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Combination therapy with CAR T cells and oncolytic viruses: a
new era in cancer immunotherapy
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Chimeric antigen receptor (CAR) T-cell therapy is an encouraging and fast-growing platform used for the treatment of various types
of tumors in human body. Despite the recent success of CAR T-cell therapy in hematologic malignancies, especially in B-cell
lymphoma and acute lymphoblastic leukemia, the application of this treatment approach in solid tumors faced several obstacles
resulted from the heterogeneous expression of antigens as well as the induction of immunosuppressive tumor microenvironment.
Oncolytic virotherapy (OV) is a new cancer treatment modality by the use of competent or genetically engineered viruses to
replicate in tumor cells selectively. OVs represent potential candidates to synergize the current setbacks of CAR T-cell application in
solid tumors and then and overcome them. As well, the application of OVs gives researches the ability to engineer the virus with
payloads in the way that it selectively deliver a specific therapeutic agents in tumor milieu to reinforce the cytotoxic activity of CAR
T cells. Herein, we made a comprehensive review on the outcomes resulted from the combination of CAR T-cell immunotherapy
and oncolytic virotherapy for the treatment of solid cancers. In the current study, we also provided brief details on some challenges
that remained in this field and attempted to shed a little light on the future perspectives.
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INTRODUCTION
Besides the use of conventional treatment strategies, such as
chemotherapeutic drugs, radiotherapy, and surgery, immunother-
apy has also attracted many attentions recently to be used as an
efficient strategy to treat cancer. Among different immune-
modulatory approaches, checkpoint inhibitors and chimeric
antigen receptor (CAR) T cells were found to eliminate the
population of cancer cells through both reinforcing and recruiting
the host’s immune system potential against cancer cells [1]. While
the first 50 years of immunotherapy’s history experienced many
successes and failures, the era since 2010 has seen a collection of
evident achievements that resulting in the commercialization of
several products [1], including the first approvals in the USA and
European Union. Furthermore, immunotherapy due to its con-
firmed promising efficacy in cancer therapy, received Nobel Prize
of Medicine in 2018. Adoptive immunotherapy with T lympho-
cytes, genetically modified to express chimeric antigen receptors
(CARs), is known as a promising and fast-growing strategy used for
the treatment of recurring and aggressive malignancies [2]. CARs
are genetically engineered fusion molecules generated through
combining the antigen recognition capacity of a specific antibody
with the immune cells effector function, which cannot only detect
the target antigen expressed on the surface of tumor cells, but can
also proliferate and kill the targeted neoplastic cells [3, 4]. CAR
T cells can identify antigenic epitopes in their unprocessed form,
which have not been previously presented to T cells [5].

Accordingly, MHC-independent antigen recognition countervails
immune evasion pathways through which cancer cells evade
MHC-restricted T-cell detection, such as defects in antigen
processing or the diminished expression of MHC molecules [6].
In recent years, CAR T cells have been widely used in different

hematologic malignancies and due to their success in improving
the outcome of patients, FDA approved them for the treatment of
lymphoma and acute lymphoblastic leukemia (ALL) [7]. Unlike
hematologic malignancies, the application of CAR T cells in solid
tumors was found to be along with several challenges such as the
frailty of CAR T cells under the immunosuppressive conditions of
the tumor microenvironment (TME), limited trafficking ability of
CAR T cells, heterogeneity and the difficulty in finding the ideal
target tumor antigens, antigen-negative relapse, and the
decreased persistence and expansion of CAR T cells [8, 9]. The
poor outcomes of CAR T cells in preclinical and clinical trials of
solid tumor indicated that monotherapy with CAR T cells is not
enough for the treatment of such malignancies and the
combining them with other adjuvant therapies might bring more
advantageous for patients with cancer [10].
An idea of employing genetically engineered viruses with the

selective replicative preference in tumor cells has evolved the
introduction of a novel cancer treatment approach, named as
oncolytic virotherapy [11]. The golden age of oncolytic virotherapy
has begun when Talimogene laherparepvec (T-VEC), which is an
oncolytic herpes simplex virus type 1 (HSV-1) engineered to
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express GM-CSF [12], received the FDA approval for the treatment
of patients with advanced melanoma in combination with
immune checkpoint inhibitors [13]. In particular, it was shown
that oncolytic viruses (OV) exert their anticancer activities either
through directly affecting tumor cells or through mobilizing the
tumor surveillance immune responses against the neoplastic cells
[14, 15]. Another advantage caused by OVs for cancer treatment
strategies is that these viruses could be engineered in a way to
force the expression of some genes in tumor milieu, which
eventually either potentiate their oncolytic property or enhance
the antitumor arm of immune responses [16]. All the above-
mentioned statements make OVs a promising candidate used to
overcome the current setbacks of CAR T-cells application in solid
tumors [15, 17]. This study aimed to focus on more recent
advances in both preclinical and clinical applications of OVs, either
alone or in combination with CAR T-cells approaches.

ONCOLYTIC VIROTHERAPY—AN OVERVIEW
After the revolutionizing impact of immune checkpoint inhibitors
on cancer treatment strategies, it seems that oncolytic virotherapy
could push the borders a step-forward. These novel treatment
approaches well-performed in the treatment of various cancers
(Table 1). Through selectively replicating in tumor cells as well as
concurrent renovating antitumor immunity, application of OVs
could guarantee that the normal non-malignant host cells would
not be affected at least [18–20]. Talimogene laherparepvec (T-vec)
was the first OVs-based agent gaining the approval of both USA
and Europe. Accordingly, this product was engineered based on
the oncolytic herpes simplex virus (HSV), which has that acquired
the ability of producing granulocyte-macrophage colony-stimulat-
ing factor (GM-CSF), while lost the potential of expressing
ribonucleotide reductase [21]. A randomized phase III study have
previously demonstrated that local intralesional inoculations with
T-Vec in patients with advanced melanoma were coupled not only
with tumor repression, but also with the prolonged overall survival
(OS) of patients, probably by inducing a systemic antitumor
immune response [12]. Other oncolytic products with a great
chance of being approved in North America and Europe, are as
follows: GM-CSF armed adenovirus CG0070 for nonmuscle
invasive bladder cancer [22], vaccinia virus JX-594 (pexastimogene
devacirepvec) for colorectal cancer [23] and hepatocellular
carcinoma [24], and Reolysin (pelareorep), which is a wild-type
variant of reovirus, for metastatic melanoma [25] and Pancreatic
Adenocarcinoma, respectively [26].
By inducing a deletion mutation in the genome of G207, which

is known as the second-generation HSV-1, the third generation of
oncolytic HSV-1, named as G47Δ, was produced [27]. The efficacy
and therapeutic value of this oncolytic virus is currently under
investigation in a phase II of a clinical trial conducting on patients
with recurrent glioblastoma (UMIN000015995). However, G47Δ
was appointed by the Ministry of Health, Labour, and Welfare of
Japan in 2016 as a “Sakigake” breakthrough therapy drug [28]. HF-
10, which is another HSV-1-based oncolytic agent, was found to
lack the expression of various genes of the virus initially, including
LAT (latency-associated transcripts), UL43, UL55, UL56, and UL49.5
[29]. Moreover, this oncolytic virus, engineered by Takara Bio Inc.,
Japan, selectively replicates in tumor cells and then stimulates an
enhanced number of NK cells, CD4+, and CD8+ T cells within the
tumor microenvironment, which consequently leads to a sig-
nificant decrease in the tumor size [30]. Similar to T-VEC, HF-10 has
also been observed to have a potent antitumor effect on a wide
range of cancers [31] and several clinical trials with HF-10 are
ongoing or have been designed, such as melanoma
(NCT02272855), and unresectable pancreatic (NCT03252808)
(Table 1). Furthermore, the vaccine strain of the measles virus
has demonstrated several considerable outcomes in both
previously performed preclinical and clinical trials [32, 33].

It is well established that tumor-specific viral replication and
subsequently the induction of tumor-specific immunity are the
two main reasons that guaranteeing the success of OVs in
improving the median survival of cancer patients [34]. Regarding
safety, therapeutic efficacy, and the decreased side effects of
oncolytic virotherapy, the use of such modified viruses in
biological therapy of cancer was observed to have the potential
of assigning a breakthrough in the field of cancer research.

CHIMERIC ANTIGEN RECEPTOR T-CELL THERAPY IN SOLID
TUMOR
Chimeric antigen receptors are artificial receptor proteins geneti-
cally engineered from the fusion of a single-chain variable
fragment (scFv) in a monoclonal antibody (as an extracellular
antigen recognition domain) along with the ζ -chain of the T-cell
receptor complex (as an intracellular signaling domain) as well as
one or two co-stimulatory molecules [35]. CARs are classically
transduced into the patient T cells applying γ-retroviral vectors or
other randomly incorporating vectors, which may lead to
oncogenic transformation, clonal expansion, transcriptional silen-
cing, and variegated transgene expression [36–39]. Recent
progresses in genome editing technology facilitate efficient
sequence-specific interventions in various cells [40]. Eyquem
et al. demonstrated that integrating a CD19-specific CAR to the
TRAC (T-cell receptor α constant) locus not only results in constant
CAR expression in patients’ blood T cells, but also increases T-cell
potency [36].
The logic of CAR T immunotherapy mainly is changing T cells, in

order to identify malignant cells for more efficiently recognizing
and destroying them. Following CAR T cells infusion into a
cancerous patient, they would act as a “living drug” against
malignant cells [41]. Once CAR T cells come in contact with their
targeted antigens on the surface of the tumor cell, they bind to it,
become activated, and finally destroy target cells [42].
Although CAR T-cell therapy exhibited positive results in

hematological malignancies, the application of this approach in
solid tumors has faced several obstacles [43, 44]. Indeed, the
results of the earlier studies that evaluated the potential of CAR T-
cell immunotherapy in patients with solid tumor, revealed that
this strategy has minimal to limited anticancer properties (Table 2)
(Fig. 1). One of the examples of investigations that evaluated the
efficacy of CAR T cells was a study conducted by Kershaw et al.
[45] who performed a treatment for patients with metastatic
ovarian cancer with the first generation of CAR T cells targeted
alpha-folate receptor (FR) and high dose of IL-2. Their results
suggested that although this combination therapy was well-
tolerated by patients, CAR T cells could not actually induce
significant therapeutic effects on patients and on preventing
disease’s progression, as their circulating level significantly decline
within 3 weeks after infusion [45]. It could be claimed that the
application of fist-generation CAR T-cell clone probably was the
main reason of why this trial failed to achieve acceptable results
due to lack of co-stimulation. However, even by the use of a high
later generation of CAR T-cells products, objective response for
trials in solid tumors have been mostly disappointing (Table 2).
Apart from that, several other reasons could also suggest for why
early CAR T-cell products could not perform well in solid tumors
[46, 47]. Of note, unlike hematologic malignancies, solid tumors
demonstrate unparalleled setbacks. In this regard, the first and the
most important reason was found to be the absence of constantly
expressed specific tumor antigens on the surface of solid tumors.
Second, infused CAR T cells must pass a long way from the
bloodstream to solid tumor regions, penetrate into the dense and
tough stroma and also match with chemokine receptors. Third,
upon the arrival of TME, the most of CAR T cells overwhelm the
challenges and immunosuppressive factors in order to expand,
infiltrate, and elicit tumor-specific cell cytotoxicity. As the fourth
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and the last reason, when CAR T cells face tumor cells, there is a
high risk to undergo exhaustion phenotype, which eventually
paralyzes their cytotoxic activity and also diminishes their life span
[48].

HOW DOES OV CONVERT A COLD TUMOR TO A HOT TUMOR?
OV-mediated local inflammation
There is an accumulating body of studies suggesting that one of
the mechanisms through which OVs could induce antitumor
activity is being mediated by enforcing the production of type I
interferons (IFNs) in TME [49]. Effector T cells might receive three
types of signaling pathways in order to be activated, which are as
follows: a signal transmitted upon the interaction of T-cell receptor
(TCR) with antigen (Signal 1), a signal mediated through the
engagement of co-stimulatory molecules with their ligands
expressed on antigen-presenting cells (APCs) (Signal 2), and
finally, a signal that is the representative of the presence of pro-
inflammatory cytokines or mediators (Signal 3). The second and
third generations of CAR T cells have the ability of producing
signals 1 and 2. However, signal 3 is recapitulated during the
ex vivo expansion via exposing CAR T cells to cytokines and may
be additionally assisted either by modifying the ability of CAR
T cells to not only produce their own cytokines, but also to deliver
a series of cytokines simultaneously as an adoptive cellular
therapy [50]. Interestingly, type I IFNs was found to have the ability
of stimulating Signal 3 in effector T cells, so if the infused OVs at
TME could enhance the production of such cytokine, it could be
concluded that OVs not only have the potential of reinforcing the
cytotoxic effects of CAR T cells on the tumor milieu, but they could
also ameliorate the safety of this immune therapy approach.
Moreover, it was indicated that type I IFNs could potentiate the
cytolytic function of effector T cells, enhance their clonal
proliferation capacity, and more importantly increase the differ-
entiation of these cells to memory cells [50, 51]. Accordingly, one
of the best examples of the impact of type I IFNs on mediating
antitumor immunity is IFNβ that could facilitate dendritic cells
(DCs)-mediated antigen cross-presentation and also disrupt
tumor-associated microenvironment by suppressing the activities
of both regulatory T cells (Tregs) and myeloid-derived suppressor
cells (MDSCs) [52]. Briefly, through producing type I INFs and
converting the tumor microenvironment from a “cold” status to a
“hot” one, it can be said that OVs could facilitate the infiltration,
stimulation, and proliferation of CAR T cells [53]. The positive
impact of type I IFNs on the efficacy of CAR T cells was well-
studied in several preclinical studies. However, it has been claimed
that the upregulation of IFNβ and consequently its interaction
with interferon receptors (IFNRs) expressed on second-generation
of CAR T cells with, 4-1BB as a co-stimulatory molecule, could
stimulate TNF receptor-associated factor 2 (TRAF2) as well as its
downstream signaling pathway [54].

OV-induced immunogenic cell death
OVs could also increase the release of internal damage-
associated molecular patterns (DAMPs), which is an indicator
of immunogenic cell death (ICD) [55]. Necrosis, as a type of
nonprogrammed cell death, is mostly mediated through pro-
inflammatory cytokines. Moreover, necrosis is mostly deter-
mined by the release of cell components via a ruptured plasma
membrane as well as DAMPs, including heat shock proteins
(hsp70 & hsp90) [56], HMGB1, IL-1a, IL-33, ATP, mRNA, genomic
DNA, and endoplasmic reticulum (ER) sessile proteins [57]. While
the programmed cell death (PCD) is known as a tolerogenic
process, some types of PCD such as necroptosis and pyroptosis
can also lead to the production of DAMPs. Thereafter, the
produced DAMPs serve as either “eat-me” or “danger” signals to
immune cells. In this regard, one of the produced DAMPs is cell
membrane-associated calreticulin (ecto-CRT), which can beTa
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detected by both migratory and resident scavenging macro-
phages as well as Batf3+ DCs as tumor-associated antigens
(TAA) [58]. Indeed, the identification of ecto-CRT by macro-
phages and DCs propagates MyD88-NFκB/JAK-STAT signaling
cascade, which in turn, increases the expressions of IFNα and β.
Once IFN gradients produced, the function of effector T cells
would be potentiated, and the resident DCs would be then
matured, which is a process enhancing the cross-priming
capacity of DCs [59]. OVs also induce ER stress within tumor
cells, which consequently elevates the intracellular level of
reactive oxygen species (ROS) and increases protein kinase RNA-
like endoplasmic reticulum kinase (PERK)-dependent ICD and
mitochondrial apoptosis [60]. In the absence of any defective
HLA expression or IFN cascade, the remained type I IFNs also
increase the expression of class I MHC on either OV-infected or
uninfected tumor cells, which consequently potentiates non-
CAR based adaptive cell therapy (ACT) [61]. Moreover, immu-
notherapy with CAR T-cell might overcome a pitfall in those
cancer patients, whose tumor cells lost MHC expression in those
who are not sensitive to IFNs. As well, T cells can directly identify
both DAMPs and PAMPs. For example, the interaction between
HMGB1 and RAGE (which is a molecule expressed on effector
T cells) could lead to both stimulation and clonal expansion of
effector T cells [62, 63].
Up to now, different in vivo and in vitro experiments have

investigated the existence of synergistic effects between CAR
T cells and OVs, and particularly in solid tumors (Table 3). It was
generally assumed that if OVs would be engineered in a way to
enforce the expression of some immunomodulatory molecules
simultaneously, they may then produce stronger synergistic
effects on CAR T cells. However, the results showed some
completely different results, as nonengineered OVs made better
partnership with CAR T cells. For example, the success of the
attenuated herpes virus (HSV1716) was shown in enhancing both
expansion and proliferation of GD2-redirected CAR T cell in GD2
expressed cell lines of rhabdomyosarcoma and melanoma cell
lines [64]. It should be noted that, in this study, GD2 positive
melanoma cells mainly exhibited a resistance phenotype to CAR T
cell; however, the companionship of HSV1716 then enhanced the
sensitivity of the cells to CAR T-cell immunotherapy. Oncolytic
strain of HSV was also found to be capable of promoting cytotoxic
function of EGFR-directed CAR NK cells in breast-cancer-derived
MDA-MB-231 cells [65]. In the breast cancer brain metastases
(BCBMs) model, the dual treatment with the oncolytic strains of

HSV and CAR NK cells through the intratumoral inoculation have
significantly enhanced the overall survival of tumor-bearing mice
compared to monotherapies [65].
The intratumoral administration of oncolytic vesicular stomatitis

virus (VSV) in B16.OVA murine melanoma model was indicated to
be associated with an elevation in the number of CD8-positive
T cells, which consequently improved the median survival of mice
to 50% within one month. On the other hand, the median survival
of untreated mice and those exposed to heat-inactivated oncolytic
VSV was only 20 days. To increase the efficacy of this treatment,
the researchers combined the systemic infusion of OT-I T cells with
oncolytic VSV treatment. As a result, they found that this approach
led to a potent antitumor response and the improved median
survival approximately up to 70% within 50 days, as compared to
monotherapy. Similarly, intratumoral administration of ex vivo
activated OT-I T cells combined along with oncolytic adenovirus
resulted in the accumulation of endogenous cytotoxic CD8-
positive T cells, which consequently prevented tumor relapse [66].
Accordingly, the combination of adoptive T-cell immunotherapy
with oncolytic virotherapy seems to be a promising strategy,
especially in immunocompetent murine models. These findings
suggested that both -cell and OVs therapies could lead to tumor
repression, either as monotherapy or in combination with
modality (Table 3).

Reversing TME immunosuppressive signals
In the immunosuppressive TME, cancer cells in line with cancer-
associated fibroblasts and stromal cells mostly attenuate the
induced antitumor immunity by producing and recruiting of a
wide range of soluble and insoluble immunosuppressive mole-
cules and cells. [67]. Cancer cells mainly modify TME by the
following process: high VEGF production; anti-inflammatory
cytokines; death ligands (such as FasL, PD-1, and TRAIL);
nonclassical HLA class I; and several metabolites such as RNS,
IDO, and NO [68]. These immunosuppressive components cannot
only suppress the induced antitumor immunity, but they can also
stimulate the stroma cells and expedite tumor development.
Moreover, tumor-associated macrophages (TAMs), regulatory
T cells, and MDSCs by production of various immunosuppressive
molecules such as arginase I, IDO, ROS, IL-10, TGF-β, and PD-L1
could promote angiogenesis, tumor growth, and metastasis [69–
71]. Herein, the main question is how OVs can reverse
immunosuppressive TME and also promote the antitumor effect
of (CAR) T cells. While OVs were originally developed as cytolytic

Fig. 1 CAR T-cell application in the treatment of solid tumors. Isolation of T lymphocytes from the patient’s peripheral blood; (1) insertion of
CARs at the TCR gene locus; (2) Production of cells that express CAR; (3) expansion and proliferation of CAR T cells in vitro; (4) infusion of
expanded CAR T cells into the patient’s bloodstream; (5) The lower efficacy of CAR T cells in eliminating tumor cells is due to the
heterogeneous antigen expression and the induction of immunosuppressive condition in tumor microenvironment (TME).
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agents, currently, they may also exert some pleotropic effects on
TME [72]. The roles of OVs in the stimulation of local inflammation
and ICD were discussed in previous sections. The combined
production of pro-inflammatory cytokines, PAMPs, and DAMPs
triggered by OVs in the tumor milieu was indicated to result in
substantial engagement and stimulation of immune cells,
particularly central DCs, which are known as the main members
of both innate and adaptive arms of immune system [72]. Through
uptaking OVs-infected tumor cells and processing their TAAs, both
plasmacytoid DCs and human monocyte-derived DCs turn into
mature cells and then gain the potential of being involved in
antigen cross-presentation to the cytotoxic T cells [72–75].
Subsequently, the activated CD8+ T cells produce perforin and
granzymes for destroying tumor cells expressing the specific
tumor antigens. T-cell cross-priming by DCs have also been
reported following both reovirus and parvovirus induced tumor
cell oncolysis [76]. Another study have previously described that
infection of tumor cells by different OVs elicits the delivery of TAAs
within TME, which consequently facilitates the identification of
TAA-loaded tumor cells by CD4 positive T cells [77]. On other
hand, OVs also target cancer stromal cells, including pericytes,
cancer-associated fibroblast (CAF), and endothelial cells, hence
simultaneously destroying the complex structure of TME and
increasing tumor penetration rate and availability for immune
infiltration [78]. Therefore, OV-induced antitumor immune
response was shown to counteract the immunosuppressive TME
[79, 80]

Blunting tumor relapse
Despite performing the maximal initial therapy, tumor relapse still
remains a major clinical challenge. Even with repeated surgery,
reirradiation, and chemotherapy, most types of tumors invariably
recur yet. It has been reported that emergent recurrent tumors
gain a phenotype distinct from that of their originated primary
tumors [81]. Correspondingly, this new phenotype facilitates
evasion from host-derived antitumor immune response that is
induced by the advancement from minimal residual disease (MRD)
to the dynamically growing tumor relapse [82].
In recent years, oncolytic adenoviruses have been identified as

appealing therapeutic modalities, as they can efficiently destroy
cancer stem cells (CSCs) as well as eliciting cell death through
various mechanisms such as upregulating the expression of some
toxic proteins, direct lysis, T-cell-mediated immunity, and the
induction of cytokines [83]. GBM stem-like cells, as a group of
cancer cells with stemness capability, are mostly accounted for
tumor relapse. In the study by Jahan et al., the therapeutic effect
of oHSV (oHSV‐TRAIL) on Temozolomide (TMZ) resistant patient‐
derived GBM stem cells was evaluated [84]. In this regard, it was
reported that oHSV‐TRAIL regulated DNA damage response
pathways, cell survival, and MAPK signaling axis in both primary
and recurrent TMZ‐resistant GBM stem cells [84]. Moreover, it was
demonstrated that oHSV‐TRAIL could effectively suppress tumor
progression and consequently increase overall survival of animal
bearing TMZ‐insensitive recurrent intracerebral GBM stem-like
cells through the strong targeted initiation of apoptosis, thereby,
leading to tumor eradication in 40% of the treated mice [84].
In another study, the efficacy and mechanisms of action of the

DNX-2401 (Delta-24-RGD; tasadenoturev) were evaluated in
patients with recurrent malignant glioma [85]. Moreover, it has
been reported that DNX-2401 could dramatically prolong the
survival of patients with recurrent malignant glioma possibly
through increasing the presence of cytotoxic CD8-positive and T-
bet-positive cells as well as the downregulation of transmembrane
immunoglobulin mucin-3 (TIM-3) [85]. In addition, another
mechanism leading to tumor relapse is the induction of
exhaustion phenotype in T cells [86]. Synergisms of TIM-3 and
PD-1, which are both inhibitory receptors, could also regulate
exhausted T cells [86] and collaborate in triggering CD8+ T-cell

suppression [87, 88]. While tumor infection with DNX-2401 does
not significantly modify PD-1 expression, performing a treatment
with DNX-2401 downregulated TIM-3 represents that DNX-2401
might moderately overwhelm T-cell exhaustion in immunosup-
pressive tumor settings as well as inhibiting tumor relapse [85].
Different studies have previously suggested the essential role of

TGF-β in sustaining stemness of both GBM stem cells and GBM
recurrence. In the study conducted by Esaki et al., the synergistic
effects of TGF-β inhibitors and oncolytic herpes simplex virus
(oHSV) on the treatment of recurrent GBM, were evaluated [89]. It
was indicated that, signaling of TGF-β induces phenotype
resistance against radiation, immune-suppression invasion/migra-
tion, and angiogenesis in GBM [90].
The therapeutic values of TGFβR kinases inhibition and oHSV

have been tested in patient-derived recurrent GBM models [89].
Interestingly, while these GBM stem cells have shown resistant
phenotype against temozolomide, they were simultaneously
sensitive to both MG18L and oHSVs G47Δ. In particular, the use
of oHSV-plus-TGFβR inhibitor was successful in eliminating the
number of recurrent GBM stem cells and also in reducing the risk
of disease relapse through suppressing of both JNK and APK
signaling pathways [89].
It was found that cancer cells producing the CAR-targeted

antigen can evade adaptive T-cell therapy by losing the antigen’s
expression, particularly when targeting non-oncogenic or non-
driving molecules [91]. Cancer cells by applying various mechan-
isms, including deletion or downregulation of target antigens,
antigen mutation, and selective survival of antigen-negative
cancer cells, are escaping from immune recognition [92]. The
decreased surface expression of CD22 on B-cell ALL cells has been
recognized as a relapse mechanism in response to CD22-CAR
immunotherapy [93]. Following the CAR T-cell therapy, OV therapy
by the stimulation of endogenous immune effector cells and non-
CAR T cells can synergistically target tumor cells and also prevent
antigen-negative relapse [94]. In this regard, it has been suggested
that the intratumoral delivery of an oncolytic virus engineered to
recruit immune cells might favorably modify the immunosup-
pressive TME in the inoculated lesions, enhance CD8+ T-cell
infiltration, and suppress antigen-negative relapse [80, 94].

THE MODIFIED OVS WITH PAYLOADS FOR AUGMENTING THE
FUNCTION OF CAR
Re-engineering OVs with some anticancer agents for regulating
TME showed some promising results in several clinical investiga-
tions. More specifically, it was found that several of them will be
extremely appropriate for combining CAR T-cell therapy with ACT.
After the infection of tumor cells with these OVs, the expression
profile of cytokines or chemokines in TME would change, an event
that in turn converts the hostile environment to a more
accommodating place not only for the entrance of CAR T cell,
but also for their stimulation, expansion, and persistence.
Alternatively, these recombinant OVs may promote epitope
spreading, endogenous antitumor immune response, and even-
tually result in an effective combined antitumor response (Fig. 2).

The ameliorating impact of OVs in CAR T-cell function through
cytokines delivery
In recent years, cytokines have increasingly identified as an
important therapeutic agent for the treatment of patients at the
advanced stages of cancer or those with metastatic cancer [95].
The local carriage of cytokines by OVs seems to be a more
appropriate and safer strategy to be used along with CAR T-cell
therapy, as compared to so-called “armored CARs” [8]. Up to now,
various cytokine-armed OVs have been designed such as those
that could produce TNFα [96]. Type I IFNs [97], IL-2 [98], IL-18 [99],
IL-4 [100], IL-15 [101], and IL-12 [102]. Apart from pro-
inflammatory functions, a large number of these mediators (most
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notably type I IFNs and TNFα) might represent a direct toxicity on
bystander cancer cells based on their intrinsic susceptibility [102].
In the xenograft model of glioblastoma, it has been reported that
an oncolytic HSV equipped with IL-12 and IL-4 successfully
induced antitumor immune response [103]. Accordingly, similar
results were also obtained from a study that evaluated the
therapeutic potential of oncolytic adenovirus dually equipped
with IL-18 and IL-12 in the B16-F10 murine model of melanoma
[104]. Likewise, arming recombinant Newcastle disease virus
(rNDV) with IL-2 along with TRAIL (rNDV-IL-2-TRAIL) through
regulating apoptosis in melanoma and hepatocellular carcinoma
cells and promoting the proliferative capacity of both CD4 and
CD8-positive T cells, remarkably improved intrinsic antineoplastic
of rNDV [105].
In another study performed by Patel et al., the intratumoral

injection of an IFNβ armed VSV was found to be related to tumor
regression, the improved disease control, and the complete tumor
eradication in more than 30% of mice in the syngeneic lung
cancer model [106]. So far, few preclinical and clinical studies have
been conducted on investigating the synergistic effects of CAR T-
cell therapy and cytokine-armed OVs. As an example in this field,
the study of Watanabe et al., can be named, in which an
engineered adenoviral OV that could produce either TNFα or IL-2
was used combined with a mesothelin directed 4-1BB-containing
the second-generation CAR in Pancreatic ductal adenocarcinoma
(PDA) model [107]. Herein, the combination therapy was
demonstrated to promote the efficacy of CAR T cell, as the
produced TNFα and IL-2 both could counteract with the cancer
metastasis development. Furthermore, the combination therapy
was observed to be related to the deviation of macrophages to an
M1 subset, which improved maturation of dendritic cell and the
local recruitment of both adoptively transferred donor CAR T cells
and non-CAR host T cells through the secretion of TNFα-inducible
chemokines such as CXCL-10, CCL-2, and CCL-5 [107].
In a similar approach, Hurton et al., generated CAR T cells with

the preserved T-memory stem cells (TSCM) potential utilizing the
Sleeping Beauty platform (SBP) [108]. Given the confirmed role of
IL-15 in the regulation of T-cell memory, it fused a membrane
bound IL-15/IL-15Rα molecules to CAR T cell (mbIL15-CAR T cells).

This CAR T cell could exhibit both cis- and trans-mediated IL-15-
activations that increase both in vitro and in vivo proliferation and
persistence, respectively [108]. Moreover, although mbIL15-CAR
T cells elevated the formation of CD45RO CCR7+ CD95+ TSCM
memory subset, they were found to be affected by several stages
of the ex vivo activation [108]. Altogether, these results demon-
strated that tethered IL-15 could improve antitumor immune
response through inducing a stem-cell memory phenotype in
tumor-specific T cells.
In TME, the TGF-β signaling pathway is considered as an

essential signal for inducing immunosuppression. In the study by
Li et al., [79], the efficacies of the combination of rAd.sT, a TGF-β
signaling-targeted oncolytic adenovirus, and CAR T-cell therapy
were evaluated in a triple-negative breast cancer cells (MDA-MB-
231). As a result, they reported that rAd.sT could directly lyse
malignant cells and have considerable antitumor effects at early
stages; however, the antitumor effect reduced at the advanced
stage. Nevertheless, CAR T-cell immunotherapy showed the most
robust and long-term antitumor response. Notably, the combina-
tion therapy of CAR T with cells with rAd.sT also generated the
strongest antitumor immune responses and therapeutic effects
[79], (Table 3).

The effect of OVs on CAR T cells through chemokine delivery
Given the role of several cytokines, chemokines and adhesion
molecules in attracting the endogenous CTLs into tumor milieu, it
could be suggested that if an OV deliver these chemokines, they
could be then recruited to overcome the challenges of CAR T cells
homing via increasing their infiltration to tumor site [109].
CAR T cells that are adoptively transferred usually overexpress

CXCR3 and affording from signal 2 (and signal 3 in the fourth
generation) originated from the CAR endodomain [110]. However,
for an efficient trafficking and tumor homing, they would be
estimated yet to demonstrate if they need an inflamed tumor
milieu with sufficient chemoattractant chemokines concentra-
tions. Oncolytic viruses, which can generally stimulate the type I
IFNs local secretion, have the potential of being equipped with
corresponding chemokines, and then act as an efficient partner in
the combination immunotherapy applying CAR T cells [111]. In

Fig. 2 Oncolytic virus and CAR T-cells combination therapy in solid cancers. A The failure of CAR T cells in the treatment of solid tumors is
due to the induction of immunosuppressive TME and low penetration rate. B Treatment of cancer cells with oncolytic viruses before the
administration of CAR T cells may lead to immunogenic cell death, tumor debunking, and converted cold tumor to hot tumor. C The
genetically engineering of oncolytic viruses with payloads (Cytokines, Chemokines, BiTEs, and…) may promote effector T cells and CARs
functions. The combination of CAR T cells and oncolytic viruses expressing immune checkpoint inhibitors, chemokines, cytokines, and BiTEs
was coupled with promising therapeutic outcomes in preclinical investigations. DC dendritic cell, BiTEs bi‐specific T‐cell engagers, TGF
transforming growth factor, IL-10 interleukin 10, CSCs cancer stem cells, IDO indoleamine 2 3-dioxygenase, TAAs tumor-associated antigens,
MQ macrophage, TNF tumor necrosis factor, CXCL-10 C-X-C motif chemokine ligand 10, CCL-2 C-C motif Chemokine Ligand 2.
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tumor immunotherapy, OVs are genetically modified to generate
chemokines, in order to reinforce the infiltration of cytotoxic
T cells, DC, macrophages, or other immune cells into the tumor
milieu [112]. It has been demonstrated that the direct intratumoral
administration of a CXCL-11 armed vaccinia OV strain leads to
augmentation of the infiltration of tumor-specific cytotoxic T cells
in the syngeneic mouse mesothelioma model [113]. Moreover,
significant downregulation of immune suppressive cytokines and
chemokines such as CCL-22 (a Treg chemoattractant), TGFβ, COX2,
along with a simultaneous overexpression perforin and granzyme
B, were shown in this model [113]. A second study performed by
Moon EK et al. have evaluated the synergistic effects of CXCL-11
and mesothelin-redirected CAR T cells on mesothelioma patients
and also on murine model [110]. Accordingly, in this study, CXCL-
11 was transferred to the targeted tumor tissue either via
subcutaneous injection of a vaccinia virus armed with CXCL-11
(VV.CXCL-11) or via an upregulation in adoptively transferred
T cells transfected with a lentiviral transgene cassette, which
expressed a 4-1BB containing both anti-mesothelin CAR T cell and
CXCL-11 [110]. However, the use of both approaches was shown
to have the ability of elevating CXCL-11 expression in TME, only
VV.CXCL11could promote the antitumor efficacy following the
adoptively transferred T cells using mesothelin-redirected CARs
[110].

Expression of bispecific T-cell engagers (BiTE) by OVs
The capability of OV agents in restoring the tumor milieu and
stimulating the augmented adaptive antitumor immune response
have been revolutionized by combining them with some
engineered molecules, in order to engage TCR complex of effector
T cells. Correspondingly, these engineered molecules could
simultaneously interact with CD3ε from TCR complex and TAA
[114] (Fig. 3). The efficacy of Blinatumomab, as a preliminary BiTE
that could target both CD3 and CD19 has been previously tested
in clinical trial for the treatment of refractory B-cell acute

lymphoblastic leukemia (B-ALL) [115]. As well, the potential
synergies between BiTEs and OVs have been explored by various
study groups. In this regard, Wang et al. designed a novel T-cell
Engager Armed Vaccinia Virus (TEA-VVs) with the ability of
releasing bispecific antibodies that interacting with either EphA2
(cell surface Antigen) or CD3 [116]. Thus, the infection with OV
could stimulate T-cell-mediated bystander eradication of non-
infected cancer cells. Additionally, when this oncolytic agent is
used along with a HER2-redirected CAR, the reduction in the
survival of triple positive HER2/ EphA2/ A549 tumor cells is
reinforced more remarkably, which is an indicative of the efficacy
of this approach in resolving cold tumor heterogeneity as well as
hindering CAR-mediated antigen escape [116]. Actually, given the
confirmed capability of BiTE in redirecting adaptive transferred
T cells and CAR as well as that of OVs in regulating the
inflammatory responses in TME, it seems that this combinatorial
approach would probably bring new insight on the treatment of
solid tumors [117, 118]. The efficacy of combinational immu-
notherapy was later intensified in the results of a previous study
that indicated the proliferative ability of TEA-VV in HER2-
redirected CAR T cells, which suggested that CAR could be used
as a protective delivery carriage for TEA-VV, while sheltering it
from host exclusion [119]. Independently, this novel strategy could
be utilized in the treatment of tumor stroma and at any occasion
in which T-cell-mediated immune response is banned due to
either immunosuppressive conditions or physical restrictions. Yu
et al. in their study evaluated the potential of TEA-VV expressing
BiTE that targeted fibroblast activation protein (FAP) and murine
CD3 in the xenograft murine model of melanoma [119]. As a
result, this in vitro investigation showed that upon the existence
of murine T cells, mFAP-TEA-VV could stimulate bystander
eradication of noninfected FAP+ stromal cells. Moreover, in vivo
mFAP-TEA-VV transfection resulted in higher viral titers as well as
lower metastatic tumor burden [119]. In a similar study, it has
been reported that the use of bispecific T-cell Engager against FAP

Fig. 3 Oncolytic virus-mediated delivery of tumor-selective surface antigens. A The administration of oncolytic vaccinia virus expressing
truncated CD19 (CD19t) molecule not only increased the expression of CD19t in tumor cells, but also enhanced the antitumor activity of
CD19-CAR T cells. B Secretion of bi‐specific T‐cell engagers (BiTEs) by oncolytic virus induce tumor cell death. BiTEs are artificial bispecific
monoclonal antibodies constructing of two fused single‐chain variable (ScFv) domain of antibodies (anti‐CD3 linked to an anti‐ TAA). While
normal cells can abort oncolytic virus infection, OVs engineered to secrete BiTEs can infect and replicate in tumor cells. Oncolytic virus‐driven
TAAs expression synergizes with BiTE and CAR T-cell immunotherapies.
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(FBiTE) facilitated binding of FAP+ target tumor cells and CD3+
effector T cells, which eventually resulted in stimulation,
proliferation, and cytotoxicity of T cells against FAP-positive cells.
As well, FBiTE expression enhanced T cells’ infiltration and then
diminished the expression of FAP in TME in vivo [120]. Recently, in
a study conducted by Porter et al., the improved potency,
duration, and breadth of antitumor activity of CAR T cells applying
BiTE- checkpoint blockade and cytokine expressing OV, were
reported. In this study, CD44 variant 6 (CD44v6) specific BiTE was
subjected to binary adenovirus (CAdDuo), which has the ability of
expressing both PD-L1Ab and IL-12 to design CAdTrio [121].
Furthermore, it has been indicated that CD44v6 BiTE could
increase the sensitivity of CD44v6-expressing tumor cell lines to
the cytotoxic effect of HER2-specific CAR T cells. CD44v6 BiTE was
also found to reinforce the antitumor activity of HER2-specific CAR
T cells in orthotopic HER2−/− CD44v6+ and HER2+tumors [121].
Similar approaches have been also used related to adenoviral

OVs [122]. It has been demonstrated that EGFRBiTE-armed
adenovirus (OAd-BiTE) could consequently increase the antitumor
activity of CAR T cells at low antigen density. Moreover, when it
became evident that heterogeneous FRα expression could result
in the induction of resistance against single therapy of CAR T cells
in NSG mice bearing SKOV tumors, it has been suggested that
probably the use of the second-generation ICOS-armed anti- FRα
CAR along with OAd-BiTE might bring some promising results
[123].

OV-mediated delivery of tumor-selective surface antigens
Identifying target cells by CAR T cell is highly associated with
antigen density, implying that even solid cancers expressing TAAs,
may still be unresponsive to therapy [124]. Despite proposing
novel strategies for enhancing CAR T-cell function, few studies
have been conducted on modifying tumors for an efficient CAR T-
cell therapy. Moreover, the lack of targetable surface tumor
antigens still remains a major challenge [125, 126]. Therefore, to
resolve these problems, a novel approach of OV-mediated delivery
of tumor-selective surface antigens has recently been introduced,
in order to augment the antitumor activity of CAR T-cell therapy
(Fig. 3A). Aalipour et al. engineered a thymidine kinase-disrupted
vaccinia virus for the targeted transfer of CD19 to tumor cells.
Moreover, an in vitro evaluation verified the promoted the
cytotoxic activity of CD19-CAR T cell against two distinct tumor
cell lines. Furthermore, this approach significantly diminished
tumor growth and improved median survival in the murine
models of B16 melanoma compared with antigen-mismatched
combinations [127]. In another study, a recombinant adenovirus
expressing CD19 tag (AdC68-TMC-tCD19) was constructed, which
could label various solid tumors for single anti-CD19-CAR T
detection. Correspondingly, this engineered adenovirus could
exert the generalized tag expression and then form immunolo-
gical synapses between CAR T and neoplastic cells. Interestingly,
all these tagged animals survived after CAR T injection and tumor
growth was also inhibited in the premixed mice model by ~92%.
In addition, they combined the oncolysis ability with tumor
tagging to construct the replicative AdC68-Sur-E1A-TMC-tCD19. It
was reported that an oncolytic tagging system could significantly
prolong mice survival and eradicate the established cancers in the
mice models [128]. In a similar investigation conducted by Park
et al., an oncolytic vaccinia virus was engineered to manifest the
truncated CD19 (CD19t) molecule for tumor-selective delivery.
Their results demonstrated that intratumoral administration of
OV19t consequently upregulated CD19t and promoted tumor
inhibition in response to CD19-CAR T-cell infusion [129], (Table 3).

CURRENT CHALLENGES AND FUTURE DIRECTIONS
These preclinical findings evidently highlighted that, while solid
tumors are educated at escaping immunotherapies, aTa
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combination of CAR T-cell immunotherapy with OVs can over-
whelm these evasion mechanisms. In addition, recent clinical trials
implied that combinatorial immunotherapy approaches targeting
various aspects will be needed to eliminate tumors [130, 131].
Moreover, the general significance of the OV in attracting T cells to
TME has been well established [132, 133]; however, principal
questions on the best dosing schedules and delivery routes
remained unanswered. In this regard, it is true that intratumoral
injection of the virus may deliver a larger number of OVs in the
injected tumor lesions, but applying this approach is not suitable
in the cases of tumor metastasis or visceral tumors, as the low
number of injected OVs could not remarkably counteract with
tumor-induced immunosuppressive milieu. So, it seems that
systemic delivery may be considered as a solution for this
restriction, especially in metastatic lesions; however, this approach
may stimulate the production of neutralizing antibodies against
circulating OVs, which eventually decrease the efficacy of OVs in
repeated administrations. Moreover, systemic or intratumoral
delivery of the virus may induce a very different immune
response, and timing schedules of the CAR T cells and virus can
affect the outcome. Technically, prior to the CAR T-cell infusion,
OVs should be delivered in order to alter the immune suppressive
TME, impose a lytic effect on cancer cells, and then provide a
platform for attracting CAR T cells. The patients’ preconditioning
should also be considered prior to the therapy. While the
inflammatory environment induced by the OV may overrule the
necessity of patient’s lymphodepletion for promoting CAR T-cell
proliferation, lymphodepletion could yet be regarded as an
appropriate strategy used to improve virus persistence and
replication in TME [134–137]. Of note, oncolytic agents provide a
robust oncolytic and inflammatory activities that could increase
the release of TAA. Nevertheless, the potential of OV in stimulating
an antitumor immunity has still remained elusive. Considering the
large number of viral non-self-epitopes following OV therapy,
immune responses to the viral antigens may dominate the
response in combination with the released tumor neoantigens
[138–140]. By remembering this point in mind, finding new
approaches, in order to enhance the immunogenicity of cancer
antigens and decrease the immunodominance of viral epitopes, is
required to increase epitope spreading [141]. Last, but not least,
T cells are good candidates to be used in along with OVs. Virus-
specific and central memory T cells have been applied as a CAR
expression frameworks [142, 143]. These-specific CAR T cells
maintain the capability of distinguishing both tumor and virus-
infected targets by their chimeric and native receptors, respec-
tively. Consequently, this new generation of T cells could be used
as a suitable option in combination with OVs, as the viruses could
reinforce the attraction of CAR T cells in TME. However, the main
pitfall of this strategy is the rapid clearance of OVs. Hence, the
complete success of this combination approach in preclinical and
clinical studies performed in future (Table 4) is strictly associated
with addressing the current challenges.
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