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Cancer cells utilize multiple mechanisms to evade and suppress anticancer immune

responses creating a “cold” immunosuppressive tumor microenvironment. Oncolytic

virotherapy is emerging as a promising approach to revert tumor immunosuppression

and enhance the efficacy of other forms of immunotherapy. Growing evidence indicates

that oncolytic viruses (OVs) act in a multimodal fashion, inducing immunogenic cell death

and thereby eliciting robust anticancer immune responses. In this review, we summarize

information about OV-mediated immune conversion of the tumor microenvironment. As a

case study we focus on the rodent protoparvovirus H-1PV and its dual role as an oncolytic

and immune modulatory agent. Potential strategies to improve H-1PV anticancer efficacy

are also discussed.

Keywords: oncolytic viruses, H-1PV, immunotherapy, immunogenic cell death, combination therapy, tumor
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INTRODUCTION

After the market approval of Imlygic R© (Talimogene laherparepvec, T-Vec, Amgen, Thousand
Oaks, CA, USA) (1), oncolytic viruses (OVs) are gaining tangible momentum as a new class of
anticancer agents. This is apparent from the fact that more than 40 OVs belonging to at least ten
viral families are currently undergoing clinical trials against various malignancies, as monotherapy
or in combination with other anticancer modalities (2). Most likely, other OVs will soon be
approved for use as novel therapeutics for cancer patients.

OVs selectively replicate in and kill tumor cells in a multimodal fashion while sparing normal
tissues. Productive virus infection ends with the lysis of the cancer cell and the release of progeny
viral particles. In this way, OVs have the ability to multiply and spread throughout the tumor bed.
Importantly, OV-mediated cell death is often immunogenic and accompanied by the activation
of anticancer immune responses (3). The relevance of this immunological facet of oncolytic
virotherapy is further emphasized by the limited OV propagation observed in cancer patients (4).

In this review we provide a brief introduction of the tumor microenvironment, its
immune components and the different strategies developed by tumors to avoid attack
from the immune system, before focusing on the ability of OVs to act as immune
adjuvants and contribute to the induction of systemic antitumor immunity. We also
discuss possible ways to enhance the anticancer activity of OVs by combining them with
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other anticancer treatments and in particular with other forms
of immunotherapy (e.g., checkpoint blockade). We use the
protoparvovirus H-1PV, one of the OVs presently under
evaluation in the clinic, as a case study.

THE TUMOR MICROENVIRONMENT

Solid malignant tumors comprise not only a heterogeneous
population of neoplastic cells but also a multitude of resident
and infiltrating non-transformed cells, secreted factors and
extracellular matrix (ECM) proteins, which altogether constitute
the tumor microenvironment (TME) (5). The non-transformed
cells of the TME consist in particular of cancer-associated
fibroblasts (CAFs), adipocytes, stromal, and vascular endothelial
cells, pericytes, lymphatic endothelial cells, and recruited
cells of the immune system. Tumor-infiltrating immune cells
include T-lymphocytes [CD8+ cytotoxic (memory) T-cells,
CD4+ helper (Th1, Th2) T-cells, and regulatory T-cells
(Tregs)], B lymphocytes (B-cells), tumor-associatedmacrophages
(TAMs), tumor-associated neutrophils (TANs), myeloid-derived
suppressor cells (MDSCs), dendritic cells (DCs), and natural
killer (NK) cells (5, 6).

Non-neoplastic cells may account for more than 50% of the
total tumor mass, and their composition varies between different
tumors. Like cancer cells, non-malignant cells produce, and
release cytokines, chemokines, growth factors, matrix remodeling
enzymes, vesicles, and other soluble factors into the tumor
mass, often supporting tumor growth (5). Metabolic interactions
between cancer and non-malignant cells influence all stages
of carcinogenesis.

The ECM network, an important TME component, consists
of a flexible deposit of collagen and fibronectin fibrils associated
with glycoproteins, proteoglycans, and polysaccharides within
and around tumor areas (7). The ECM not only serves as a
physical scaffold for all cells of the TME, but also provides
biochemical signals by hosting growth factors and chemokines
modulating tumor cell growth, migration, and metastasis (7,
8). Although the formation of the ECM is primarily the
responsibility of CAFs, cancer cells also contribute. Cancer
development and progression are associated with increased ECM
deposition (7).

Recent findings from whole-genome sequencing and
microRNA expression profiling studies (9, 10) have further
highlighted the key role of non-malignant cells and other TME
components in influencing tumor growth, immune tolerance,
metastasis, and therapeutic resistance (11, 12). It follows that
targeting these “normal” elements may represent a new approach
to complement conventional therapies and develop innovative
and more efficient treatments against cancer.

ANTI-TUMOR IMMUNE RESPONSE

Among the non-transformed cells of the TME, immune cells
have attracted the most attention in the past decade and have
become the subject of intense preclinical and clinical research.
In a healthy body, the immune system is able to detect and

eliminate malignant cells (13), a phenomenon referred to as
immune surveillance against tumors. The two main components
of this surveillance are activated cytotoxic CD8+ T cells (13, 14)
(also called cytotoxic T lymphocytes, CTLs) and NK cells (15)
which belong, respectively, to the adaptive and innate arms of the
immune system.

(i) In order to exert their tumoricidal activity, CTLs have to
recognize tumor-associated antigen (TAAs) motifs presented
by major histocompatibility complex class I molecules
(MHC-I) on tumor cells. To become activated, naïve CTL
need to be previously primed by professional, antigen-
presenting cells (APCs) which expose TAA motifs through
MHC-I molecules to T-cell receptors on CTLs. CD28
molecules expressed at the surface of CTLs bind to
CD80 or CD86 polypeptides exposed on APCs (DCs or
macrophages), providing a co-stimulatory signal for CTL
killing activation. CTL tumoricidal activity is carried out both
directly through the release of cytotoxic granules containing
perforin and granzymes, and indirectly through the secretion
of cytokines such as interferon-γ (IFN-γ), tumor necrosis
factor-α (TNF-α), and IL-2. These cytokines induce apoptosis
of tumor cells and/or activation of anticancer immune
responses (16). CD4+ T helper cells also contribute to the
cytotoxic anticancer immune response mediated by CTLs, by
stimulating CTL priming through the release of cytokines,
particularly IFN-γ (17).

(ii) In contrast to CTLs, NK cells do not require specific TAA
recognition to interact with tumor cells nor MHC-dependent
cross-priming. A repertoire of inhibitory and activating
receptors on these cells, makes their activity dependent on
the down- or up-modulation of various ligands exposed on
tumor cells, respectively. Similarly to CTL, NK cells are
able to kill neoplastic cells directly by releasing perforin
and granzymes as well as indirectly by secreting death
receptor ligands (FasL and TRAIL) and cytokines [IFN-
γ, TNF-α, and granulocyte macrophage-colony-stimulating
factor (GM-CSF)] (15). NK cell functions can be activated
or exacerbated in presence of cytokines released by DCs and
monocytes (IL-12 and IL-15) as well as T-cells or NK cells
themselves (IL-2) (18).

In conclusion, the immune system appears to play a major
pleiotropic role in the surveillance against tumors.

TUMOR STRATEGIES OF IMMUNE
EVASION

As mentioned above, CD8+ T-cells, NK cells, and monocytes
populate TMEs. The presence of these cells was found to
correlate with a better prognosis and treatment responsiveness
of various tumors including brain, hepatocellular, lung, breast,
renal, colorectal cancers, and melanoma (19, 20). TMEs
containing these immune cell populations are called inflamed.
Unfortunately, the immunosuppressive ecosystem prevailing in
many TMEs suppresses NK and CTL cytotoxic activities, thereby
precluding long-standing protective immunity. In addition,
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the TME often inhibits T-cell proliferation, promotes T-
cell apoptosis, down-regulates expression of MHC molecules
and antigen processing machinery components on most
cells within tumors (in particular neoplastic cells, DCs, and
CD4+ T helper cells) and corrupts TAMs toward an M2
immunosuppressive phenotype, thereby allowing tumor cells to
escape attack from the immune system. For a comprehensive
discussion of the strategies developed by cancer cells to
escape immune surveillance, we redirect readers to excellent
recent reviews by Muhn and Bronte (21) and Fearon (22).
Briefly, a main mechanism by which tumors prevent attack
from the immune system consists in the release within
TMEs of immunosuppressive molecules such as growth factors
[e.g., transforming growth factor (TGF)-β], cytokines [e.g.,
interleukin-10 (IL-10)], chemokines, inflammatory, and matrix-
remodeling enzymes as well as metabolites. These molecules
contribute to establish complex and dynamic communication
networks between all the cells composing a tumor in order
to promote its survival, development, and metastasis. These
molecules are produced not only by tumor cells, but also
by non-malignant cells of the TME including CAFs (23, 24),
adipocytes (25), and infiltrating immune cells such as Tregs
(26, 27), Bregs (28, 29), MDSCs (30, 31), and TAMs (32).
Thus, diverse cell subtypes depending on their activation state
by producing and secreting these molecules simultaneously
participate in establishing an immune-suppressive TME via
multiple mechanisms [e.g., Tregs through the production of IL-
10 and TGF-β inhibit CTL and NK cytolytic activity, promote
Treg survival, and expansion and modulate the activity of
other immunosuppressive cells within the TME such as Bregs,
MDSCs, TAMs and CAF, which in their turn concur to augment
immunosuppression (26, 27)]. The activity of these cells may
change from tumor to tumor and during the different phases
of tumorigenesis and even between different regions within the
same tumor.

A second immune-inhibitory mechanism relies on a natural
process developed by the immune system to regulate the
amplitude and the quality of the T-cell response. This mechanism
is triggered to prevent the immune response from getting over-
activated and causing autoimmune reactions that could damage
healthy tissues. The factors involved in this inhibitory process
are collectively referred to as immune checkpoint molecules
(ICs) and are expressed at the surface of several cell populations
of TME. The mechanism is triggered upon interaction of ICs
acting as receptors and located on tumor-infiltrating effector
T-cells, B-cells and NK cells, with specific ICs behaving as
ligands and often expressed at the surface of APCs, Tregs,
TAMs, and MDSCs. Interestingly, ICs ligands are overexpressed
in many tumor cells. Well-known examples of IC-receptors
include the CTL-associated antigen 4 (CTLA-4/CD152), the
programmed death receptor 1 (PD-1/CD279), and the molecules
lymphocyte activation gene-3 (LAG-3), T cell immunoglobulin,
and mucin domain containing protein 3 (TIM-3), and T-cell
immunoreceptor with Ig and ITIM domains (TIGIT) (33–35).
The corresponding ligands are CD80 and CD86 for CTLA-4,
and programmed death receptor ligand 1 and 2 (PD-L1/CD274,
PD-L2/CD273) for PD-1. These IC receptor-ligand interactions

play a critical role in blocking anticancer immune responses
mediated by cytotoxic T-cells and NK cells in TMEs (35). The
underlying molecular mechanisms involved in these inhibitory
signaling pathways are complex and beyond the scope of this
review (36–38). Within the TME, tumor cells and myeloid cells
are considered to be the main cell types responsible for T-cell
suppression through the expression of PD-1 ligands (39).

CANCER IMMUNOTHERAPY

To overcome tumor-driven immune evasion and suppression,
a new appealing therapeutic strategy, namely cancer
immunotherapy, emerged, and was recognized as the
breakthrough of the year 2013 (40). Presently, the field is
rapidly expanding, yielding continuously growing evidence of
clinical efficiency in patients with various types of solid and
hematological tumors. Cancer immunotherapy is generally
based on two approaches. Passive immunotherapy aims at
enhancing an already existing antitumor immune response;
active immunotherapy attempts to trigger the latter de novo.
Administration of immunomodulating antibodies (e.g., immune
checkpoint inhibitors, ICIs) and the adoptive transfer of
tumor-infiltrating lymphocytes or chimeric antigen receptor
(CAR) T-cells represent the passive immunotherapy approach,
while the active one is exemplified by anticancer vaccination
[discussed in this issue by Fennemann et al. (41)]. Current
cancer immunotherapeutic strategies, their molecular bases,
challenges, and future directions and prospects are extensively
reviewed in various recent publications to which the reader is
redirected (41–44). Special attention is paid in the present review
to immune checkpoint blockade using ICIs, given its relevance
to the oncolytic virotherapy approaches discussed below.

IMMUNE CHECKPOINT BLOCKADE

The discovery of the aforementioned immunosuppressive
pathways represented a breakthrough for oncology, as illustrated
by the 2018 Nobel Prize in Physiology or Medicine jointly
awarded to Allison and Honjo for their contribution to novel
cancer therapy approaches based on the inhibition of negative
immune regulation. Indeed, these findings have paved the way for
the development of innovative treatments that aim to restore or
boost anticancer immune responses in TMEs through alleviation
of the immunosuppressive signals inhibiting the cytotoxic
activities of CTL and NK cells (35). Like other promising cancer
immunotherapies using DC-based vaccines (45) and CAR T-cell
therapy (46), the application of immune checkpoint inhibitors is
currently the subject of intense efforts worldwide to harness the
power of the immune system against cancers.

While small-molecule immune checkpoint inhibitors are
under development (47), immune checkpoint blockade (ICB)
has been successfully achieved using monoclonal antibodies that
interfere with the interactions between checkpoint receptors
and cognate ligands by targeting either of these molecules
(48). Examples of ICB include nivolumab and pembrolizumab
directed against PD-1; ipilimumab specific for CTLA-4; and
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atezolizumab, durvalumab, and avelumab developed against PD-
L1. These market-approved antibodies, alone or in combination,
showed impressive results against several types of cancer
including melanoma and lung carcinomas (48, 49), with
some patients experiencing a durable and complete anticancer
response. New antibodies targeting the more recently discovered
immune checkpoint molecules Tim-3 (50) and LAG-3 (33)
have shown pre-clinical efficacy and are now entering clinical
trials (51, 52).

Despite these successes, it should be stated that only a fraction
(10–40%) of treated patients responds positively to checkpoint
blockade with PD-1 or PD-L1 specific antibodies (53). In addition
treatment resistance is common (54, 55) influenced at least
in part by patient HLA class I genotype (56). Furthermore,
the appearance of severe immune-related adverse events due
to an exacerbated activation of the global immune system
(57, 58) hampers (combinatorial) treatments with checkpoint
blocking antibodies.

The clinical outcome of checkpoint blockade is thought to
depend on the neoantigen load of tumors as well as the size
and composition of the immune cell population present in the
tumor bed. Inflamed tumors (also referred to as hot tumors)
that contain CD8+ and CD4+ T-cells, monocytes and pro-
inflammatory cytokines, show the best response rate to ICB (59).
Indeed, the immune landscape of inflamed tumors is indicative
of a pre-existing antitumor immune response that has been
silenced by the tumor-bed suppressive environment, as revealed
by prominent Treg and MDSC infiltration, production of anti-
inflammatory cytokines or T cell exhaustion. Another common
feature of inflamed tumors is the elevated expression of PD-
L1 by neoplastic or immune cells. A PD-1/PD-L1 signature in
tumors generally correlates with a positive response to anti-PD-1
therapy (19), although PD-L1 expression is not a prerequisite for
successful checkpoint therapy.

In contrast, immune-excluded or deserted tumors (cold
tumors) are characterized by poor or almost no T-cell infiltration
in the stroma, and they respond poorly to ICB (20, 60). Therefore,
it is clear that the development of new strategies to convert
a cold TME into a hot one, is essential for improving the
clinical outcome of ICB and increasing the proportion of patients
who benefit from this treatments. One of the most promising
strategies in this respect is the use of OVs.

ONCOLYTIC VIRUSES

In recent years, OVs have attracted significant attention as anti-
cancer agents because they preferably replicate in, and eventually
lyse, tumor cells while sparing normal counterparts. Tumor cells
offer a favorable environment for the lytic replication of many
OVs that exploit various physiological alterations occurring in
cancer cells. These tumor cell defects are often associated with:
(i) rapid proliferation and dysregulated metabolism (61); (ii)
impairment of antiviral immune responses (62); (iii) production
of immune suppressive factors in the TME (63, 64), (iv)
intracellular signaling pathway alterations that promote survival
under stress conditions (65, 66). Besides directly killing tumor

cells through activation of different cytocidal programs ranging
from apoptosis, pyroptosis, and necroptosis to autophagy and
lysosome-dependent cell death, OVs proved able to convert a
cold TME into an inflamed one, thereby reawakening antitumor
immune responses. Due to their multimodal activity, OVs have
become a major focus of interest in cancer therapy research. As
a result of their oncosuppressive activities, more than forty OVs
are presently in clinical testing against various malignancies and
a number of OVs are undergoing phase III clinical trials (67).

This list of OVs under investigation includes herpes
simplex virus (HSV), adenoviruses (Ad), vaccinia virus (VV),
measles virus (MV), coxsackie virus, poliovirus, protoparvovirus,
reovirus, Newcastle disease virus, vesicular stomatitis virus
(VSV), and Seneca Valley virus. Some of the OVs undergoing
clinical trials are based on human pathogens (e.g., Ad, HSV,
MV, poliovirus) and are engineered to reduce their toxicity and
compel their lytic multiplication in response to factors and/or
pathways specifically active in tumor cells.

The therapeutic potential of OVs can be best exemplified
by the clinical benefit of the prototypical drug in this class,
the genetically modified type 1 HSV designated talimogene
laherparepvec (T-Vec). For a recent T-Vec review, the reader
is referred to Conry et al. (68). Based on encouraging clinical
results, T-Vec became the first oncolytic virus to receive
regulatory approval by FDA in 2015 with an indication for
advanced melanoma (1). This virus was engineered to prevent
production of both its neurovirulence protein ICP34.5 required
for lytic infection of normal cells (in particular neurons),
and its ICP47 protein that reduces MHC class I expression
and virus/tumor antigen presentation by infected cells. These
changes also brought the viral US11 gene under control of an
early/intermediate promoter, partially reinvigorating the virus
lytic activity in tumor cells. Furthermore, two copies of the
human granulocyte-macrophage colony-stimulating factor (GM-
CSF) gene were introduced into the virus genome to enhance it
immunogenicity, knowing that GM-CSF production by cancer
cells attracts DCs in the tumor niche and enhances their
antigen presentation function. T-Vec propagates preferentially in
neoplastic cells in which the malignant transformation process
has impaired the PKR (e.g., through oncogenic Ras activation)
and/or type I IFN pathways, features characterizing in particular
many melanoma cells.

In a phase III randomized clinical trial (OPTiM) conducted
in 436 patients with stage IIIB to IV melanoma, intralesional
injection of T-Vec resulted in significantly better durable
and overall response rates compared with subcutaneous
administration of GM-CSF alone, with superior overall survival
for patients with stage III or IV M1a disease. The virus
treatment proved also to be beneficial against non-injected
lesions, demonstrating its ability to stimulate an anticancer
immune response. In T-Vec-treated patients with cutaneous
melanoma arising in the head and neck, a complete response
rate of 30% was achieved, and 73% of responses persisted longer
than 1 year. Based on these results, phase IB/II and IB/III
clinical trials combining T-Vec with the immune checkpoint
inhibitors ipilimumab (anti-CTLA-4) or pembrolizumab (anti-
PD-1), respectively, were undertaken in patients with advanced
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melanoma (see below section Strategies to improve OVs and
optimize their immune stimulatory activities).

Another promising candidate for clinical applications is the
oncolytic poliovirus PVSRIPO in which the internal ribosomal
entry site of poliovirus is replaced with that of human rhinovirus
type 2, to ablate neurovirulence. PVSRIPO uses for its entry the
poliovirus receptor CD155, which is highly expressed on the
surface of neoplastic cells and in other cells of the TME. There
is preclinical and clinical evidence that this OV has strong ability
to activate DCs and promote formation of tumor-specific CTLs
(69). The results of a clinical trial in which 61 patients with
grade IV malignant glioma were treated with PVSRIPO, showed
increased survival rate (at 24 and 36 months) in 21% of patients
in comparison with historical controls (70).

Other OVs are endowed with an intrinsic oncotropism,
which can be traced back to their elevated sensitivity to the
antiviral innate immune responses developed by normal human
cells but often deficient in their neoplastic derivatives (e.g.,
VSV) and/or to the depending of their lytic multiplication on
oncogenic pathways [e.g., activated Ras signaling for reovirus
(66)]. The group of genuinely oncotropic OVs also includes
non-human animal viruses (e.g., Newcastle disease virus or
protoparvovirus whose natural hosts are avian or rodent species,
respectively). One advantage of animal OVs lies in the lack of pre-
existing antiviral immunity in contrast to human pathogen-based
OVs against which patients may have developed neutralizing
antibodies prior to virotherapy. For a complete list of OVs
undergoing clinical testing we redirect the reader to these recent
reviews (4, 71).

It is worth noting that no champion has emerged yet among
the various OVs under investigation. Each OV has indeed its own
peculiar modes of replication, action, and tumor specificity. This
variation justifies the continued development and optimization
of these ground-breaking anticancer agents.

ONCOLYTIC VIRUSES AS TOOLS TO HEAT
UP TUMORS

OVs evoke anticancer immune responses through different
mechanisms. In addition to releasing progeny virions into
the TME, virus-mediated tumor cell lysis disseminate a wide
repertoire of both cellular tumor-associated antigens/neo-
antigens (TAAs/TANs), danger-associated molecular patterns
(DAMPs) and viral pathogen-associated molecular patterns
(PAMPs) which lead to an inflammatory immune response. In
an ideal scenario, TAAs and TANs are captured and processed by
infiltrating APCs, in particular DCs. DCs loaded with antigens
migrate to draining lymph nodes where they mature and acquire
the capacity to prime T-cells, thus leading to a cancer-specific
T-cell response potentially directed against a wide spectrum of
tumor antigens.

PAMPs consist of viral RNA, DNA, or proteins that are
sensed by pattern recognition receptors (PRRs) expressed by
DCs. PRRs include Toll-like receptors, RIG-like receptors, NOD-
like receptors, and cGAS (72–74). As a consequence of PRR
engagement, DCs produce pro-inflammatory (e.g., TNF-α and

IL-12) and antiviral [type I IFNs (IFN-α and IFN-β)] cytokines
(75). These cytokines contribute to TAA/TAN cross-presentation
and priming of CTL, among other effects (76). It is noteworthy
that the cGAS-Sting pathway in tumor-infiltrating DCs can also
sense tumor-derived genomic DNA, leading to IFN-β production
and eventually CTL activation (77), highlighting the relevance of
this antiviral pathway in cancer development and therapy (78).

Interestingly, OV-infected cancer cells may sense PAMPs and
contribute in a direct way to the production and release of
pro-inflammatory cytokines into the TMEs. This is exemplified
by the type I IFN response. Neoplastic transformation is often
associated with defects in antiviral innate immunity, with cancer
cells unable to produce type I IFN and/or to respond to these
cytokines. However, in the context of heterogeneous tumors,
a fraction of cancer cells may still be able to detect viral
PAMPs through their PRRs and sustain significant type I IFN
production. The virus-induced type I IFN response is pleiotropic
and comprises facets which are undesirable (antiviral effects)
and desirable (anticancer effects) in the context of oncolytic
virotherapy. Type I IFNs thus act as a double-edged sword: on
the one hand, they are directed against the virus by blocking its
multiplication and inducing its neutralization and elimination
and on the other hand, they have anticancer properties. The
oncosuppressive potential of type I IFNs relies in part on their
ability to arrest tumor cell proliferation and exert anti-angiogenic
effects (79–81). Furthermore, type I IFNs may promote the
activation of anti-tumor immune reactions (76). It is well-
documented that type I IFNs are important regulators of NK
cell and CTL functions. In particular, type I IFNs stimulate
NK cell cytotoxic activity and NK cell-mediated production and
secretion of IFN-γ (82, 83). Besides inhibiting angiogenesis and
inducing cell cycle arrest and apoptosis of tumor cells (84), IFN-
γ is a strong immune stimulant. In particular, INF-γ induces
the expression of MHC class II molecules on DCs, activates and
increases the phagocytic activity of macrophages, and promotes
antigen-specific Th1 and CTL responses (84). Type I IFNs also
have a crucial role in mediating the interplay between innate and
adaptive immunity. Type I IFNs induce maturation of DCs, in
particular upregulating the surface expression ofMHC class I and
co-stimulatory CD40 and CD86 molecules, which are essential
for CTL activation (85). Type I IFNs support CTL differentiation
and expansion (86, 87). Accordingly, virus-induced type I IFNs
directly stimulate the cross-priming of CTLs by DCs (88), and
are essential for the protection of activated T cells from NK
cell cytotoxicity (89). Notably, IFN-α enhances the induction
and maintenance of a Th1 response through its direct action on
Th-cells (90).

OVs differ markedly in the ability to trigger production of
type I IFNs. The type I IFN response is, for instance a main
determinant of whether melanoma cells are resistant or sensitive
to oncolytic MV (91). Whereas, NDV is a strong inducer of type I
IFNs, human cells infected with protoparvovirus H-1PV produce
very little of these antiviral cytokines (65, 92). The Seneca Valley
virus actively inhibits the production of type I IFN by cleaving
adaptor proteins necessary for this process (93). Nevertheless,
these various OVs all show promising oncosuppressive activity
in preclinical and clinical studies, indicating that type I IFNs
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represent one of several factors that OVs can mobilize to heat up
TMEs and activate immune responses against cancer cells.

In addition to the type I IFN induction resulting from some
OV/tumor cell interactions, the way by which OVs kill cancer
cells can stimulate an antitumor immune response before or
during cancer cell lysis. Indeed, OVs (alone or in combination
with cytotoxic agents) provoke various intracellular disturbances
at the expense of cell organelles in particular mitochondria,
lysosomes, endoplasmic reticulum and Golgi apparatus, which
eventually results in the lysis of the cancer cell and the release
of progeny viruses (94). Several OVs have been reported to
induce oxidative stress with the production of ROS and reactive
nitrogen species (RNS) and ER stress accompanied by Ca2+
release from ER with consequent Ca2+ dyshomeostasis and
unfolded protein response (94). ROS/RNS may themselves
induce ER stress with consequent Ca2+ release, while Ca2+
potentiates oxidative stress with enhanced production and release
of ROS/RNS, thereby generating a positive amplification loop
that results in the induction of apoptosis or other modes of cell
death (95). Remarkably, OV-mediated cancer cell death is often
immunogenic and associated with the expression, release, and/or
exposure of DAMPs including ATP, high mobility group box
1 (HMGB1), and calreticulin (CRT). In particular, extracellular
ATP acts as a “find me” signal promoting the recruitment of
DCs (96), while HMGB1 functions as a danger signal ligand
for Toll-like receptor 4 and can directly activate DCs (97). CRT
exposure on the cell surface acts as an “eat me” signal neutralizing
CD47 on tumor cells and promoting phagocytosis (98). DAMPs
attract APCs, in particular DCs, into the TME and induce them
to secrete inflammatory cytokines, present TAAs, and prime
cytotoxic T-cells. The temporally concomitant release of type I
IFNs and DAMPs from OV-infected tumor cells leads to the
consideration of type I IFNs as DAMPs, because they trigger
similar immunogenic effects and also because the expression
of some DAMPs can most likely be activated by IFNs. While
ATP, CRT, and HMGB1 represent the classical hallmarks of
immunogenic cell death, other molecules behave as DAMPs, for
instance annexin A1 (ANXA1) and cancer cell-derived nucleic
acid (99). It would be interesting to analyze these molecules in the
context of OV-induced cell death. Furthermore, it is most likely
that other DAMPs involved in the completion of immunogenic
cell death remain to be identified. Information about OV-
mediated (immunogenic) tumor cell death is often incomplete
and fragmentary (99) warranting further studies of this essential
parameter of virotherapy. These studies will not only improve our
understanding of the mode of action of OVs, but also provide
clues to improve the efficacy of OV-based treatments.

It should also be stated that in addition to the above-
mentioned effects on tumor and immune cells, someOVs are able
to infect and replicate in endothelial cells. By causing disruption
of tumor vessels, these OVs can thus contribute to the necrosis of
tumor cells irrespective of their infection, through oxygen and
nutrients deprivation (100–104). Furthermore, these OVs may
also promote in this way the infiltration of immune cells into
the TME.

In summary, the great interest raised by OVs in the field
of cancer therapy relies on their abilities (i) to specifically

replicate, multiply, and spread in a lytic manner in tumor cells
(oncolysis), (ii) to trigger the release of PAMPs and TAAs/TANs
from dying tumor cells, leading to the activation of innate
as well as adaptive immune responses, (iii) to directly induce
the expression of pro-inflammatory and immuno-stimulatory
cytokines, in particular type I IFNs, in some tumor and immune
cells, and (iv) to kill tumor cells via immunogenic mechanisms
(immunogenic cell death) involving the production of DAMPs
that are able to further stimulate immune cells, and (v) for
some OVs, to break-down tumor vasculature, causing tumor
cell starvation and facilitating immune cell infiltration. Based on
these considerations, OVs are attractive candidates to activate
innate and adaptive immune responses in TMEs and turn
immune-excluded or immune-deserted tumors into inflamed
ones (Figure 1).

STRATEGIES TO IMPROVE OVs AND
OPTIMIZE THEIR IMMUNE STIMULATORY
ACTIVITIES

Despite promising results obtained at the preclinical level, only
a small proportion of cancer patients seems to benefit from
OV-mediated therapy in clinical studies. A number of reasons
account for these disappointing results. OVs, especially when
delivered systemically, need to overcome several physiological
and physical barriers to reach the tumor target and be effective
[reviewed in Marchini et al. (105)]. For instance, sequestration,
and neutralization by the mononuclear phagocyte system can
dramatically restrict the systemic delivery of OVs. The presence
of specific neutralizing antibodies (NAb), can also severely
hamper OV systemic delivery and effectiveness, especially in the
case of OVs based on human pathogens to which patients may
have been previously exposed. For instance, seroprevalence is
high against Ad type 5 (60 and 70% in Europe and USA) (106)
andHSV (50–80%worldwide) (107), two viruses commonly used
as OVs. NAb recognize and coat the virus particles, signaling
them for destruction by competent cells. Virus clearance can
occur very rapidly, eliminating the virus before its anticancer
potential is expressed. Optimal use of these OVs therefore
requires consideration of the counteracting effect of pre-existing
anti-viral immunity. However, recent results obtained with
reovirus (against which about 80% of the human population
has developed immunity) indicate that the presence of anti-viral
NAb is not always a negative event and paradoxically, can even
enhance the delivery of systemically administrated reovirus into
the tumor bed. Indeed, NAb-reovirus complexes were found to be
taken up and delivered to the tumor by the monocytes present in
the blood (108, 109). In most cases, NAb still limit OV activity, as
exemplified by a phase I trial demonstrating the greater efficiency
of MV in myeloma patients devoid of pre-existing NAbs (110).
Several strategies have been developed to overcome anti-viral
host immune responses and improve delivery, e.g., virus capsid
engineering (111), chemical modification of virus capsid [e.g.,
PEGylation (112)] and use of cell carriers (e.g., DCs) (113). For
instance, Ad vector PEGylation was shown to reduce liver uptake,
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FIGURE 1 | Induction of immune conversion of tumor microenvironment by OVs. The left panel depicts a cold tumor microenvironment (TME). In addition to tumor

cells, some other components of the TME are shown, i.e., blood vessel with endothelial cells, CAFs, ECM, and few infiltrating immune cells. These immune cells

(mainly Treg, MDSC, and TAM having a M2 immunosuppressive status), together with other cells of TME (e.g., CAF and tumor cells themselves), produce and secrete

chemo/cytokines, growth factors, and other molecules which contribute to create an immunosuppressive TME. This “cold” TME supports tumor development and

metastasis, and confers resistance to (immuno) therapies. The right panel depicts an inflamed TME after intravenous OV treatment. OVs reach the tumor through the

blood stream and act in a multimodal fashion to eliminate cancer cells. OVs specifically replicate in and kill cancer cells by inducing immunogenic cell death.

Virus-induced cancer cell lysis is associated with the release of progeny virus particles, TAAs, DAMPs, PAMPs, and pro-inflammatory/immunostimulatory cytokines

which contribute to recruiting immune cells in the TME and inducing maturation of DCs, thereby triggering innate as well as adaptive immune responses (inset a). DCs

migrate to the draining lymph nodes where they cross-present TAAs to T cells (inset b). After expansion, T cells infiltrate the TME and participate in the destruction of

cancer cells together with other effector cells such as NK cells and M1-converted macrophages (inset c). Some OVs may also infect endothelial cells and induce

disruption of tumor vasculature, potentially facilitating immune cell migration into the TME (inset d).

prevent NAb binding, and thereby improve Ad half-life in blood
and infection of tumors (112).

Potentiation of OVs can be achieved by inserting (a)
therapeutic transgene(s) into the viral genome. Notable examples
are OVs armed with payloads that have immune stimulatory
activity, such as pro-inflammatory cytokine (e.g., GM-CSF, IFN-
γ, IL-2, IL-12, or IL-15) or chemokine (e.g., CCL2, CCL5,
CCL19, CXCL11) transgenes. OV arming with cytokine and
chemokine genes is aimed at providing additional stimuli for
turning immune-excluded and deserted tumors into hot inflamed
ones by induction of immune cell migration and activation. The
impact of different arming strategies on tumor heating up has
been recently reviewed by de Graaf et al. (114). The success of this
approach is exemplified by the HSV-based T-Vec recombinant
expressing GM-CSF, a cytokine that stimulates DC migration

and maturation, thereby conferring the virus with enhanced
capacity for inducing antigen presentation and T-cell priming
(68). Intratumoral administration of T-Vec was found to induce
the regression of not only injected tumors but also of non-
injected distant tumors, including visceral metastases, indicating
virus ability to trigger a systemic antitumor immune response
(68, 115, 116). Furthermore, treatedmice were protected from re-
challenging with the same tumor cells, which indicate a durable
antitumor memory response (117). However, it should be stated
that cytokine arming, in the context of OV therapy, needs to
be carefully evaluated on a case-by-case basis, considering that
OVs are replication-competent and transgene expression may
thus get amplified. Cytokine overexpression can be deleterious,
as illustrated by the severe side effects and hepatic toxicity
associated with high dose regimes of recombinant IL-2.
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Another promising approach makes use of OVs expressing
bi-specific T-cell engagers (BiTEs). BiTEs represent a new
class of immunotherapeutic molecules which consist of
two single-chain variable fragments (scFv) connected by a
flexible linker. One scFv recognizes a T-cell-specific molecule,
e.g., CD3, while the second scFv is directed against a TAA
expressed on the surface of tumor cells. In this way, BiTEs
lead T-cells to target tumor cells, ultimately stimulating T-
cell activation, tumor cell killing, and cytokine production.
In addition to exert their intrinsic anticancer activity,
OVs expressing BITEs are thus able to mobilize T-cells
at tumor sites, resulting in an increased oncosuppressive
potential (118, 119).

Important improvements of anticancer efficacy have been
achieved by inserting genes encoding for scFv targeting immune
checkpoint molecules (e.g., PD-1 or CTLA-4) into the viral
genome. This approach has been applied successfully with
myxoma virus, Ad, MV, and VV (120–123). By achieving
intra-tumoral delivery and expression of checkpoint blockade,
these recombinant OVs alleviate the risk of systemic unspecific
side effects often encountered when the antibody blockers
are administered by intravenous infusion. As the PD-1/PD-
L1 checkpoint control may be triggered by tumor cells,
i.e., at the site of action of OVs, the synergism between
the latter and PD-1/PD-L1 checkpoint blockade is expected
to be most efficient for this particular immune checkpoint.
Indeed, the oncosuppressive activity of MV was found to be
reinforced to a greater extent by anti-PD-1/PD-L1 than anti-
CTLA-4 transgenes (122). However, intratumorally produced
CTLA-4-specific antibodies may still enhance the adaptive
antitumor response triggered by OV-activated APCs by getting
transported to draining lymph nodes or intratumoral tertiary
lymphoid structures where priming takes place. Indeed, growing
evidence supports the assumption that local delivery of CTLA-
4 blockade can trigger T-cell priming in the periphery (124)
and release local effector cells by depleting intratumoral
Tregs (125).

Combining multiple OVs also opens up interesting prospects,
as demonstrated by a recent study in which Ad treatment
was followed by VV administration in a Syrian hamster
model. The first line OV treatment was found to protect
the second virus from the attack of the immune system,
enlarging its therapeutic window, and enhancing efficacy (126).
An especially intriguing approach consists in a prime-boost
protocol involving the sequential application of two distinct
oncolytic viruses (vectors): a first one for priming the immune-
system to recognize TAAs and a second one for boosting
this response through virus-mediated TAA expression after
systemic OV administration [reviewed in (127, 128)]. Also
in this case, the use of a different virus vector in the
priming phase may reduce the insurgence of NAb against the
second virus used during the boosting phase. This strategy
has also the potential to sensitize tumors to checkpoint
blockade (129).

OV therapy is also compatible with other anticancer
modalities, and investigation of OV-based combination

treatments is actively being pursued with all OVs under
clinical development.

(i) For the sake of expediting clinical translation, OV
administration has been combined with conventional
chemotherapy and radiotherapy, resulting in a number of
cases in synergistic anticancer effects at the preclinical level
(67, 130, 131). Some of these combinations are currently
being tested in clinical studies.

(ii) In addition to combining with standard treatments, OVs
are being tested together with immunomodulators, including
drugs that induce immunogenic cell death [reviewed in (94)]
or dampen the antiviral innate response (3).

(iii) A particularly promising area of active research involves the
combination of OVs with adoptive immune cell therapy. In
particular, OV can improve the efficacy of CAR-modified T
cell transfer therapy [as recently reviewed in (3, 132)].

(iv) Owing to their ability to induce immune conversion of
TMEs, a number of OVs have been clinically tested in
combination with checkpoint blockade against a broad
range of malignancies [for a recent review see (133)].
The joint application of these therapies is anticipated to
improve the clinical outcome in cancer patients by eliciting
more robust anticancer immune responses. This concept is
supported by multiple preclinical evidence showing that OV
treatment sensitizes tumors to checkpoint blockade, resulting
in synergistic anticancer activity in animal models (122,
134–139). Recent studies by Samson et al. (138) provided
further appealing clinical evidence of OV ability to convert
a cold tumor previously resistant to immune checkpoint
blockade therapy, into a hot tumor sensitive to immune
therapy. This conversion may be due in part to the OV-
induced local expression of type I IFNs and type II IFN-
γ resulting in the up-regulation of inhibitory ligands (PD-
L1 and PD-L2) on tumor cells (140) and thereby making
“cold” tumors susceptible to immune checkpoint blockade.
Upon intravenous treatment with reovirus, patients with
high-grade glioma, or brain metastases, showed increased
intratumoral leukocyte infiltration and type I and II IFN-
dependent induction of PD-L1 expression (138).

OV-mediated potentiation of checkpoint blockade
immunotherapy was also demonstrated in clinical studies
using T-Vec in combination with ipilimumab (anti CTLA-4) or
pembrolizumab (anti PD-1) (68). In particular, in a randomized
open-label phase II trial involving 198 patients with advanced
melanoma, ipilimubab/T-Vec co-treatment produced higher
objective response rates (ORR) (39 vs. 18%), with 89% of all
co-treated patients experiencing durable responses at a median
follow up time of 16 months. Furthermore, 52% of patients
presented reduced visceral lesions, providing evidence that
T-Vec enhanced systemic antitumor immune responses (141).
Promising results were also obtained by combining T-Vec with
pembrolizumab in a trial’s phase Ib arm involving 21 patients
with advanced melanoma. In this trial, co-treated patients
showed a higher ORR (62%), compared with patients treated
with pembrolizumab (34%) or T-Vec (26%) alone. Immune
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conversion of the TME was observed in co-treated patients,
including CD8+ T cell infiltration and both elevated PD-L1
protein expression levels and IFN-γ production in tumor
cells (142). It should also be stated that co-treatment was not
associated with additional toxicity. Extension of this trial is
ongoing and involves a total of 660 patients receiving either
combination treatment or pembrolizumab alone (68).

The pros and cons of oncolytic virotherapy and the current
attempts at improving this strategy will be exemplified in the
following section with one of the OVs in clinical development,
the rodent protoparvovirus H-1PV.

THE RAT PROTOPARVOVIRUS H-1PV

The Virus
The oncolytic protoparvovirus (PV) H-1PV is a non-enveloped
single-stranded DNA virus (143, 144). With an icosahedral
capsid of 25 nm, H-1PV is the smallest OV presently under
clinical development. H-1PV belongs to the Parvoviridae
family, genus Protoparvovirus, species Rodent protoparvovirus 1.
The Parvoviridae family also includes adeno-associated viruses
(AAV) that are commonly used in gene therapy for the delivery
of therapeutic transgenes (143, 144). However, in contrast to
AAVs which need a helper virus for their replication, H-1PV as
other protoparvoviruses can replicate autonomously. The Rodent
protoparvovirus 1 also includes the Kiham rat virus, LuIII virus,
mouse parvovirus, minute virus of mice (MVM), tumor virus X,
and rat minute virus. Some of these viruses are under evaluation
at the preclinical level as oncolytic agents.

The H-1PV genome comprises ∼5,100 nucleotides. Small
deletions and point mutations can naturally occur in the
parvoviral genome, reflecting genetic adaptation to themolecular
characteristics of the host cell. The genome consists of two
transcription units, termed NS and VP, whose expression
is controlled by the early (P4) and late (P38) promoters,
respectively. The NS gene unit encodes the non-structural
proteins NS1, NS2, and NS3 while the VP unit encodes the VP1,
VP2/VP3 capsid proteins and the non-structural SAT protein.

The natural host of H-1PV is the rat; the virus is not
pathogenic to humans. H-1PV is unable to replicate in normal
tissues, but it can productively infect and kill a broad range of
human cancer cell lines from different origins including glioma,
breast cancer, hepatoma, pancreatic carcinoma, melanoma,
colorectal carcinoma, nasopharyngeal carcinoma, and lymphoma
(143). H-1PV oncosuppression has been demonstrated in a
number of preclinical animal models (143).

The reasons for H-1PV intrinsic oncotropism and tumor
selectivity have been elucidated only in part and are discussed
in detail elsewhere (143–146). In brief, the virus has the ability
to exploit some of the molecular features that distinguish
the cancer cell, such as (i) fast proliferation associated with
the overexpression and/or activation of specific cellular factors
needed for virus DNA replication and gene transcription
belonging to the E2F, ATF/CREB, ETS, NFY families and
cyclin A, and (ii) altered signaling pathways accompanied by
upregulation of factors controlling viral functions (e.g., the
PDK1/PKB/PKC pathway involved in the phosphorylation of
the oncotoxic viral protein NS1); (iii) impairment of the innate

antiviral immune response in many tumor cells, although the
sensitivity of rodent PVs to type I IFN is presently a matter of
controversy (92, 144, 147–150).

H-1PV, an Oncolytic Virus Case in Point
Although underlyingmechanismsmay be at least partly different,
H-1PV, and various other OVs share a number of properties
that illustrate well the pros and cons of cancer virotherapy. Pros
comprise safety, oncotropism, oncosuppressive ability resulting
from both oncolytic and immune adjuvant properties, and the
possibility of systemic administration. Cons include limited
tumor capacity for virus production in cancer patients, and
inter/intratumoral heterogeneity of cancer cell permissiveness
for virus infection. H-1PV can thus be used to exemplify the
prospects and drawbacks of oncolytic virotherapy. PVs still have
a number of unique properties distinguishing them from several
other OVs [for a review, see Geletneky et al. (151)]. On the
one hand, their lack of natural infectiousness and pathogenicity
for humans, and the synthetic oncotoxicity of the viral protein
NS1 are worth mentioning. On the other hand, PVs are taken
up by most normal cells, which leads to typically harmless
abortive infections, but results in the sequestration of a major
fraction of administered/produced virions in normal tissues. This
trapping limits the capacity of H-1PV to work at a distance
from the inoculation site, making viral remote activity especially
dependent on a bystander immune adjuvant effect, which is the
focus of the present review.

H-1PV Oncolytic Activity
Besides being the key regulator of H-1PV replication, the NS1
protein is the major effector of virus oncotoxicity. The molecular
mechanisms underlying H-1PV-mediated cell death are not fully
understood. It was demonstrated that through NS1, H-1PV has
the ability to induce oxidative stress associated with elevated
levels of intracellular ROS, RNS, and DNA damage resulting in
the activation of the intrinsic pathway of apoptosis (152).

In addition to apoptosis, the virus can activate a range of
other cell death programs, including necrosis and cathepsin-
mediated cell death in glioma cells (143). The latter mechanism
involves relocation of active cathepsins from lysosomes into the
cytoplasm accompanied by the downregulation of cystatin B and
C, two cathepsin inhibitors (153). In support of the capacity of
H-1PV to induce lysosomal-mediated necrosis in glioma cells,
we recently obtained evidence of the occurrence of lysosomal
membrane permeabilization and ER stress after infection of these
cells (Marchini et al. unpublished results). The SAT protein
may have a role in H-1PV-mediated ER stress as observed for
porcine parvovirus (PPV). A PPV mutant with a deletion in
the SAT region had less lytic activity than the wild-type virus
and consequently less spreading (154). It is therefore possible
that SAT together with NS1 participates in H-1PV-mediated
cell death, in agreement with recent results from our laboratory
(Bretscher et al. unpublished results).

Depending on the characteristics of the target tumor and on
the amount of virus penetrating the tumor cell (i.e., input virus
dose), it is possible that multiple cell death pathways are activated
in parallel. It is important to point out that some forms of cell
death may be more immunogenic than others and may therefore
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influence the outcome of H-1PV-based therapies by engaging
the immune system at different levels. This needs to be carefully
considered in the design of therapeutic protocols (e.g., effective
viral dose and treatment fractionation), especially in the context
of combination regimens.

The extent of H-1PV-induced oxidative stress may account
in part for the capacity of the virus to induce different types of
cell death. Indeed, it has been demonstrated that intracellular
ROS/RNS levels are pivotal for the determination of cell fate
by fine-tuning cell stress responses. While physiological levels of
ROS promote cell proliferation, excess production/accumulation
of these toxic compounds has been associated with DNA damage
and major disturbances such as activation of the inflammasome,
induction of TNF-mediated inflammatory pathways, lipid
peroxidation, lysosomal dysfunction, ER stress, and calcium and
iron dyshomeostasis. Depending on the genetic background of
the cell, different ROS/RNS levels can activate distinct forms of
cell death, such as apoptosis, pyroptosis, necroptosis, ferroptosis,
authophagy, and necrosis (95, 99). Some cancer cells may have
more efficient antioxidant mechanisms to counteract H-1PV-
induced oxidative stress and therefore be less susceptible to virus
oncotoxicity. However, through its ability to activate different
cell death pathways, H-1PV may compensate for cancer cell
resistance to apoptotic stimuli or DNA damage-inducing agents
by engaging the immune system to act against the tumor. Indeed,
as briefly summarized in the next section, there is accumulating
evidence supporting a role for H-1PV as an activator of immune-
mediated anticancer responses.

H-1PV-Mediated Immune Modulation
Preclinical studies of H-1PV demonstrated the involvement of
multiple immune cell populations in the anti-neoplastic activity
of this virus. Distinct immune cells proved to be activated by H-
1PV as a result of both their direct infection with the virus and
their exposure to virus-induced tumor cell lysates.

H-1PV can infect a wide panel of human immune cells,
namely DCs, macrophages, NK cells, and T-lymphocytes.
Infection is abortive and does not result in the production of
progeny viral particles. More importantly, no or little direct
toxicity of H-1PV for human immunocytes has been observed,
while the induced release of cytokines may cause cytopathic
effects under in vitro conditions (155, 156). H-1PV has been
shown to be harmless for rat immune cells as well. Rats
treated with repeated high doses of H-1PV showed normal
activity of B-cells and developed NAbs against H-1PV. Serum
concentrations of IL-6 and TNF-α were normal in these animals,
and isolated PBMCs showed proliferative response similar to
control (157).

H-1PV infection of human PMBCs results in their maturation
and activation, which are associated with the release of IFN-γ
and TNF-α. Furthermore, a type I IFN production mediated at
least in part by TLR-9 was observed and assigned to infected
plasmacytoid DCs (156). Interestingly, H-1PV infection proved
able to stimulate CD4+ T-cells, as revealed by the enhanced
expression of activation markers (CD69 and CD30) and release
of both Th1 and Th2 cytokines (IL-2, IFN-γ, and IL-4) (158).

In addition to its direct impact on human immune cells, H-
1PV indirectly causes major immune stimulatory effects which
are apparently induced by infected cancer cells. Indeed, while
failing to induce type I IFN in these cells, H-1PV can indirectly
upregulate both innate and adaptive immune responses through
its effects on tumor cells.

On the innate side, H-1PV infection of human pancreas and
colon carcinoma cells was shown to enhance their ability to
stimulate NK cells, as a result of the downregulation of MHC-
I molecules and upregulation of NK-activating ligands on the
surface of infected tumor cells. This stimulation is reflected in an
increase of both the release of cyto/chemokines (IFN-γ, TNF-α,
and MIP-1), and the killing of tumor cells by NK cells (159).

On the adaptive side, effector Th cells (with a Th1 bias)
were found to be stimulated in the presence of H-1PV-infected
tumor cells, at least in part through the enhanced capacity of
the latter for activating APCs. Infection of pancreatic ductal
adenocarcinoma (PDAC) cells with H-1PV leads to the release
of HMGB1 but apparently not CRT or ATP (160). As mentioned
above, HMGB1 interacts with TLR4 and can directly activate
DCs. Furthermore, infection of human melanoma cells with
H-1PV induces them to release HSP72. Extracellular HSP72
has potent adjuvant properties and can induce migration and
activation of DCs as well as activation of NK cells (155,
161). H-1PV-infected melanoma cell lysates are indeed able to
induce maturation of DCs, as revealed by the upregulation of
co-stimulatory molecules (CD86) and the production of pro-
inflammatory cytokines (TNF-α and IL-6) (162). The maturation
of DCs resulting from their incubation with H-1PV-induced
melanoma cell lysates correlates with the up-regulation of TLR3
and TLR9 expression and the activation of the NFκB signaling
pathway (163). DCs pulsed with lysates of H-1PV-infected tumor
cells not only mature and produce pro-inflammatory cytokines,
but also show the ability to cross-present TAAs to specific CTLs,
linking the stimulation of innate immunity to the activation of an
adaptive immune response (164).

H-1PV requires functional adaptive immunity to fully express
its therapeutic potential. CD8+ cells are essential to suppress
metastases of Morris hepatoma cells in rats treated with a
therapeutic vaccine based on H-1PV-infected autologous tumor
cells (165). Similarly, antibody depletion of CD8+ cells in an
immunocompetent rat model of glioma, strongly diminished
H-1PV oncosuppressive activity (166). Immune reconstitution
of NOD SCID mice bearing human PDAC transplants with
autologous DC and T-cells primed ex vivo with H-1PV-induced
tumor cell lysates resulted in a strong suppression of tumor
development (167). These data directly demonstrate the adjuvant
effect of H-1PV on the efficacy of a cancer vaccine. It is
noteworthy that the vaccination potential of H-1PV can be
further improved by combination therapy with IFN-γ (168). The
involvement of CTLs in H-1PV anti-cancer activity was further
demonstrated in a rat syngeneic bilateral PDAC model. Rats
engrafted with tumors in both flanks and injected with virus in
only one site, experienced significant reduction in tumor size at
both the injected and the distal uninjected sites, arguing for an
involvement of the immune system in the regression of untreated
lesions. H-1PV particles were not detected in uninjected tumors

Frontiers in Immunology | www.frontiersin.org 10 August 2019 | Volume 10 | Article 1848

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Marchini et al. Oncolytic Virus Mediated Antitumor Immunity

which instead showed increased expression of IFN-γ, granzyme
B and perforin (169). As additional proof of the role of CTLs in
the therapeutic activity of H-1PV, adoptive transfer of splenocytes
from H-1PV-treated donors into naïve recipients was shown to
significantly prolong survival of animals harboring PDAC (167).

H-1PV Clinical Development
H-1PV is one of the OVs that have successfully transitioned from
preclinical studies into clinical development. Two clinical trials,
in brain and gastrointestinal (pancreatic) tumor patients, have
been conducted recently.

Glioblastoma

Glioblastoma is recognized as one of the tumors with the
“coldest” TME. Infiltration of immune cells into the glioblastoma
bed is generally very limited (170). Furthermore, mutational
signature studies in glioblastoma have revealed the presence of
only 30–50 non-synonymous mutations (171). As mentioned
above, the success of antigen-specific immunotherapies, such as
checkpoint blockade, largely depends on tumor mutational load
and the presence and phenotype of tumor-infiltrating immune
cells. The benefit of this approach for patients with glioblastoma
is therefore presently insufficient and badly predictable. In
contrast to this intrinsically low responsiveness to checkpoint
blockade seen in the majority of glioblastoma patients, H-
1PV treatment of the latter is unlikely to be compromised
by the “cold” TME. Moreover, H-1PV-induced tumor cell
killing, DAMP/PAMP release and increased neoantigen exposure
[recently reviewed in Angelova and Rommelaere (150)] may
contribute to TME “warming up” and not only trigger antitumor
immune responses per se, but also alleviate glioblastoma
resistance to checkpoint inhibition. Based on the above, H-1PV
deserves consideration also as partner drug in combinatorial
immune checkpoint blockade treatments directed against
glioblastoma and other tumors with low mutational load.

Similar concerns apply to the applicability of CAR T-cell
therapy in glioblastoma. Currently, three CAR T-cell trials
have been published which reported promising signs of efficacy
in selected glioblastoma patients (172). However, also here
the immunosuppressive glioblastoma TME presents obstacles
and poses barriers to CAR T-cell proliferation and responses.
Whether administered as preceding treatment or simultaneously,
in combination with CAR T-cells, H-1PV-mediated TME
immune stimulation holds the promise for synergizing with CAR
T-cell efficiency. H-1PV-based combinatorial approaches which
have yielded encouraging evidence of preclinical and clinical
efficacy were recently reviewed in Bretscher and Marchini (144)
and are briefly listed below (see Future perspectives in PV
therapeutic development).

Yet another advantage of H-1PV as anticancer
immunomodulator lies in the gentle way in which the
virus reshapes the TME and boosts the immune system.
Contrary to immune checkpoint blockade- and CAR T-cell
therapy-associated organ toxicities and immune-related
adverse events, H-1PV administration to glioblastoma
patients is not accompanied by any signs of immune
system overstimulation and does not exert any negative

impact on laboratory safety parameters. Furthermore,
no dose-limiting toxicity could be reached in the first
parvovirus glioblastoma clinical trial, as described in more
detail below.

The preclinical proof of concept for H-1PV-based virotherapy
of brain tumors was provided by in vivo experimental evidence
demonstrating efficient H-1PV-induced suppression of both rat
and human gliomas in syngeneic or immunodeficient animal
models, respectively (173). Progressive reduction of tumor size,
complete remission in 50% of the responding animals and
significant survival prolongation were observed, while no H-
1PV treatment-associated side effects could be detected. These
data paved the way for the launch of the first-in-man PV
clinical trial (ParvOryx01), a phase I/IIa study in patients with
recurrent glioblastoma (174). Notably, ParvOryx01 was also
the first OV trial in Germany (175). Within the frame of the
trial, 18 patients with a history of one previous glioblastoma
resection were treated with escalating H-1PV (GMP-grade,
ParvOryx) doses. Half of the corresponding dose was applied
either intratumorally or intravenously before tumor resection.
After tumor resection, at day 10 after treatment, the second
half of the planned virus dose was injected into the wall of
the resection cavity. The primary trial endpoints were safety,
tolerability, pharmacokinetics, and maximum tolerated dose
(MTD) estimation. In addition, tumor tissue samples were
acquired during resection, allowing for the analysis of markers
of intratumoral virus expression and TME immunological
landscape. ParvOryx01 convincingly proved H-1PV safety and
tolerability (176). MTD could not be reached. Risk assessment
ruled out virus transmission from study patients to third persons,
since no infectious H-1PV particles were found in fecal and urine
samples. Analysis of post-treatment tumor tissues detected virus
expression in a subset of glioblastoma cells and remarkably, also
in those patients who received systemic ParvOryx treatment.
This was in line with preclinical reports showing H-1PV
ability to cross the blood-brain/tumor barrier after intravenous
administration. Furthermore, TME immune conversion was
observed (176). ParvOryx treatment promoted tumor infiltration
with immune cells. Most of the infiltrate consisted of Th
cells and perforin- and granzyme B-expressing CTLs. Of note,
only scarce Treg cells were seen scattered within the tumor.
Activation of glioblastoma-associated microglia/macrophages
and detection of pro-inflammatory cytokine production in
treated tumors hinted at the induction of an inflamed
microenvironment and increased immunological visibility of the
tumor. Interestingly, in some of the study patients, formation of
not only virus-specific but also glioma-specific T-cell responses
was demonstrated, raising the hope that H-1PV treatment may
contribute to the circumvention of tumor immune evasion
mechanisms in glioblastoma and other poorly immunogenic
human tumors.

Pancreatic Ductal Adenocarcinoma (PDAC)

The second H-1PV clinical trial (ParvOryx02) was launched in
2015 in patients with metastatic inoperable pancreatic cancer
(177). ParvOryx02 was recently successfully completed and
clinical and research findings are currently awaiting publication.
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Future Perspectives in PV Therapeutic
Development
The first clinical evidence of H-1PV capacity to induce
an inflamed TME in glioblastoma patients together with
favorable survival data (176, 178), prompted further efforts
to develop strategies to increase the efficiency of PV-based
cancer viro(immuno)therapy. Several approaches hold particular
promise and are currently under investigation.

H-1PV-based combinatorial treatments have been evaluated
in both preclinical and clinical settings (144). H-1PV
combinations with chemotherapeutics (160, 179), histone
deacetylase (HDAC) inhibitors such as valproic acid (VPA) (180)
and immune checkpoint blockade (181) have been demonstrated
to synergistically potentiate the double-faceted anticancer
activity of the virus by both inducing enhanced virus replication,
oxidative stress and tumor cell lysis (180), and exerting immune
stimulatory effects (160, 181) in tumor cell and animal models.
Notably, some H-1PV-based combinatorial approaches have
also been tested in the clinic. The ParvOryx02 trial combined
systemic and intramethastatic H-1PV administration with
gemcitabine, the gold standard first-line therapy for PDAC
patients. Within the frame of a compassionate use program,
favorable response was achieved in glioblastoma patients
treated with H-1PV and bevacizumab, an anti-angiogenic agent
with still underappreciated immunomodulating properties
(182). Some of the patients were also co-treated with the
PD-1 inhibitor nivolumab and based on the positive results
obtained at the preclinical level, with VPA. This multimodal
treatment resulted in partial or complete objective responses in
7 of 9 cases (183, 184). These encouraging results strongly
support further (pre)clinical development of PV-based
viro(immuno)/chemotherapies for glioblastoma and other
cancers treatment.

H-1PV Genetic Engineering
Another intriguing approach to PV efficacy potentiation
is arming the PV genome with immunostimulatory CpG
motifs (185) or therapeutic transgenes encoding for
angiostatic/immunostimulatory molecules (186). However,
in the latter example, due to the limited packaging capacity
of H-1PV, the therapeutic transgene replaces part of the viral

genomic region encoding for the capsid proteins, rendering the
virus replication deficient. Production of these recombinant PVs
requires the use of helper plasmids (187, 188).

The limited packaging capacity of H-1PV can be overcome
through an original strategy proposed by El-Andaloussi et al.
(189). An engineered H-1PV genome is inserted into the genome
of a replication-defective Ad5 vector. The resulting chimera
not only allows H-1PV genome delivery to cancer cells with
subsequent production and release of infectious replication-
competent viral particles but, importantly, also offers new
prospects for reinforcing the anticancer activity of H-1PV by
inserting a therapeutic gene into the adenovirus component of
the Ad-PV hybrid genome. This chimera provides a unique
platform to carry out, by means of a single agent, cancer
gene therapy (through the replication-deficient transgene-armed
adenovirus carrier) and oncolytic virotherapy (through the
released replication-competent H-1PV particles).

As for every OV under investigation and more generally
for any other anticancer agents, further development of
H-1PV-based therapies would certainly benefit from the
establishment of novel models (e.g., use of patient-derived
spheroids/organoids, syngeneic, or humanized animal models)
that more closely recapitulate human disease and better
predict the outcome of the novel therapies once transferred to
the clinic.
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