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Cancer gene therapies are usually designed either to express
wild-type copies of tumor suppressor genes or to exploit tu-
mor-associated phenotypic changes to endow selective cytotox-
icity. However, these approaches become less relevant to cancers
that contain many independent mutations, and the situation is
made more complex by our increased understanding of clonal
evolution of tumors, meaning that different metastases and
even regions of the same tumor mass have distinct mutational
andphenotypicprofiles. In contrast, the relatively genetically sta-
ble tumor microenvironment (TME) therefore provides an
appealing therapeutic target, particularly since it plays an essen-
tial role in promoting cancer growth, immune tolerance, and ac-
quired resistance to many therapies. Recently, a variety of
differentTME-targeted gene therapy and armedoncolytic strate-
gies have been explored, with particular success observed in stra-
tegies targeting the cancer stroma, reducing tumor vasculature,
and repolarizing the immunosuppressive microenvironment.
Herein, we review the progress of these TME-targeting ap-
proaches and try tohighlight those showing the greatest promise.
INTRODUCTION
Importance of the tumor microenvironment (TME)

Components of the TME play essential roles in cancer development
and growth. In most carcinomas, the malignant tumor cells are sup-
ported by a heterogeneous population of non-transformed cells in the
TME, including fibroblasts, endothelial cells, immune cells, adipo-
cytes, and pericytes.1 Developing tumors can recruit these stromal
cells from adjacent non-tumor tissue and also from the bone marrow
to support the emerging neoplastic phenotype.2 Bi-directional
communication between the tumor and these microenvironmental
cells appears to be critical for promoting tumor progression and
metastasis, with tumors secreting cytokines and chemokines that alter
surface markers on endothelial cells and induce tumor tolerance.3

Moreover, the components of the TME can change over time,
providing supportive environments for different stages of tumor
growth,4 and therefore the TME has been increasingly recognized
as a valid target for therapeutic intervention.5
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Gene therapy targeting the TME

Gene therapy has evolved rapidly in the last two decades. Early cancer
gene therapy trials focused on the delivery of tumor suppressor genes,
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most notably wild-type p53,6 and later approaches often exploited the
tumor phenotype to regulate a selective cytotoxic effect. However,
with the availability of single-cell sequencing and recent insights
into tumor heterogeneity and clonal evolution showing the multitude
of tumor-associated mutations and phenotypic variation between
different regions even of the same tumor,7 such “one size fits all” ther-
apeutic strategies now appear less feasible. Accordingly, gene therapy
approaches have recently been developed that aim to manipulate the
relatively genetically stable TME, including modulation of the local
immune system. In particular, progress has been made to deplete can-
cer stroma and to degrade the tumor vasculature,8,9 while cytokine-
based gene therapies and vaccines have aimed to boost the antitumor
response or suppress tumor tolerance.10 In addition, armed oncolytic
viruses (OVs) are increasingly considered as appealing therapeutic
agents because they mediate tumor-selective oncolytic cell-killing
mechanisms,11 lysing tumor cells to expose proinflammatory signals
(pathogen-associated and damage-associated molecular patterns
[PAMPs and DAMPs]) and tumor antigens, combined with local
expression of encoded immunomodulatory transgenes. This dual
mechanism affords many innovations in therapeutic approach. In
this review, we consider the most promising TME-targeting strategies
using gene therapies and armed OVs, illustrated in Figure 1, and sug-
gest which stromal cells and therapeutic modalities might provide the
greatest therapeutic value.

Choice of appropriate preclinical model systems is challenging for
agents targeting the TME, particularly for immunomodulatory armed
OVs, as these are often human selective and do not complete their full
life cycle in most rodent cells. Some immune-competent animals,
such as Syrian hamsters, are semi-permissive for some OVs,12 and
this provides a handful of tumor models, although it is not clear
whether the stromal composition of model tumors or the balance
of direct oncolysis and transgene expression has clinical rele-
vance.13,14 Similarly, xenografted tumors in transgenic mice provide
improving model systems, although the stromal compartment is of
murine origin and often poorly developed, and strict clinical
21
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Figure 1. Strategies of armed OVs for targeting the TME

OVs infect and lyse cancer cells, releasing the armed biologics to the TME. Matrix-degrading enzymes such as hyaluronidase, collagenase, and matrix metalloproteinase are

used to degrade the dense and viscous cancer stroma. Bispecific antibodies such as bispecific T cell engager targeting FAP and FRb are designed to selective deplete

cancer-associated fibroblasts and immunosuppressiveM2macrophages, and activate endogenous T cells independent of theMHC class I molecule. Monovalent antibodies

such as anti-CTLA-4 and anti-PD-L1 antibodies can also be encoded by OVs to block the inhibitory receptors on regulatory T cells and tumor cells. In addition, cytokines such

as GM-CSF and TNF-a can be armed in OVs to promote dendritic cell maturation and macrophage repolarization. IL-2 and IL-12 have also been used to promote T cell

proliferation and activation. Soluble VEGFR receptor composed of VEGFR fused to an Fc domain is encoded by OVs to block the VEGF/VEGFR pathway for suppressing

angiogenesis. CTLA-4, cytotoxic T lymphocyte-associated protein 4; FAP, fibroblast activation protein a; FRb, folate receptor b; GM-CSF, granulocyte-macrophage colony-

stimulating factor; IL-2, interleukin-2; IL-12, interleukin-12; PD-L1, programmed death-ligand 1; TNF-a, tumor necrosis factor a; VEGF, vascular endothelial growth factor;

VEGFR, VEGF receptor.
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relevance is still unclear. Patient-derived xenograft (PDX) models
may provide better model systems going forward, since direct xeno-
grafts can retain some human stroma.15 Many of the pharmacody-
namic studies discussed below make use of human ex vivo tumor cul-
ture systems, which usually contain all of the representative stromal
cell compartments but suffer from limited viability and useful life-
span.16 All of these model systems bring their own technical chal-
lenges, and we have tried to interpret findings with this in mind
throughout this review.

Pharmacokinetic aspects of tumor-targeted expression of

biologics

One major advantage of encoding anti-cancer biologics within gene
therapy vectors or OVs is the potential for selective expression within
tumors. While this does not increase the amount of material being
delivered to the tumor, local production in situ leads to high local con-
centrations of the secreted biologic within the TME and relatively low
concentrations in the circulation, thereby maximizing the therapeutic
effect and limiting systemic toxicities. This strategy is most effective
when the expressed agents are relatively small macromolecules,
improving their percolation through the TME and also minimizing
their persistence in the bloodstream (by accelerated renal clearance)
if they leach out of the tumor into the circulation. For example, small
biologics such as nanobodies (�15 kDa) and single-chain variable frag-
ment (scFv) (�28 kDa) have a relatively short half-life of <0.5 h.17,18

This is the converse of the desirable physical properties for systemic de-
livery, where a long half-life (for example using an intact antibody) is
normally seen as preferred to maximize the opportunity to access
disseminated targets. Accordingly, from a pharmacokinetic perspec-
tive, encoding antibody fragments or small biologics within gene ther-
apy vectors or OVs may comprise a particularly powerful approach.

For gene therapies, transgene expression is normally regulated using
tumor- or tissue-selective promoters.19 However, OVs provide the
opportunity to use endogenous viral promoters to regulate expres-
sion, linking expression to the virus life cycle and thereby exploiting
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the cancer selectivity of the OV to ensure cancer-selective expression
of the transgene.20 Alternatively, tumor- or tissue-specific promoters
such as telomerase reverse transcriptase promoter21 and prostate-spe-
cific antigen promoter22 have been used to regulate both conditional
replication and transgene expression in selected tissues. This also
gives considerable flexibility over the duration of transgene expres-
sion. The use of AAV (adeno-associated virus) for gene therapy can
give extended transgene expression; however, for most cancer thera-
pies, where the expressed agents are likely to cause cytotoxicity, the
intrinsically limited duration of expression afforded by most OVs
may be preferable.

Cancer-associated fibroblasts as a therapeutic target

Cancer-associated fibroblasts (CAFs) orchestrate several aspects of
cancer biology that contribute to poor prognosis, often producing cy-
tokines, chemokines, and extracellular matrix (ECM). Notably, they
secrete vascular endothelial growth factor (VEGF) to drive angiogen-
esis and transforming growth factor (TGF)-b to polarize immune
cells to become immunosuppressive.23 In addition, CAFs can express
high levels of programmed cell death ligand 2 (PD-L2) and FAS
ligand (FASLG) to promote tumor immune evasion.24

Targeted degradation of protein components of the ECM

While supporting tumor progression in diverse ways, CAFs can also
act to inhibit the infiltration and dissemination of gene therapy vec-
tors and OVs.25 Most notably, CAFs secrete large quantities of extra-
cellular proteins such as collagen and fibronectin, coupled with
collagen cross-linking enzymes such as lysyl hydroxylases and prolyl
hydrolases, which become embedded within a rigid framework of the
densely packed ECM.26,27

Interstitial penetration and spreading of gene therapy vectors and OVs
rely on fluid convection, and the densely packed ECM acts as a physical
barrier that hinders their movement and thereby their dissemination
throughout the tumor mass.28,29 There have been several attempts to
address this challenge, for example Kim et al.30 and Choi et al.,31

respectively, engineered relaxin- and decorin-armed oncolytic adeno-
viruses (Ads) in order to degrade collagen components of the ECM.
Relaxin and decorin are involved in the induction of matrix metallo-
proteinases (MMPs) and inhibition of collagen expression and assem-
bly. Both armed Ads showed enhanced viral spread, replication, and
transgene expression, remodeling the ECM composition by depleting
collagen type I, type III, and elastin.31,32 Similarly, intratumoral expres-
sion of MMP-8 by oncolytic Ads effectively depleted collagen and
broke down the fibrillar collagen matrix to enhance therapeutic effi-
cacy.29 Improved viral distribution and therapeutic outcome were
also observed using an oncolytic herpes simplex virus 1 (HSV-1) vector
after co-injection with bacterial collagenase to degrade fibrillar collagen
in a melanoma xenograft mouse model.25

Targeted degradation of glycan and nucleic acid components of

the TME

While extracellular proteins provide the structural framework for
ECM, more flexible hydrophilic components can associate with it
1670 Molecular Therapy Vol. 29 No 5 May 2021
and increase viscosity, further restricting virus spread by providing
even greater resistance to fluid convection. These components include
hyaluronic acid and extracellular DNA released during non-apoptotic
tumor cell death. Building on observations that PEG-PH20 (hyal-
uronidase derivatized with poly(ethylene glycol) to improve its
stability in the bloodstream) could be used to decrease the interstitial
fluid pressure (IFP) and enhance the delivery of macromolecules and
viruses into tumors,33 several groups have explored hyaluronidase-
armed Ad or Ad co-injected with hyaluronidase to degrade the hya-
luronan-rich matrix in an attempt to improve virus penetration.
Guedan et al.34 showed that hyaluronidase (PH20)-armed oncolytic
Ad improved viral spread and inhibited growth of human melanoma
xenograft with high hyaluronan content in nudemice. Co-injection of
hyaluronidase showed similar results.35 Importantly, despite the
degradation of hyaluronic acid, the protein matrix remained intact
and PH20 only allowed penetration of particles up to 200 nm in diam-
eter, facilitating the efficient spreading of Ad but not metastasis of
cancer cells.34,36 This hyaluronidase-expressing oncolytic Ad has
now completed a phase I clinical trial and demonstrated modulation
of the TME to a more pro-inflammatory state with a good safety
profile.37

Extracellular genomic DNA within tumors, released from dying cells,
may also act as a barrier to interstitial spread of viruses. To explore
this a group B Ad11p/Ad3 chimeric oncolytic Ad enadenotucirev
(EnAd) encoding actin-resistant DNAse I was developed and shown
to improve viral infection and spread within the tumor, resulting in
superior therapeutic activity.38 Using gene therapy vectors and OVs
to express enzymes in this way overcomes the requirement for
repeated injections of enzymes35 and highlights the importance of
ECM remodeling to enhance efficacy of gene and oncolytic therapies.

CAFs can directly inhibit gene and oncolytic therapies

Stroma-tumor interactions have been reported to directly suppress the
uptake of adenoviral vectors and the associated transgene expression.39

Intriguingly, the expression of essential Ad receptors (the coxsackievi-
rus and Ad receptor, integrins avb3 and avb5, as well as clathrin) was
found to be downregulated in pancreatic cancer cells exposed to media
that had been conditioned with patient-derived fibroblasts in vitro.40

The study implicated hepatocyte growth factor (HGF) in the condi-
tioned-causing phosphorylation of Met in the cancer cells, since inhi-
bition of HGF/Met restored receptor expression. CAFs can also pro-
vide physical barriers to virus infection. For example, Vähä-Koskela
et al.41 reported that initial oncolysis by an oncolytic Semliki Forest vi-
rus (SFV) strain A7 led to the formation of CAF-encapsulated tumor
nodules containing both dying and regrowing cancer cells that were
resistant to subsequent virus challenge. These studies illustrate the
diverse ways that CAFs can directly impact successful gene and viro-
therapy by preventing infection of target cells.

Cytokines released by CAFs promote angiogenesis and

immunosuppression

CAFs also secrete a wide range of signaling proteins, MMPs, and
angiogenic factors, all of which can contribute to tumor growth and
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metastasis.42–44 They can also drive repolarization of tumor-associ-
ated macrophages (TAMs) towards more immunosuppressive phe-
notypes, induce differentiation of regulatory T cells (Tregs), and
attenuate cytotoxic T cell responses.45 For all of these reasons,
CAFs provide an important therapeutic target, and gene therapy stra-
tegies to achieve depletion of CAFs are considered in more detail
below.

Strategies for targeting CAFs using gene therapies and armed

OVs

Although the central paradigm for OV is to achieve selective replica-
tion and lysis of cancer cells, some studies have shown the possibility
to include the stromal compartment in this activity. This is attractive
given the frequent association of high stromal content and poor prog-
nosis. For example, an oncolytic Ad with Rb-binding-deleted E1A un-
der the transcriptional control of a truncated promoter from the
stroma-associated gene SPARC (secreted protein, acidic, rich in
cysteine) was reported to infect and lyse both tumor and stromal cells
in human ovary cancer explants and human stroma-containing xeno-
graft tumors in mice but showed no activity in non-malignant tissue
explants.46 To enhance the replication capability of the Ad, motifs
responsive to hypoxia-responsive element (HRE) and inflammation
(nuclear factor kB) were incorporated into the SPARC promoter.
This modified Ad demonstrated superior activity leading to complete
regression of human melanoma in nude mice.47 In another approach,
recombinant measles virus retargeting to urokinase receptor, which is
abundantly expressed on tumor and stromal cells, was shown to delay
growth of human breast cancer xenografts and also altered the pattern
of gene expression associated with angiogenesis, cell survival, and
inflammation.48

Targeting fibroblast activation protein-a (FAP)

Expression of FAP is a key characteristic of CAFs.49 FAP is upregu-
lated in many cancer types and is frequently associated with poor
patient prognosis.50,51 Although mechanisms underlying FAP-pro-
moted tumorigenesis are not fully understood, a clear association of
FAP with tumor progression, metastasis, and angiogenesis is
observed.52 However, despite the considerable promise, phase II
studies targeting FAP using the monoclonal antibody sibrotuzumab53

or blocking the enzymatic activity of FAP54 by talabostat showed no
therapeutic efficacy in phase II trials in colorectal cancer, and later
studies in animal raised the possibility of causing cachexia by
depleting stromal fibroblasts from normal tissues.55

Bispecific antibodies are synthetic macromolecules that can be easily
encoded into gene therapy vectors and OVs, and they provide great
flexibility to orchestrate localized cellular functions within tumors.
They represent a very popular emerging therapeutic strategy. Bispe-
cific T cell engagers (BiTEs) are composed of two scFvs or nanobodies
linked by a short serine-glycine linker with one arm binding to T cells,
usually via T cell receptor (TCR) signaling complex CD3, and the
other arm binding to the surface antigen on tumor cells or any target
cells. The BiTE brings T cells and target cells into close proximity to
form an immune synapse to initiate perforin/granzyme-killing mech-
anisms. An advantage of BiTE therapeutics is that the T cell-mediated
cytotoxicity is independent of co-stimulatory signals or major histo-
compatibility complex class I (MHC class I), which is often downre-
gulated in tumor cells, allowing them to evade immune surveillance.56

Armed oncolytic EnAd encoding anti-FAP/CD3 BiTE has been
shown to target T cell cytotoxicity towards FAP-expressing cells in
the TME.57,58 Using patient-derived immunosuppressive malignant
ascites as an ex vivo model, the armed EnAd showed powerful cyto-
toxicity toward endogenous CAFs by activation of tumor-resident
T cells. This is intriguing because it suggests that BiTEs may be able
to overcome local immunosuppressive effects, a phenomenon that
is documented increasingly widely.57 BiTE treatment also led to repo-
larization of M2 to M1 TAMs, perhaps due to the level of interferon g

(IFNg) produced by activated T cells, or perhaps reflecting a broader
reprogramming of the TME. Global upregulation of various immune
stimulatory pathways was also observed.57 EnAd has been showing
good blood stability, low immunogenicity, and an acceptable safety
profile in preclinical trials,59 and the armed version expressing the
FAP BiTE is now undergoing clinical assessment (ClinicalTrials.gov:
NCT04053283).

“Double-deleted” Western Reserve vaccinia virus (vvDD, missing
thymidine kinase and vaccinia growth factor) expressing anti-FAP/
CD3 BiTE has also been shown to improve viral replication and pro-
mote intratumoral infiltration of activated T cells in a melanoma syn-
geneic model.60 Local and distant tumor regression were also
observed in a subcutaneous melanomamodel with local OV injection.
In addition, anti-FAP/CD3 BiTE-expressing Ad ICOVIR15K showed
superior antitumor responses and intratumoral T cell accumulation
compared to the parental virus in xenograft mouse models of lung
and pancreatic cancer with adoptive transfer of preactivated human
T cells.58 Interestingly, FAP-negative expressing cells proximal to
FAP-positive expressing cells were targeted by T cell-induced
bystander cell killing, suggesting the potential of killing hard-to-target
pro-tumorigenic cell populations (e.g. with lack of identified surface
markers and/or with low abundance) in the TME. Apart from the
BiTE approach, vaccinia virus (VV) encoding an anti-FAP scFv
induced modest regressions in tumor growth compared with un-
armed VV in lung and prostate cancer xenograft mouse models,
although a significant reduction of CAFs was observed in both in-
fected and uninfected areas.61 The modest antitumor activity may
be due to the use of non-cytotoxic FAP-blocking antibody instead
of the cytotoxic anti-FAP BiTE. The FAP-blocking antibody did
not kill the CAFs, allowing them to regrow and restore the TME.
These preclinical studies are summarized in Table 1.

Vaccines for depleting CAFs

Using a different approach, DNA vaccines recently showed preclini-
cal success in depleting CAFs.62,63 This vaccine approach is designed
to encourage antigen-presenting cells to process and present FAP and
to activate both cell-mediated immune responses by cytotoxic T cells
and humoral immune responses to produce antibodies. These studies
showed the induction of FAP-specific CD8+ T cells and decreased
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Table 1. Preclinical studies of antibody-armed oncolytic viruses targeting cancer stroma

Target Virus (species) Antibody (promoter) Effect ex vivo/in vivo
Delivery route
(frequency) Ref.

FAP
EnAd-SA-FAP-BiTE (Ad11p/Ad3;
enadenotucirev)

anti-CD3/FAP BiTE (MLP)

malignant ascites:
Y CAF (FC); [ T cell activation (FC, CD25,
CD69); [ global immune response (DNA
microarray); [ effector cytokines (IL-17F, IL-
22, IFN-g); TAM repolarization (FC, D206,
CD163, CD64)
prostate biopsy:
Y CAF (CLSM, active caspase-3); [ TIL
activation (IHC, CD25, 7 dpi)

N/A (ex vivo) 57

FAP ICO15K-FBiTE (Ad) anti-CD3/FAP BiTE (MLP)

lung, pancreatic cancer/s.c. in NSG mice with
pre-activated T cells:
Y tumor mass; Y CAF (qPCR, IHC, FAP, 11
dpi); [ T cell infiltration (IVIS)

i.t. (1) 58

FAP mFAP-TEA-VV (VV)
anti-CD3/FAP BiTE (F17R late
promoter)

melanoma/s.c. in C57 mice:
Y tumor mass; [ TIL activation (FC, IL-2,
IFN-g, 8 dpi)

i.t. (3; 0, 3, and 6 dpi) 60

FAP GLV-1h282 (VV) anti-FAP scFv (PSEL)
lung, prostate/ s.c. in nude mice:
Y tumor mass; Y CAF (IHC, FAP, 36 dpi)

r.o. (1) 61

Ad, adenovirus; BiTE, bispecific T cell engager; CSLM, confocal laser scanning microscopy; dpi, days post-infection; ELISA, enzyme-linked immunosorbent assay; FAP, fibroblast acti-
vation protein-a; FC, flow cytometry; IFN-g, interferon g; IHC, immunohistochemistry; IL-2, interleukin 2; IL-17F, interleukin 17F; i.t., intratumoral; IVIS, in vivo imaging system;
MLP, major late promoter; N/A, not applicable; PSEL, synthetic early/late promoter; Ref., reference; r.o., retro-orbital; s.c., subcutaneous; TAM, tumor-associated macrophage; TIL,
tumor-infiltrating lymphocyte; VV, vaccinia virus.
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production of stromal cytokines in syngeneic mice bearing colon62

and breast tumors.63 A modified DNA vaccine expressing the extra-
cellular domain of human FAP with the tissue plasminogen activator
signal sequence, to enhance antigen expression, also demonstrated a
superior antitumor effect, particularly reducing the recruitment of
myeloid-derived suppressor cells (MDSCs) and angiogenic cytokines
to the TME.64

Tumor-associated endothelial cells (TECs) as a target for gene

therapy

Tumor vasculature exhibits fundamentally different phenotypes from
normal vasculature due to its disorganized structure and uneven
vessel lumen diameter.65 Tumor blood vessels are often heteroge-
neous, dysfunctional, and leaky due to discontinuous basement mem-
branes, incomplete endothelial linings, and inadequate pericyte
coverage.66 The increased transcapillary flow and the abnormal or
absence of lymphatic vessels in the tumor lead to an accumulation
of interstitial fluid and subsequent elevated IFP. Furthermore,
increased IFP, inconsistent lumen resistance, and abnormal vascula-
ture result in blood stagnation and bi-directional blood flow that can
significantly impair uniform vector and virus delivery.67 Although the
leakiness of the vessels allows extravasation of the virus into the sub-
endothelial regions, the high IFP and dense stromal matrix inhibit the
convection of vectors and OVs from the periphery to the core tumor
regions.

Strategies for targeting TECsusing gene therapy and armedOVs

Targeting VEGF/VEGF receptor (VEGFR)

In cancer, targeting angiogenesis to block oxygen and nutrient sup-
plies has attracted considerable attention, and several inhibitors,
1672 Molecular Therapy Vol. 29 No 5 May 2021
including bevacizumab and sunitinib, have been licensed for cancer
treatment.68 VEGF acts as the key mediator of physiological angio-
genesis to support the growth and remodeling processes of blood ves-
sels by binding to and activating VEGFR-1 or VEGFR-2 expressed on
vascular endothelial cells.69 Nonetheless, targeting the vasculature
with highly selective VEGF signaling inhibitors (such as bevacizu-
mab) used as monotherapy does not show significant anti-tumor
activity in many clinical settings. Several unarmed OVs have been re-
ported to exhibit direct anti-vascular properties,70,71 and a recent
publication from Yousaf et al.72 suggests that in the case of Ad this
may be due to virus-mediated suppression of HIF-1a, decreasing local
VEGF levels. Nevertheless, armed OVs expressing antiangiogenic
agents generally show more powerful anti-vascular effects.73

Replication-competent VV encoding anti-VEGF scFv has been
shown to inhibit angiogenesis and formation of malignant effusion
in xenograft mouse models of lung and prostate cancer.74,75 It also
re-sensitized endothelial cells to ionizing irradiation.76 The combina-
tion of virus with irradiation facilitated viral replication and synergis-
tically impaired the formation of tumor vasculature in a glioma
xenograft mouse model. Arming vvDD with soluble VEGFR-1 fused
with an Fc domain reduced the viral dose required to achieve a similar
level of anti-tumor effect compared with unarmed vvDD in a xeno-
graft mouse model of renal cancer, while lowering the potential
toxicity and unwanted cytokine release.73

Non-replicating Ad-Flk1-Fc expressing VEGFR-2-Fc also inhibited
microvessel formation.77 The antiangiogenic and antitumor activity
of Ad-Flk1-Fc was further enhanced upon co-infection with replica-
tion-competent E1A-attenuated Ad strain dl922/924, which acts as
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Table 2. Preclinical studies of antibody-armed oncolytic viruses targeting tumor vasculature

Target Virus (species) Antibody form (promoter) Effect ex vivo/in vivo Delivery route (frequency) Ref.

VEGF/VEGFR
GLV-1h107; 1h108;
1h109 (VV)

anti-VEGF scFv
(PSE, PSEL, PSL)

lung, prostate cancer/s.c. in
nude mice: Y tumor mass; Y
MVD (IHC, CD31, 21 dpi)

i.v. (1) 74

VEGF/VEGFR GLV-1h109 (VV) anti-VEGF scFv (PSL)

soft tissue sarcoma, prostate cancer/s.c.
in nude mice: Y tumor mass; Y MVD
(IHC, CD31, 7 dpi); [ intratumoral
GR-1highCD11b+ granulocyte,
GR-1intCD11b+ monocyte, and F4/
80+CD45+ macrophage (FC, 7 dpi)

i.v. (1) 85

VEGF/VEGFR GLV-108 (VV) anti-VEGF scFv (PSEL)
lung cancer/s.c. in nude mice:
Y tumor mass, malignant effusion

i.v. (1) 75

VEGF/VEGFR GLV-1h164 (VV) anti-VEGF scFv (PSE)

lung, prostate cancer/s.c. in nude
mice: Y tumor mass; Y MVD (IHC,
CD31, 36 dpi) breast cancer/o.t. in
nude mice: Y tumor mass; Y MVD
(Doppler ultrasonography, 21 dpi)

r.o. (1) 61,86

VEGF/VEGFR GLV-5b451 (VV) anti-VEFG scFv (PSEL)

soft tissue sarcoma/s.c. in nude
mice: Y tumor mass; Y MVD
(IHC, CD31, 17 dpi) mammary
cancer/s.c. in nude mice: Y tumor
mass; Y MVD (IHC, CD31, 28 dpi)

i.v. (1)
i.v. (1)

87,88

VEGF/VEGFR AAVrh10.BevMab (AAV)
anti-VEGF IgG (bevacizumab)
(CAG promoter)

ovarian cancer/i.p. in BALB/c
nude mice: Y tumor mass; Y
MVD (IHC, CD31, 24 dpi)

i.p. (1) 89

VEGF/VEGFR
Ad5/3-9HIF-D24-
VEGFR-1-Ig (Ad)

soluble VEGFR1-Fc fusion
protein (E3 promoter)

renal cancer/s.c. in nude mice: Y
tumor mass; Y MVD (IHC,
VWF, 16 dpi)

i.t. (1) 90

VEGF/VEGFR vvDD-VEGFR-1-Ig (VV)
soluble VEGFR1-
Fc fusion protein (PSEL)

renal cancer/s.c. in nude mice:
Y tumor mass; Y MVD (IHC, VWF,
36 dpi) renal cancer/s.c. in nude
mice: Y tumor mass; Y MVD (IHC,
VWF, 24 dpi); [ effector cytokine
(IFNg, CCL5, MCP-1) renal cancer/s.c.
in BALB/c mice: Y tumor mass; [
effector cytokine (IFNg, CCL5, MCP-1)

i.t. (1)
i.v.(1)
i.v. (1)

73

VEGF/VEGFR Ad-Flk1-Fc (Ad) soluble Flk1-Fc (CMV)
lung cancer, fibrosarcoma/s.c. in C57BL/6
mice: Y tumor mass; Y MVD (IHC,
CD31; corneal micropocket assay)

i.v. (1) 77

VEGF/ VEGFR
Ad-Flk1-Fc (Ad)
+ dl922/947 (Ad)

soluble Flk1-Fc (CMV)
prostate, colorectal cancer/s.c.
in CD1, SCID mice: Y tumor
mass; Y MVD (IHC, CD31, 23 dpi)

Ad-Flk-Fc: i.t. (1)
dl992/947:
i.t. (3; 0, 2, 4 dpi)

78

VEGF/ VEGFR
vvDD (VV) +
Ad-Flk1-Fc (Ad)

anti-Flk1-Fc (CMV)
breast cancer/s.c. in nude mice:
Y tumor mass

i.v. (1) 79

CXCR4/CXCL12
OVV-CXCR4-
A-Fc (VV)

soluble CXCR4-
A-Fc (PSEL)

ovarian cancer/o.t. in C57BL/6
mice: Y tumor mass, metastasis,
cancer-initiating cells; [ survival;
Y ascitic CXCL12, VEGF (ELISA,
~33 dpi); Y ascitic EPCs, MDSCs,
pDCs, Tregs (FC, ~33 dpi); [
ascitic IFNg/IL-10 CD4 CD8
T cell ratio (FC, ~33 dpi)

i.p. (3; 0, 7, 14 dpi) 84

CXCR4/CXCL12
OVV-CXCR4-
A-Fc (VV)

soluble CXCR4-
A-Fc (PSEL)

breast cancer/o.t. in BALB/c mice:
Y metastasis; Y MVD (IHC, CD31,
Ki67, 14 dpi); Y intratumoral
CXCL12, VEGF (ELISA, 14 dpi);
Y intratumoral EPCs, MDSCs (FC,
14 dpi); [ serum antitumor antibody

i.p. (7; 0, 1, 2,
3, 4, 5, 6 dpi)

83

(Continued on next page)

Molecular Therapy Vol. 29 No 5 May 2021 1673

www.moleculartherapy.org

Review

http://www.moleculartherapy.org


Table 2. Continued

Target Virus (species) Antibody form (promoter) Effect ex vivo/in vivo Delivery route (frequency) Ref.

FAP GLV-1h282 (VV) anti-FAP scFv (PSEL)
lung, prostate/s.c. in nude
mice: Y tumor mass; YMVD
(IHC, CD31, 36 dpi)

r.o. (1) 61

VEGF/VEGFR + FAP GLV1h446 (VV)
anti-FAP scFv (PSEL),
anti-VEGF scFv (PSEL)

lung, prostate/s.c. in nude
mice: Y tumor mass; Y MVD
(IHC, CD31, 36 dpi)

r.o. (1) 61

VEGF/VEGFR
GLV-1h164
(VV) + radiation

anti-VEGF scFv (PSL)

glioma/s.c. in nude mice: Y
tumor mass; Y MVD (IHC,
CD31, 14 dpi); [ viral
replication (CSLM, VV-GFP,
7, 14 dpi); [ radiosensitivity
of TEC; Y intratumoral VEGF
(ELISA, 3, 7, 14 dpi)

OV: r.o. (1)
IR: (4; �1, 1, 6, 8 dpi)

76

CAG, cytomegalovirus enhancer chicken b-actin promoter; CCL5, chemokine ligand 5; CSLM, confocal laser scanning microscopy; CXCL12, C-X-C motif chemokine ligand 12; EPC,
endothelial progenitor cell; FC, flow cytometry; Flk-1, fetal liver kinase-1; HIF, hypoxia-inducible factor; HNSCC, head and neck squamous cell carcinoma; HSV, herpes simplex virus;
IgG, immunoglobulin G; IHC, immunohistochemistry; i.p., intraperitoneal; i.t., intratumoral; i.v., intravenous; MCP-1, monocyte chemoattractant protein-1; MDSC, myeloid-derived
suppressor cell; MVD, micro-vessel density; o.t., orthotopic; pDC, plasmacytoid dendritic cell; PSE, synthetic early promoter; PSL, synthetic late promoter; SCID, severe combined
immunodeficiency; Treg, regulatory T cell; VWF, von Willebrand factor.
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helper virus to support replication and repackaging of Ad-Flk1-Fc by
providing E1 functions in trans.78 In addition, Hou et al.79 reported
that the timing of Ad-Flk1-Fc administration was also critical for
the potency of the anti-tumor response in a xenograft mouse model
of breast cancer. Intravenous injection of Ad-Flk1-Fc 7 days after
the vvDD injection showed greater tumor regression than did co-in-
jection, as Flk1-Fc blocked the revascularization after vvDD
clearance.

Antivascular strategies targeting chemokine receptor 4 (CXCR4)

CXCL12 mediates an indirect angiogenesis program by recruiting
CXCR4-expressing bone marrow-derived monocytes to the perivas-
cular regions of the TME. The recruited monocytes then release
angiogenic factors such as VEGF and angiopoietin, which subse-
quently recruit endothelial and pericyte progenitors for neovasculari-
zation.80. CXCL12-stimulated CXCR4 has also been shown to
positively regulate VEGF promoter activity and VEGF secretion via
AKT81 and also by inhibiting glycolytic enzyme phosphoglycerate ki-
nase 1 (PGK1) expression and activating angiogenesis-associated
genes.82

Systemic delivery of a VV expressing CXCR4 fused with murine Fc
domain (CXCR4-mFc) was reported to disrupt tumor vasculature
in both the tumor core and periphery and reduce the levels of
CXCL12, VEGF, endothelial progenitor cells (EPCs), and MDSCs
in tumor perfusion in an orthotopic breast cancer model.83 The sup-
pression of lungmetastasis in this tumor model further suggested that
both VV-mediated direct cytotoxicity and the anti-tumor immunity
(as detected by a sustained and elevated level of tumor-specific anti-
body in serum) contributed to the observed tumor regressions. It also
generated immunological memory against tumor antigens as demon-
strated by the resistance to tumor re-challenge. The post-operative
setting, where the primary tumors are resected before oncolytic viro-
therapy, showed higher viral titers in the lung metastases than the
1674 Molecular Therapy Vol. 29 No 5 May 2021
pre-operative setting, further highlighting the importance of the
timing of OV delivery.83 In additiona, CXCR4-mFc enhanced VV-
disrupted immunosuppression by reducing the recruitment of Tregs
and augmenting the ratio of IFNg/interleukin (IL)-10-producing
CD4+ and CD8+ lymphocytes in an ovarian cancer syngeneic
model.84 These and other studies targeting the TECs are summarized
in Table 2.

Vaccines for targeting TECs

A DNA vaccine expressing VEGFR2 has been reported to break pe-
ripheral T cell tolerance and exploit upregulation of VEGFR2 to elicit
T cell-mediated killing of tumor vascular endothelial cells without im-
pairing hematopoiesis and fertility in a syngeneic tumor mice
model.91 In addition, non-human primates vaccinated with VEGF
protein combined with a proteoliposome adjuvant can also break pe-
ripheral tolerance and elicit VEGF-neutralizing antibodies and a
T cell response to VEGF-presenting cells.92 DNA vaccines targeting
endoglin93 and delta-like ligand 4 (DLL4),94 expressed on endothelial
tip cells during angiogenic sprouting, have also been reported to
regress tumor formation and neoangiogenesis without affecting
wound healing in murine models.

In contrast to the monovalent vaccine, placenta-derived endothelial
cells primed with IFNg, named ValloVax, is a whole cell-based poly-
valent vaccine. The idea of using placenta as the source of antigens is
based on the immunological similarities between pregnancy and can-
cer. Endothelial cells from placenta and tumors not only share many
molecules for angiogenesis such as VEGF and angiopoietin receptors
but also express similar tumor endothelial-like endosialin and round-
about guidance receptor 4 (ROBO4), suggesting that they may share a
relatively comparable angiogenic mechanism and microenviron-
ment.95 Immunization with ValloVax regressed tumor formation in
syngeneic mice bearing melanoma, lung, and breast cancer96. Clinical
trials showed that ValloVax immunization elicited antibody response
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against antigens associated with angiogenesis, including VEGFR1,
VEGFR2, endoglin, and fibroblast growth factor receptor
(FGFR).95,96

Gene therapies encoding antiangiogenic proteins

Several gene therapy strategies that express antiangiogenic proteins
have shown promising results in preclinical and clinical trials. The re-
combinant pseudotyped AAV serotype 2/8 vector97 and human
placenta-derivedmesenchymal stem cells (MSCs) with fiber-modified
Ad vector98 carrying the plasminogen kringle 1–5 (K1–5) gene, a 50-
fold stronger inhibitor than angiostatin,99 reduced neovascularization
and regressed primary and metastatic tumors in a syngeneic mouse
model. In addition, MSCs expressing a bifunctional fusion protein
composed of antiangiogenic tumstatin45–132 and tumor necrosis fac-
tor (TNF)-a promoted a death receptor-dependent apoptotic
pathway and suppressed proliferation of both tumor and endothelial
cells in a prostate cancer xenograft mouse model100. Similarly, elec-
trotransfer of plasmids carrying recombination human disintegrin
domain (RDD) showed an inhibitory effect on endothelial cell growth
in a cancer-specific manner in a melanoma syngeneic mouse
model.101 In a related strategy, NK4 is an angiogenesis inhibitor
that acts as a competitive antagonist of HGF, which induces VEGF
expression102. Gene transfer of NK4 by Ad vector,103 electrotrans-
fer,104 or MSCs105 demonstrated significant suppression of angiogen-
esis with potent antitumor activity that could be usefully combined
with cisplatin106 or gemcitabine.107

Apart from expressing antiangiogenic proteins or soluble receptors
that bind to angiogenic molecules, another interesting approach has
been the silencing of the angiogenic protein endoglin, a co-receptor
of TGF-b, using small interference RNA (siRNA)108 and short
hairpin RNA (shRNA)109 under the control of the endothelin-1
promoter. This new strategy was shown to suppress angiogenesis
and tumor growth in mammary adenocarcinoma108 and mela-
noma109 syngeneic mouse models.

Tumor immune cells as a target for gene and virotherapy

During the early phase of tumor formation, innate and adaptive im-
mune cells are thought to migrate to the tumor to destroy cancer cells
and secrete cytokines to sustain a pro-inflammatory environment.
However, these cells are later “educated,” directly or indirectly, by tu-
mor-secreted factors, and acquire pro-tumorigenic phenotypes. For
example, under the influence of tumor secreted CSF-1, type I cyto-
kine-producing M1 macrophages repolarize into key immunosup-
pressive M2 TAMs.4 They secrete C-C motif chemokine ligand 22
(CCL22) to recruit Tregs to the TME.110 M2 TAMs and Tregs
mediate tumor tolerance by secreting immunosuppressive cytokines
such as TGF-b and IL-10 and by expressing ligands for programmed
cell death 1 (PD-1) and cytotoxic T lymphocyte-associated antigen 4
(CTLA-4).1,111 Moreover, not all activated T cells are similarly potent
in killing tumor cells. Persistent activation drives T cells to an “ex-
hausted” state, in which they have high levels of inhibitory receptors
and a transcription profile distinctly different from their effector or
memory counterparts, resulting in a loss of proliferative and cytotoxic
potential.112 In addition, MDSCs promote immune suppression by
impairing lymphocyte homing, upregulating immune regulatory
molecules B7 and PD-L1, and suppressing the expression of TCR
through free radical production and metabolic depletion.113 The
respective functions of immune cells in the TME were summarized
by Gajewski et al.114 Tumor-associated immune cells therefore pro-
vide compelling target populations for OVs, with key studies identi-
fied in Table 3.

OVs creating a proinflammatory environment

OVs augment the process of antigen presentation and T cell prim-
ing by providing three crucial signals, i.e., release of cancer antigens
following cell lysis, co-stimulation by release of PAMPs and
DAMPs, and production of proinflammatory cytokines.128

Following the recognition of OVs as “foreign invaders” by the
innate immune system, the release of type I IFNs often enhances
the expression of MHC class I and II molecules and costimulatory
signals on dendritic cells (DCs).129,130 Meanwhile, tumor antigens
are released by cell lysis and may be cross-presented by DC-acti-
vated tumor-specific cytotoxic T cells. This process of uptake and
cross-presentation of antigen by DCs is the central mechanism of
epitope spreading, and it is essential for the recognition of tumor
neoantigens.131,132 Epitope spreading facilitates the development of
more diversified T cell clones against the tumors. Notably, an onco-
lytic Ad was reported to promote an oligoclonal T cell response
against a panel of neoepitopes, while anti-PD-1 antibody was only
able to elicit immune response against a single neoepitope in a mu-
rine lung adenocarcinoma model.133

Impairment of antigen presentation is one of the primarymethods for
tumor immune evasion. OVs have some potential to reverse this
escape mechanism and thereby promote the APC-T cell interac-
tion.128 For example, reovirus infection induced the expression of
MHC class I, b2-microglobulin (b2M), transporter associated with
antigen processing 1 (TAP-1), and TAP-2 on the tumor surface.134

Reovirus also restored the expression of MHC class II, CD40,
CD80, and CD86 expression on DCs, which are initially downregu-
lated by the tumors, and restored their overall antigen presentation
ability to T cells. In addition, T cell priming was augmented by
reovirus-induced proinflammatory cytokines such as TNF-a, granu-
locyte-macrophage colony-stimulating factor (GM-CSF), and IL-6,
which promoted DC maturation, antigen presentation, and traf-
ficking of T cells andmacrophages to the tumor region.135 This induc-
tion of type I IFN by OV can provide the third signal necessary for
naive T cells to acquire effector phenotypes.136,137 OVs also promoted
the tumor infiltration of DCs and promote their homing to the
lymphoid organs for T cell priming.138

Nevertheless, one major challenge facing the field is how to direct the
adaptive immune response towards recognition of tumor neoantigens
rather than viral epitopes,139 particularly since the neoantigens are
generally thought to comprise relatively weak immunogens. Consid-
erable attention in the field is focused toward this goal, building on the
other powerful attributes of the oncolytic approach.140
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Table 3. Preclinical studies of antibody-armed oncolytic viruses targeting tumor immune cells

Target Virus (species) Antibody form (promoter) Effect ex vivo/in vivo Delivery route (frequency) Ref.

FRb EnAd-3FR (Ad11p/Ad3)
anti-FRb/CD3
BiTE (MLP)

patient-derived malignant
ascites: Y ascitic CD11b+

CD64+ macrophages (FC); [
T cell activation (FC); [
TAM repolarization (FC, CD80,
CD86); [ IFNg (ELISA)

N/A (ex vivo) 115

PD-1/PD-L1 WR-mAb1 (VV) anti-PD-1 IgG

fibrosarcoma/s.c. in C57BL/6
mice: Y tumor mass; [ survival;
[ intratumoral CD4+, IFNg+TNF-
a+CD8+ T cell, CD8+/Foxp3+ T
cell ratio, Y Tregs (FC; 7 dpi)

i.t. (2; 0, dpi) 116

PD-1/PD-L1 MV-aPD-L1 (MV) anti-PD-L1 scFv-Fc

melanoma/s.c. in C57BL/6 mice: Y
tumor mass; [ survival; [ IFNg+

CD8 T cells, CD8+/Treg ratio
(FC; 5 dpi) primary melanoma
biopsy: Y tumor mass

i.t. (5; 0, 1, 2, 3, 4 dpi)
N/A (ex vivo)

117

PD-1/PD-L1 OVH-aMPD-1 (HSV)
anti-PD-1 scFv
(CMV promoter)

hepatoma/s.c. in C57BL/6 mice:
Y local, distant tumor mass; [
survival; Y s.c. rechallenged tumor;
[ local and distant intratumoral
CD4+CD69, CD4+ICOS+, CD8+CD69,
CD8+ICOS+, MDSCs (FC, 10 dpi)

i.t. (2; 0, 3 dpi) 118

CTLA-4 MV-aCTLA-4 (MV) anti-CTLA-4-scFv-Fc
melanoma/s.c. in C57BL/6 mice: Y
tumor mass; CD8+/Treg ratio (FC, 5 dpi)

i.t. (5; 0, 1, 2, 3, 4 dpi) 117

CTLA-4 SKL002 (Ad)
anti-CTLA-4 IgG
(E3 promoter)

melanoma/s.c. in C57BL/6 mice:
Y tumor mass, metastasis

i.v. (3; every 3 days)
i.t. (4; every other day)

119

CTLA-4 Ad5/3-D24aCTLA4 (Ad)
anti-CTLA-4 IgG
(CMV promoter)

prostate and lung cancer/s.c. in nude
mice: Y tumor mass; [ tumor
apoptosis (IHC, active caspase-3,
5 dpi) PBMCs from patients with
solid tumor refractory to
chemotherapy: [ IL-2, IFNg (FC)

i.t. (3; 0, 2, 4 dpi)
N/A (ex vivo)

120

CTLA-4 IAV-CTLA4 (orthomyxovirus) anti-CTLA-4 scFv
Melanoma/i.d. in C57BL/6 mice:
Y local, distant tumor mass; [ survival

i.t. (4; 0, 2, 4, 6 dpi) 121

CTLA-4 virus 27 (HSV)
anti-CTLA-4 Ab-like
molecule

lymphoma/s.c. in BALB/c mice:
Y local, distant tumor mass

i.t. (3; every 2 days) 122

CTLA-4
rNDV-CTLA-4 (NDV) +
radiation

anti-CTLA-4 scFv
melanoma/i.d. in C57BL/6 mice:
Y tumor mass; [ survival

i.t. (5; 0, 2, 4, 6, 8 dpi) 123

TGF-b/ TGF-bR rAd.sT (Ad)
soluble TGFbRII-Fc
(TERT promoter)

breast, renal cancer/s.c. in BALB/c
mice: Y tumor mass, metastasis; Y
metastasis-related genes (PTHrP,
CXCR4), angiogenesis-related
genes (VEGFA, VEGFR) (qPCR,
5 dpi); [ intratumoral IFNg,
TNF-a, IL-2 (qPCR, 5 dpi); [
CD8+/CD4+ T cells ratio, CD44high

CD62Lhigh memory T cells in
PBMCs (FC, 5 dpi); Y MDSCs
(FC, 5 dpi); Y splenic Tregs (FC, 24 dpi)

i.p. (2; 0, 3 dpi) 124

TGF-b/ TGF-bR mAd.sTbRFc (Ad5/48) soluble TGFbRII-Fc

prostate cancer injected into left
heart ventricle of nude mice
(bone metastasis model): Y tumor
mass, bone metastasis; [ survival;
Y tumor-induced osteolytic bone
destructions (microCT, TRAP, 43 dpi)

i.v. (2; 0, 3 dpi) 125,126

(Continued on next page)
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Table 3. Continued

Target Virus (species) Antibody form (promoter) Effect ex vivo/in vivo Delivery route (frequency) Ref.

TGF-b/ TGF-bR
Ad.sTbRFc (Ad dl01/07)
mhTERTAd.sTbRFc (Ad dl01/07)

soluble TGFbRII-Fc

breast cancer injected into left heart
ventricle of nude mice (bone
metastasis model): Y tumor mass,
bone metastasis; [ survival; Y
tumor-induced osteolytic bone
destructions (microCT, TRAP, 20 dpi)

i.v. (2; 0, 3 dpi) 127

Ab, antibody; CTLA-4, cytotoxic T lymphocyte-associated protein 4; CMV, cytomegalovirus; CXCR4, C-X-C motif chemokine receptor 4; FC, flow cytometry; FRb, folate receptor-b;
i.d., intradermal; i.p., intraperitoneal; i.t., intratumoral; i.v., intravenous; IVA, influenza A virus; microCT, microcomputed tomography; MV, measles virus; NDV, Newcastle disease
virus; o.t., orthotopic; PBMC, peripheral blood mononuclear cell; PD-1, programmed cell death protein 1; PD-L1, programmed cell death ligand 1; PTHrP, parathyroid hormone-
related protein; TGF-b, transforming growth factor b; TGF-bRII, TGFb receptor II; TNF-a, tumor necrosis factor a; TRAP, tartrate-resistant acid phosphatase; vvDD: vaccinia virus
Western Reserve strain.
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Immunosuppressive populations suppress efficacy of oncolytic

virotherapy

Despite the pro-inflammation responses during oncolysis, anti-tumor
activity is still partly impaired by peripheral tolerance. Sobol et al.139

reported that the ability of OV to induce CD8+ T cell responses
against tumor-associated antigens (TAAs) was attenuated in a toler-
ized antigen model, potentially reflecting central tolerance or periph-
eral tolerance mediated by Tregs, TGF-b, and IL-10. In addition,
TAMs can secrete macrophage-derived IFNb and confer upon tu-
mors a constitutive antiviral state with resistance to virotherapy by
upregulating IFN-stimulated genes.141 In support of this, systemic
depletion of CD11b+ myeloid cells has been shown to enhance onco-
lytic HSV anti-tumor responses, suggesting that targeted depletion of
immunosuppressive macrophages may restore OV-mediated anti-tu-
mor efficacy.142

Strategies for targeting immunosuppressive cells using OVs

Immunotherapy targeted to folate receptor b (FRb)

FRb was identified as a differential expressed marker on M2-polar-
ized macrophages in vitro.143 Although a strong association of FRb
with anti-inflammation and tumor progression has been observed,
only a few therapeutic approaches targeting FRb have been reported.
An earlier study reported the use of chimeric antigen receptor (CAR)
T cells expressing anti-FRb scFv to regress acute myeloid leukemia
(AML) in a human xenograft mouse model, and the antitumor effect
was augmented by FRb-inducing agent all-trans retinoic acid
(ATRA)144. Importantly, the CAR T cells were not toxic to normal
healthy hematopoietic stem and progenitor cells (HSCs) or mono-
cytes expressing low levels of FRb. An anti-FRb/CD3 BiTE was later
reported and encoded in EnAd for targeting M2 macrophages. The
armed OV triggered endogenous T cell activation and depleted the
M2 macrophages within primary samples of malignant ascites from
cancer patients, sparing the more pro-inflammatory M1
macrophages.115

Targeting PD-1/PD-L1

PD-1 is an inhibitory receptor expressed on activated T cells, B cells,
natural killer (NK) cells, and somemyeloid populations, yet its immu-
nological functions are best characterized in conventional T cells.
Persistent antigen stimulation (cancer or chronic infection) drives
T cells to an exhausted state as indicated by PD-1 expression. Tumors
express PD-L1 and PD-L2, which act as inhibitory signals to impair
T cell effector functions and assist in immune evasion.145 Many
OVs armed with anti-PD-1/PD-L1 antibodies have shown promising
results in syngeneic melanoma mouse models. For example, measles
virus (MV) encoding anti-PD-L1 scFv fused with Fc domain (MV-
aPD-L1) demonstrated a greater cytotoxic potential than did the un-
armed MV by increasing tumor-infiltrating IFNg-producing CD8+

T cells and the ratio of CD8+ T cells to Tregs.117 This armed MV
also killed primary melanoma ex vivo. In addition, Kleinpeter
et al.116 reported that VV encoding anti-PD-1 immunoglobulin (Ig)
G or scFv showed better fibrosarcoma regression and overall survival
than did the unarmed virus in a syngeneic mouse model, although no
significant difference was observed in CD4+, CD8+, and Treg popula-
tions. In addition, unarmed HSV was reported to induce a type I IFN
response, which upregulated PD-L1 expression in the TME.118 An
anti-PD-1 scFV-armed HSV enhanced phagocytosis of infected can-
cer cells and improved antigen presentation by DCs as compared to
unarmed HSV. It regressed primary and distant tumor formation
apparently by enhancing the activation of intratumoral CD4+ and
CD8+ T cells in a syngeneic liver cancer model, although an infiltra-
tion of CD155+ MDSCs was observed. Long-term surviving mice
were also protected in tumor rechallenge studies. Blockade of T cell
immunoreceptor with Ig and ITIM domains (TIGIT), a receptor of
CD155, further augmented the therapeutic efficacy. All three afore-
mentioned studies, i.e., the armed MV, VV, HSV, showed similar
therapeutic responses to the combined therapy of unarmed OVs
with antibodies, confirming that the therapeutic effect is not virus
type- or antibody form-dependent.

Targeting CTLA-4

CTLA-4 is an immune checkpoint that is closely associated with the
modulation of T cell activity. CTLA-4 dampens TCR signaling by
binding to B7-1 (CD80) and B7-2 (CD86) with higher affinity and
avidity than CD28. Secondary lymphoid organs, primarily lymph no-
des, are the sites of T cell priming, where CTLA-4 primarily regulates
T cell activity.146 Anti-CTLA-4 monoclonal antibody (mAb)-armed
Ads Ad5/3-D24aCTLA4120 and SKL002119 enhanced anti-tumor ac-
tivity without affecting antiviral immunity or the viral titers in a xeno-
graft mouse model of lung and prostate cancer. The combined
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therapy of SKL002 with GM-CSF-armed Ad further regressed the for-
mation of lung tumor in the syngeneic mouse model. Nonetheless,
Ad5 does not replicate productively in mice and may not fully repre-
sent the immune responses in humans. Recently, Hamilton et al.121

engineered the replication-competent influenza A virus (IAV) and in-
serted the anti-CTLA-4 scFv gene segment downstream of PB1 and
PA viral polymerase, restricting the antibody expression during the
viral life cycle. The armed IAV not only inhibited the growth of
treated tumor but also demonstrated abscopal effects to regress distal
tumor formation and prolong survival in a syngeneic melanoma
mouse model. In addition, Engeland et al.117 reported that anti-
CTLA-4 scFv-armed MV encoding (MV-aCTLA-4) increased the ra-
tio of tumor-infiltrating CD8+ T cells to Tregs and the IFNg response.
Although the armed MV significantly regressed tumor formation in
the syngeneic melanoma model, mice receiving armed MV injections
showed inferior overall survival than did those receiving combination
treatments of unarmed MV and systemic CTLA-4 antibody. Interest-
ingly, Newcastle disease virus (NDV) expressing anti-CTLA-4 scFv
induced potent anti-tumor responses comparable to systemic anti-
CTLA-4 in combination with ionizing irradiation.123 Systemic anti-
tumor responses were also observed in an armed HSV-1, which
expressed anti-CTLA-4 antibody-like molecule, GM-CSF, and a fuso-
genic form of the envelope glycoprotein of gibbon ape leukemia virus
(GALV-GP-R�).122

FUTURE PERSPECTIVES
Targeting the TME is still a relatively new concept in gene and viro-
therapy, and novel strategies continue to emerge. Of all of the chal-
lenges faced, those provided by CAFs and other immunosuppressive
cells are perhaps the greatest since their many facets affect many
different aspects of cancer biology as well as limiting the effectiveness
of different therapeutic approaches.

Essentially, how to deplete CAFs and other immunosuppressive cells
effectively and specifically comprises a major research direction, but
one in which molecular approaches are uniquely able to address.
Encouragingly, worldwide attention is increasingly being focused on
these aspects of the TME, and particularly on reversing its local immu-
nosuppressive effects. Depletion of CAFs is being explored in clinical
trials usingOVs expressing CAF-specific BiTEs for targeted T cell cyto-
toxicity, and it is encouraging that BiTEs recognizing FRb115 have also
been reported to selectively deplete M2 macrophages. There are also
additional potential targets that have not been received much atten-
tion, for instance, fibroblast specific-protein-1 (FSP1) is a CAF marker
that is present in multiple cancer stroma.147 Another CAF population
expresses a different set of markers, including a-smooth muscle actin
(a-SMA), neuron-glial antigen-2 chondroitin sulfate proteoglycan
(NG2), and platelet-derived growth factor receptor-b (PDGRb).148

Targeting multiple CAF markers using locally expressed BiTEs could
allow simultaneously depletion of different CAF populations and
may facilitate reversal of their deleterious effects.

Exploration of more sophisticated tri- or quadri-constructs, aiming at
improving the efficacy of the T cell engager, is an important research
1678 Molecular Therapy Vol. 29 No 5 May 2021
area. One approach is to incorporate multiple domains targeting the
antigens or CD3 to increase the avidity of the BiTE to the target cells
or T cells and enhance the BiTE-mediated cytotoxicity. Another strat-
egy is to incorporate an additional domain targeting the costimula-
tory signals such as CD28 and 4-1BB. Anti-CD28 bispecific antibody
has been reported to improve the antitumor activity of anti-CD3 BiTE
by enhancing the formation of “pseudo” immune synapse.149

Furthermore, exploring NK cells and macrophages as effector cells to
which bispecific antibodies can crosslink the target cells may exploit
new mechanisms of innate antitumor immunity. For example, NK
cell-mediated cytotoxicity was enhanced by anti-CD16/CD33 bispe-
cific killer cell engager (BiKE) against primary myelodysplastic syn-
dromes (MDSs) and CD33+ MDSC populations.150 In 2019, a TriKE
targeting CD16 and NKp46 on NK cell exhibited more potent
immune responses with similar pharmacokinetics and improved
unwanted effects compared with an IgG antibody targeting the
same antigen.151 It follows that identifying gene and virotherapy stra-
tegies that can fully utilize the therapeutic power of NK cells andmac-
rophages could unleash still more potent antitumor and anti-TME
effects.
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