positive cells
compared to control viruses. Interestingly, this correlated
with increased viral replication, suggesting less hindrance
by stromal barriers. Furthermore, mFAP-TEA-VV sig-
nificantly increased intratumoral T cell infiltration and
activation as well as systemic T cell responses against a
B16 antigen as evidenced by ex vivo splenocyte ELISpot.
Finally, albeit non-significantly, mFAP-TEA-VV delayed
tumor progression compared to control viruses, also in
uninjected contralateral tumors. mFAP-TEA-VV also
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led to a reduced number of tumor nodules upon i.v. B16
injection in a lung colonization model. In conclusion, this
study provided first proof-of-concept for enhanced viral
spread and anti-tumoral T cell responses by targeting
tumor-supporting stromal cells with a virus-encoded T
cell engager.

This strategy was also investigated using the two pre-
viously introduced oncolytic adenovirus platforms. In
2018, Freedman et al. described EnAd-derived vectors
encoding a FAP-specific BiTE [106]. A vector encoding a
BiTE targeting an irrelevant bacterial antigen was used as
a control. As in their previous study, the authors designed
vectors with BiTE expression controlled by the constitu-
tively active CMV promoter and the major late promoter
via a splice acceptor (SA) site, respectively.

In in vitro co-cultures of normal human dermal fibro-
blasts with T cells, CMV promoter-driven BiTE expres-
sion induced fibroblast killing. For the SA vector, T
cell-mediated lysis of FAP-positive cells, also in healthy
donor-derived bone marrow samples, required presence
of AdV-permissive tumor cells, indicating tumor cell-
restricted virus replication and BiTE secretion and thus
enhanced safety. Malignant peritoneal ascites samples
comprising cancer cells, tumor-associated macrophages
(TAMs), CAFs, T cells—a majority of which displayed an
exhausted phenotype—and soluble immunosuppressive
factors were used as an ex vivo model system to inves-
tigate efficacy of EnAd-FAP-BIiTE. Cell-free ascites fluid
inhibited activation of T cells by anti-CD3/CD28 beads,
but not by FAP-BiTEs. Accordingly, in contrast to con-
trol vectors, EnAd-FAP-BiTE induced T cell activation
and cytotoxicity, leading to depletion of FAP-positive
cells and subsequent drops in TGF-p levels, in several
patient-derived ascites cultures. These effects were not
observed in a patient sample lacking tumor cells, sup-
porting the notion of increased safety by explicit tumor
restriction of this vector. Interestingly, not only T cell-
related chemokines and effector molecules, but also
genes involved in DC maturation and antigen presenta-
tion were upregulated upon treatment with EnAd-SA-
FAP-BiTE compared to controls in several biopsies.
This indicates potential for antigen spread and activa-
tion of endogenous, polyclonal T cells to support lasting
anti-tumor responses. In addition, EnAd-SA-FAP-BiTE
induced repolarization of TAMs from a pro-tumorigenic
“M2” toward a more pro-inflammatory “M1” phenotype.
Activity of EnAd-SA-FAP-BiTE was furthermore dem-
onstrated on thin tissue slices derived from prostate can-
cer biopsies. Following virus inoculation in cultivation
media, viral infection and BiTE expression were detected
in malignant tissue containing EpCAM-positive tumor
cells and FAP-expressing CAFs via immunohistochem-
istry (IHC) and fluorescence microscopy. In contrast to
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a virus encoding a control BiTE, infection with EnAd-
SA-FAP-BIiTE resulted in T cell activation and ELISA
revealed effector cytokine production. Induction of
apoptosis and stromal degradation was restricted to FAP-
positive samples as evidenced by IHC, caspase cleav-
age, and LDH release assays, indicating BiTE-mediated
cytotoxicity.

As in their previous publication describing EpCAM-
BiTE-encoding vectors, the authors showed efficacy of
CAF targeting by EnAd-FAP-BiTE in complementary
patient-derived samples ex vivo. This study prompted
a clinical trial with an oncolytic adenovirus encoding a
FAP-TAc (T cell activator) as well as IFN-«, CXCL9, and
CXCL10 to further support T cell activation (PsiOxus
T-SIGn platform, NG-641, NCT04053283). The phase
Ia/b study will first investigate i.t. or i.v. dose escalations
in several epithelial cancer entities and then assess safety
and efficacy of the monotherapy compared to combina-
tions with checkpoint inhibition and/or chemotherapy.

CAF-targeting by OV-BiTE was also investigated using
the ICOVIR oncolytic adenovirus platform. To this end,
ICO15K-FBiTE encoding a FAP-specific BiTE under con-
trol of the adenoviral major late promoter was generated,
harboring an N-terminal signal peptide and a FLAG-tag
at the C-terminus [107]. The two papers by Freedman
et al. [106] and de Sostoa et al. [107] describe very similar
approaches and constructs and were published only two
months apart. In contrast to the EnAd-FAP-BIiTE study,
de Sostoa et al. employed immunodeficient mouse mod-
els instead of clinical samples for efficacy testing.

The mouse models in this study included NSG mice
bearing s.c. A549 or HPAC (human pancreatic adeno-
carcinoma) tumors with i.v. adoptive transfer of human
T cells. In both models, it. ICO15K-FBIiTE treatment
delayed tumor growth and significantly prolonged sur-
vival compared to control virus or PBS. In the A549
model, this was also associated with higher intratumoral
T cell infiltration. High FBiTE expression was detected in
ICO15K-FBiTE-treated tumors via RT-qPCR and corre-
lated with significantly decreased mFAP levels compared
to PBS-treated tumors in both models. In combination
with T cell administration, control virus also prolonged
survival and reduced mFAP levels compared to PBS in
the A549, but not the HPAC model, suggesting BiTE-
independent virus—T cell interactions. Taken together,
these findings indicate virus-induced tumor cell lysis and
BiTE-dependent, T cell-mediated depletion of mFAP-
positive murine stromal cells in vivo upon T cell trans-
fer, resulting in delayed tumor progression and prolonged
survival. Efficacy of the OV-FAP-BIiTE approach was thus
demonstrated in immunocompetent mice [101], in clini-
cal biopsies ex vivo [106], and in immunodeficient mouse
models of human tumors [107].
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In a recent study, Scott et al. explored OV-encoded T
cell-engagers to target another immunosuppressive cell
type of the tumor microenvironment, tumor-associated
macrophages [108]. As described above, Freedman et al.
had previously reported repolarization of M2-like mac-
rophages toward a favorable M1 phenotype by targeting
CAFs via EnAd-SA-FAP-BiTE [106]. Here, the authors
aimed at TAM depletion via BiTEs targeting the antigens
CD206 and folate receptor p (FR-P), respectively. Upreg-
ulation of these markers was confirmed on macrophages
in the majority of cancer patient-derived ascites samples
as well as on healthy monocyte-derived macrophages
cultured with ascites fluid.

The authors found that trispecific engagers (TriTEs),
harboring an additional CD3 scFv linked to the CD206
BiTE N-terminus, showed increased T cell activation
and macrophage killing in co-cultures, also in presence
of immunosuppressive ascites fluid. Using malignant
ascites-derived cell mixtures, however, both CD206-tar-
geting and non-targeting control TriTE induced similar
reduction of CD11b+ CD64+- cells, indicating unspecific
toxicity. Interestingly, a different approach to modifying
the FR- BiTE by reversing the scFv order to N-terminal
CD3 and C-terminal FR-P targeting increased efficacy of
this BiTE in ascites cell mixtures. This variant, termed
3FR as opposed to the original FR3 BiTE, was identified
as the most effective also in the context of EnAd-CMV-
FR-B vectors. The 3FR BiTE-encoding virus induced
stronger T cell activation and CD11b+ CD64+ cell kill-
ing in whole ascites samples than empty EnAd, EnAd-
CMV-FR3, and viruses encoding control BiTEs. Taken
together, Scott et al. demonstrated feasibility of TAM
targeting by BiTE-encoding oncolytic adenoviruses in
patient-derived malignant ascites models. They devised
the addition of further scFvs to generate TriTEs and the
optimization of scFv order as two strategies to improve
engager molecule function. In addition, a nanobody
instead of an scFv was used to target CD206. Nanobod-
ies are derived from heavy chain only antibodies found
in camelids [109] and sharks [110] (reviewed in [111]).
These findings indicate vast potential of both vector and
engager molecule engineering for safer and more efficient
cancer immunotherapy, requiring further mechanistic
exploration of the OV-BiTE approach.

Discussion

OV-BIiTE: concept and design

The preclinical studies discussed in this article demon-
strate that oncolytic viruses are ideal vehicles for tumor-
restricted delivery of BiTEs as immunomodulatory
transgenes. In general, transgene design was quite similar
across these studies, comprising N-terminal immuno-
globulin-derived secretory signal sequences and mostly
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C-terminal tags for detection purposes. The scFvs were
connected via flexible, non-immunogenic glycine-serine
linkers. Viral replication kinetics and virus-mediated
tumor cell lysis as well as BiTE secretion, binding speci-
ficity, and functionality were demonstrated in vitro using
appropriate assays. OV-BiTE treatment efficacy in terms
of enhanced T cell activation, effector phenotype induc-
tion, proliferation, intratumoral infiltration, cytokine
production, and cytotoxicity, was demonstrated in com-
plementary tumor models in vitro, in vivo, and ex vivo.
These proof-of-concept studies provide strong preclinical
evidence for feasibility of the approach for various model
target antigens and across distinct vector platforms.

Different classes of potential target antigens exist for
cancer therapy. These include (upregulated) tumor-
associated antigens like the BiTE and CAR target CD19
that are also found on healthy tissues [1, 112, 113],
developmental or cancer-testis antigens whose expres-
sion is restricted to certain developmental stages or
immune-excluded tissues [114, 115], as well as antigens
accessible exclusively on tumor cells, including mutated
neoantigens [116] and “liberated” antigens normally
present in a bound, closed conformation. The first pub-
lished OV-BiTE study used such an antigen, EphA2 [70].
Other studies used tumor-associated antigens such as
EGEFR [73, 74, 86] and EpCAM [77] that are present on
vital healthy tissues, leading to toxicities if targeted sys-
temically. Study data show feasibility of OV-mediated,
tumor-directed BiTE expression, potentially enabling tar-
geting of such antigens at reduced on-target, off-tumor
toxicity. However, safety studies explicitly addressing this
promise of OV-BiTE therapy are currently lacking. In
contrast to many immunotherapy approaches [117, 118],
OV-BiTE directly targets tumor surface antigens and can
thus address cancers with immune-evasive defects of the
antigen presentation machinery [119]. Of note, OV-BiTE
treatment did not induce downregulation of the BiTE
target antigen in a mouse model [82].

Diverse OV platforms in clinical development

Oncolytic vectors from different virus families are cur-
rently being tested in clinical studies (see Table 1 for a
concise comparison). The majority of all OV-BiTE pub-
lications (eight of eleven) investigated adenovirus-based
oncolytics, reflecting the current status of clinical viro-
therapy trials [7]. Adenoviruses are icosahedral DNA
viruses which are well-studied, also as non-replicating
vectors for gene therapy. Safety concerns have been
addressed by genetic modifications restricting virus
replication, e.g., to tumor cells with p53 and/or pRb
mutations (reviewed in [120]). Adenovirus characteris-
tics and structural properties enable high-titer produc-
tion and efficient purification. Besides Enadenotucirev

Page 17 of 24

(EnAd) (NCT02636036, NCT02028117, NCT 02028442,
NCTO03916510, NCT02053220), which was further
engineered to generate the EnAd-EpCAM-BiTE and
EnAd-FAP-BiTE vectors described in this review, DNX-
2401 is among the clinically most advanced adenovi-
rus-based oncolytics (NCT03896568, NCT03178032,
NCT02798406, NCT01956734, NCT02197169,
NCT00805376)]. In addition, DNX-2440 is investigated
in a Phase I trial (NCT03714334).

Vaccinia vectors were used in two OV-BIiTE stud-
ies. Vaccinia viruses are DNA viruses derived from
the live smallpox vaccine. VV oncolytic properties,
safety, and large transgene capacity have been dem-
onstrated in a number of preclinical and clinical stud-
ies (reviewed in [121]). JX-594 or PexaVec, a VV
encoding GM-CSEF, had advanced to a phase III clini-
cal trial for the treatment of hepatocellular carcinoma
(NCT02562755), for which enrolment was stopped pre-
maturely without safety concerns following an interim
futility analysis [122]. Further studies investigating
treatment with different oncolytic Vaccinia viruses,
e.g., GL-ONC1 (NCT02759588, NCT01766739) and
T601 (NCTO04226066), and PexaVec in combination
with immune checkpoint inhibitors (NCT03206073,
NCT02977156), highlight the potential of this particular
oncolytic virus platform for clinical translation.

Oncolytic measles viruses are derived from live attenu-
ated vaccine strains developed against infection with
wild-type measles virus, a single-stranded negative sense
RNA virus of the Paramyxoviridae family known to cause
the potentially severe measles disease [123]. Safety and
tolerability of these vaccine strains and oncolytic MV
have been extensively documented in numerous studies
[28]. Oncolytic measles vectors are furthermore charac-
terized by high immunogenicity, natural oncotropism,
and flexibility in terms of genetic modification (reviewed
in [26, 27, 29, 123, 124]). One bottleneck in the develop-
ment of oncolytic measles viruses is large-scale produc-
tion and purification of infectious progeny [125, 126].
The most advanced vectors in clinical trials encode CEA
as a soluble biomarker for viral gene expression and
human sodium/iodide symporter (NIS), respectively, for
imaging and radiotherapy (reviewed in [28]). Remarkably,
a durable complete remission was observed in a multiple
myeloma patient receiving a single high dose of MV-NIS
i.v. [30, 127].

A recent study used a fourth OV, reovirus, for precon-
ditioning prior to BiTE treatment rather than directly
using BiTE-encoding vectors [128]. In this paper, reovi-
rus treatment of immunocompetent mice bearing s.c.
KPC3 murine pancreatic tumors was shown to induce an
interferon response in tumor tissue, followed by an influx
of immune effector cells. This resulted in an immune
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microenvironment conducive to BiTE therapy. In line
with these findings, the authors identified sequential
treatment with reovirus and BiTE as the most effective
treatment order in complementary murine tumor mod-
els. However, this approach lacks one of the main advan-
tages of the OV-BiTE strategy, local BiTE expression at
the site of viral infection to reduce systemic BiTE-medi-
ated side effects outside of the tumor. Nevertheless, the
study illustrates that the precise mechanisms of action
and kinetics of immunovirotherapy remain to be fully
understood and need to be harnessed for optimal thera-
peutic efficacy.

As outlined above, the OV-BIiTE approach has been
successfully implemented with several distinct OV vec-
tor platforms, all of which have potential for clinical
application. To enable a rational choice of optimal vec-
tors for particular treatment indications and patient sub-
populations, systematic comparisons will be required
in the future and efforts toward this end have been ini-
tiated [129, 130]. However, a major challenge is to iden-
tify appropriate models allowing for direct comparison
of distinct OVs. Thus, various vector platforms are being
developed for cancer immunotherapy, each of which will
likely have benefits for particular applications.

One impediment to OV therapy is premature viral
clearance, either by hepatic uptake or virus-neutralizing
antibodies, depending on the specific OV (reviewed in
[131]). One means to circumvent these limitations are
carrier cells. This has also been demonstrated for BiTE-
encoding OVs by Barlabé et al. [74]. Virus specificity
and tumor targeting can be enhanced by further virus
modifications, including re-targeting of viral attachment
proteins and polymer coating to prevent antibody neu-
tralization (reviewed in [132]).

Moreover, additional possibilities of virus engineering,
especially encoding additional transgenes, open a pleth-
ora of opportunities to further improve efficacy. Previ-
ously described immunomodulatory transgenes encoded
by oncolytic vectors include cytokines [21, 133] and
immune checkpoint inhibitors [84, 134]. A recent study
demonstrated successful combination of several immu-
nomodulators on the same oncolytic adenovirus vector
system: In xenograft models with CAR T cell transfer,
treatment with viruses encoding a cytokine and a check-
point inhibitor in addition to a BiTE was superior to
viruses lacking the BiTE transgene or encoding the BiTE
alone [94].

Source, specificity and functionality of T cells

Aside from diverse OV vectors, different sources of T
cells have been employed in OV-BiTE studies. Efficacy
has been demonstrated with endogenous and adoptively
transferred, unmodified and genetically engineered T
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cells in the existing literature. Importantly, endogenous T
cells in immunocompetent mouse models and in primary
ex vivo samples, having experienced immunosuppres-
sive microenvironments, were shown to be successfully
engaged via OV-BiTEs [77, 82, 101, 106, 107]. Despite
limitations with regards to displaying more complex
immune interactions, adoptive transfer in immunodefi-
cient mouse models allowed for assessment of OV-BiTE
efficacy in presence and absence of T cells. Further-
more, genetically engineered T cells can be applied, as
shown for combinations of OV-BiTEs with CAR T cells
addressing tumor antigen heterogeneity [86, 94]. Ectopic
expression of conventional [135] or engineered T cell
receptors [136] add to the repertoire of T cell re-direc-
tion approaches. One recent strategy utilizes engineered
T cells to express BiTEs [137, 138], aiming at redirecting
T cells in situ. However, as opposed to OV delivery, this
may not necessarily overcome current limitations of BiTE
therapy regarding intratumoral infiltration of T cells and
on-target off-tumor toxicities. In addition, tumor-infil-
trating virus-specific T cells induced by OV therapy can
represent a potent effector cell pool for BiTE-mediated
tumor cell killing [128]. An alternative approach makes
use of a truncated CD19 antigen encoded by an onco-
lytic Vaccinia virus, aiming at directing CD19-specific
CAR T cells toward virus-infected cells [139]. Interest-
ingly, enhanced viral spread was observed upon CAR T
cell killing of infected cells. While the study convincingly
demonstrates successful preclinical implementation,
OV-encoded cell surface antigens lack the advantage of
bystander killing of uninfected cells provided by encod-
ing secreted BiTEs.

Irrespective of T cell source and specificity, T cell func-
tionality is decisive for OV-BiTE efficacy. This can be lim-
ited by immune checkpoints. Accordingly, different OV
platforms have been combined successfully with check-
point inhibition in preclinical [61, 62, 84, 85, 140] and
clinical [60] studies, including the aforementioned BiTE-
encoding AdV [94]. However, this is not the only poten-
tially detrimental mechanism of immunosuppresion.

The complexity of the tumor microenvironment

The multi-faceted interactions between OV-BiTE ther-
apy and T cells are complicated further by the tumor
microenvironment (TME). While containing stromal
barriers and immunosuppressive factors limiting treat-
ment efficacy, the TME can be deployed to improve
therapeutic outcome. For example, not only T cells and
OVs, but also macrophages can be genetically modified
to secrete BiTEs. In a s.c. glioblastoma xenograft model
with i.v. T cell injection in NSG mice, i.t. administration
of engineered macrophages secreting EGFRVIII-BiTEs
resulted in enhanced T cell responses and delayed tumor
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progression [141]. When combined with IL-12-secret-
ing macrophages in addition, tumor growth was com-
pletely abrogated in this model, indicating the potential
of TME modulation. Accordingly, OV-BiTEs targeting
components of the tumor microenvironment, namely
tumor-associated macrophages and cancer-associated
fibroblasts (CAFs), were shown to be successful in several
preclinical studies [101, 106, 107]. Recently, an oncolytic
adenovirus has been shown to simultaneously target both
glioblastoma cells and CAF-like pericytes in a murine
brain tumor model [142]. Further approaches harnessing
the interplay between virotherapy and the tumor micro-
environment have been reviewed elsewhere [103, 143].
These include addressing the tumor vasculature [53, 144],
myeloid-derived suppressor cells [145-147], and tumor
cell subsets like tumor-initiating [148] or cancer stem
cells [149].

The intricate interplay of combinations using advanced
oncolytic vectors, T cells, and TME targeting therapeu-
tics results in an infinite complexity, which does not allow
systematic testing of all possible combinations. This may
be addressed by in silico approaches using experimen-
tal data to simulate outcome of hypothetical treatments
to prioritize the most promising strategies (reviewed in
[150-153]).

Considerations for clinical translation

Major challenges in taking the OV-BiTE approach for-
ward toward clinical translation are the choice of appro-
priate BiTE targets, of best-suited OV platforms for
particular indications, and, importantly, of appropri-
ate models that optimally reflect the human setting in
terms of pharmacology and predicting side effects. The
preclinical studies presented in this review have demon-
strated proof-of-concept in complementary tumor mod-
els including ex vivo samples from human patients and
more artificial mouse models that provide three-dimen-
sional organ orientation and interconnection but have
limitations regarding virus susceptibility and/or adequate
immune responses. In addition, GMP-compatible upscal-
ing of OV-BiTE vector production for clinical testing is
not trivial (reviewed in [154]). Generation of viruses in a
laboratory for preclinical research differs fundamentally
from development and manufacturing of a novel medi-
cal product. Regulatory guidelines are complex and need
to be addressed from an early development stage on to
ensure safe and successful clinical translation (reviewed
in [155]). Producer cell and virus seed batches, cultivat-
ing and harvesting procedures, downstream purification
and identity validation have to be pre-defined and con-
stantly controlled for quality. Although oncolytic vector
platforms differ in their respective production processes,
standardized  protocols enable = GMP-compatible
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manufacturing. For some viruses, e.g., vesicular stoma-
titis virus, high-titer production of purified progeny can
be relatively fast and straightforward [156]. Others, such
as measles virus-derived oncolytics, are harder to pro-
duce at high titers and purification is aggravated by a
pleomorphic structure and sensitivity to pH changes and
shear stress [125, 126, 157]. Combinations with advanced
immunotherapeutics such as CAR T cells require further
consideration in terms of target, design, scalability, safety,
and the regulatory framework (reviewed in [158]).
Although these considerations prevent rapid transla-
tion of most approaches, the first clinical OV-BiTE trial
has already been initiated: NG-641, an EnAd-derived
vector armed with a FAP-specific BITE (FAP-TAc anti-
body) and an additional immune-stimulatory molecule
(CXCL9-CXCL10-IFNa), is being investigated both as i.v.
and i.t. treatment across different epithelial tumor enti-
ties (NCT04053283). Study completion is expected for
the end of 2022. The results are eagerly awaited and may
provide further insights into safety/tolerability and effi-
cacy of immunotherapy with BiTE-encoding oncolytic
viruses and potentially beneficial combination regimens.
The OV-BiTE approach is one of several immunoviro-
therapeutic strategies now entering clinical investigation.
GM-CSF encoding derivatives of several OV platforms
have been studied in numerous clinical trials (reviewed
in [56]). These include the clinically most advanced onco-
lytic therapeutics: T-VEC, derived from a herpes simplex
virus type I and approved for treatment of malignant
melanoma following a successful study [21], and vac-
cinia-based PexaVec, which had progressed to a phase
III trial in hepatocellular carcinoma (NCT02562755). In
addition, OVs encoding a range of novel transgenes are
now in Phase I/II studies. These include cytokines and
T cell costimulatory molecules, with candidates such
as TILT-123, an oncolytic adenovirus encoding TNF-a
and IL-2 (NCT04217473) and delolimogene mupad-
enorepvec/LOAd703 encoding  membrane-bound
CD40L and 4-1BBL (NCT04123470, NCT02705196,
NCT03225989). As in LOAd703, combinations of two or
multiple immunomodulators are not uncommon. Exam-
ples include RIVAL 01/TBio-6517, a Vaccinia virus for
tumor-directed expression of FLT3L, anti-CTLA-4, and
IL-12 (NCT04301011), and ONCR-177 (NCT04348916),
an HSV-1 mediating expression of IL-12, FLT3LG, CCL4,
anti-PD-1, and anti-CTLA-4 to enhance induction of
tumor-specific adaptive immunity. Another variation of
the oncolytic vaccination paradigm is to encode tumor
antigens within the viral vector as a heterologous can-
cer vaccine. Studies with MG-1 Maraba viruses encod-
ing HPV E6/E7 and MAGEA3, respectively, are ongoing
(NCT03618953, NCT03773744, NCT02879760). In the
majority of trials, these viral vectors are combined with
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systemic PD-1 immune checkpoint blockade. The design
of these trials illustrates the significant advancement and
increasing complexity of the field. These developments
underline the necessity of both preclinical and transla-
tional research as drivers of progress in modern medical
oncology. Complementary research even in early-stage
clinical development can provide first-hand insight to
decipher which approaches will bring most benefit for
cancer patients. Identifying correlates of response and
resistance will aid in prioritizing and refining treatment
strategies in immunovirotherapy.

Conclusions

In this regard, the OV-BiTE approach is one example.
Starting from a clear scientific rationale, several inde-
pendent preclinical studies have provided proof-of-
concept for this strategy. Thus, OV-BiTEs must now
demonstrate applicability and efficacy in clinical reality.
Variations of vector platform and target molecules as well
as combination therapies offer a plethora of opportuni-
ties for improvement. Therefore, early clinical investiga-
tions should also address mechanistic aspects to provide
avenues for further development.
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