
Citation: He, J.; Munir, F.;

Ragoonanan, D.; Zaky, W.; Khazal,

S.J.; Tewari, P.; Fueyo, J.;

Gomez-Manzano, C.; Jiang, H.

Combining CAR T Cell Therapy and

Oncolytic Virotherapy for Pediatric

Solid Tumors: A Promising Option.

Immuno 2023, 3, 37–56. https://

doi.org/10.3390/immuno3010004

Academic Editor: Niels Schaft

Received: 22 December 2022

Revised: 12 January 2023

Accepted: 16 January 2023

Published: 20 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Review

Combining CAR T Cell Therapy and Oncolytic Virotherapy for
Pediatric Solid Tumors: A Promising Option
Jiasen He 1, Faryal Munir 1 , Dristhi Ragoonanan 1 , Wafik Zaky 1, Sajad J Khazal 1 , Priti Tewari 1 ,
Juan Fueyo 2, Candelaria Gomez-Manzano 2 and Hong Jiang 2,*

1 Department of Pediatrics—Patient Care, The University of Texas MD Anderson Cancer Center,
Houston, TX 77030, USA

2 Department of Neuro-Oncology, The University of Texas MD Anderson Cancer Center,
Houston, TX 77030, USA

* Correspondence: hjiang@mdanderson.org

Abstract: Despite advances in treatment options, the clinical outcomes of pediatric patients with
advanced solid tumors have hardly improved in decades, and alternative treatment options are
urgently needed. Innovative therapies, such as chimeric antigen receptor (CAR) T cells and oncolytic
viruses (OVs), are currently being evaluated in both adults and children with refractory solid tumors.
Because pediatric solid tumors are remarkably diverse and biologically different from their adult
counterparts, more research is required to develop effective treatment regimens for these patients.
Here, we first summarize recent efforts and advances in treatments for pediatric solid tumors. Next,
we briefly introduce the principles for CAR T cell therapy and oncolytic virotherapy and clinical
trials thereof in pediatric patients. Finally, we discuss the basis for the potential benefits of combining
the two approaches in pediatric patients with advanced solid tumors.
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1. Introduction

Pediatric solid tumors have diverse pathophysiological characteristics and clinical
presentations [1]. They can be classified as carcinomas, which are derived from epithelial
cells, and as sarcomas, which are derived from mesenchymal cells. Unlike epithelial
cancers that primarily manifest in adults, sarcoma is a more common type of solid tumor
in pediatric populations [2,3]. It suggests differential mechanisms for tumor initiation and
progression in these two age groups [3]. Based on Surveillance, Epidemiology and End
Results data, approximately 60% of pediatric malignancies are solid tumors, including
central nervous system (CNS) tumors (~20–23%), neuroblastoma (8–10%), Wilms tumors
(7–8%), malignant bone tumors (such as osteosarcoma and Ewing sarcoma; ~7%), soft-tissue
sarcomas (~7%), germ cell tumors (3–6%), liver tumors (hepatoblastoma and, more rarely,
hepatocarcinoma; 0.5–2%), and retinoblastoma (2.5–3%) [4].

With advances in multidrug chemotherapy, surgery, and radiotherapy, the 5-year
survival rate of all pediatric cancer patients now exceeds 80% [5]. These improvements,
however, are mainly in patients with hematological malignancies, while the prognosis
for patients with solid tumors, particularly those with advanced disease, remains poor.
Treatment-related toxicities of current therapies, along with limited therapeutic options
for patients with relapsed and/or refractory diseases, are major challenges in the fight
against pediatric cancer, and the need for novel treatment strategies is imperative [6].
Meanwhile, personalized targeted therapies and immunotherapies have been developed
mostly in adults [5]. Although some of these novel therapies have been effective against
certain cancers in adults, they have not been successfully and consistently reproduced
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in children [7]. The failure may be attributed to that pediatric solid tumors are funda-
mentally distinct from adult solid tumors and usually have different embryonic origins
and molecular and genetic profiles [2,3,7]. The Pediatric Cancer Genome Project showed
that most pediatric cancers occur in developing mesodermal tissues, whereas most adult
cancers occur in epithelial tissues [2,3]. Even if their histology is similar to that of adult
cancers, pediatric cancers still have a remarkably different spectrum of mutations [2]. The
first pediatric pan-cancer analysis identified 142 driver genes in pediatric cancer. Notably,
only 45% of these genes were also identified in adult pan-cancer studies [8]. To this end,
pediatric solid tumors mainly arise from the cells that acquire a deleterious mutation in
genes that are both important for cell cycle arrest as well as organ differentiation during
early organ development [3]. On the other hand, adult solid tumors originate within
differentiated adult tissues with accumulation of multiple sequential mutations directly
linked to environmental exposures [3].

Thus, it is not surprising that only a few targeted therapies are effective against
pediatric solid tumors. For pediatric hematologic malignancies, ABL-class inhibitors and
anti-CD antibodies are now universally adopted as a part of standard therapy, but for
pediatric solid tumors, only a few drugs are under investigation in children, including
larotrectinib for neurotrophic tyrosine receptor kinase (NTRK) fusion–positive tumors,
crizotinib for inflammatory myofibroblastic tumors, MEK inhibitors for neurofibromatosis
type 1, and BRAF inhibitors for BRAF V600E–mutated tumors [5,9,10].

Immunotherapy has shifted the paradigm of adult cancer treatment. It has been
proven effective against a wide range of adult cancers, but this progress has not yet been
fully translated into the pediatric cancer field. Immune checkpoint inhibitors, which are
now widely used in adult anticancer regimens, tend to elicit less response in pediatric
solid tumors with a low mutational burden [8,11,12]. To this end, in pediatric patients,
immunotherapy is mainly limited to antibody-based therapies and CAR T cell therapy
for hematologic malignancies. Dinutuximab, an antidisialoganglioside GD2 chimeric
monoclonal antibody, is the only FDA-approved monoclonal antibody for pediatric solid
tumors [13]. Although CAR T cell therapy has had dramatic effects against pediatric
hematologic malignancies, its efficacy against pediatric solid tumors is currently suboptimal.
The disparity of the effect of CAR T cell therapy in solid tumors is attributed to their unique
properties that are different from hematologic malignancies, including physical barrier
for CAR T cells to reach tumor cells, metabolically challenging and immunosuppressive
tumor microenvironment (TME), and heterogeneous cancer cell populations within the
tumors [14–16].

Oncolytic virotherapy is another alternative cancer treatment approach under active
clinical investigation. The use of viruses for cancer treatment stems from the observations
of tumor regressions that coincided with virus infection since the mid-1800s [17]. With
the efforts of tuning the viruses to be more cancer-cell-selective, oncolytic virotherapy
is emerging as a promising cancer treatment, especially in pediatric patients with brain
tumors [18,19]. Preclinical evidence suggests that OVs, which can activate an TME, could
be combined with adoptive cell therapy. However, because there is almost no clinical
experience with this combination, the efficacy and toxicity are unknown.

2. CAR T Cell Therapy for Pediatric Solid Tumors

Adoptive cell therapy utilizes tumor-infiltrating lymphocytes as well as engineered
CAR or T cell receptor-expressing T cells to target neoplastic cells [20]. CAR T cells recognize
tumor-associated antigens (TAAs) on cancer cells’ surface regardless of their expression of
the major histocompatibility complex, leading to lysis of the targeted cancer cells [21]. This
effect is achieved through a CAR that has an extracellular antigen-binding domain fused
to a transmembrane domain and intracellular signaling elements from CD3ζ, the initiator
of T cell signaling [21]. Because an effective T cell response requires both T cell receptor
signaling through CD3-ζ (signal 1) and costimulatory signaling (signal 2), the intracellular
signaling elements of costimulators such as CD28, 4-1BB, and OX40 are inserted between
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the transmembrane domain and the CD3ζ elements to improve and sustain the potency of
the T cells [22] (Figure 1).
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Figure 1. Evolving CAR designs in engineered T cells. The first-generation CARs contain an
antigen-binding domain, transmembrane domain (TM), and a signaling domain (typically CD3ζ)
that provides “signal 1” to activate T cells. A costimulatory signaling domain that provides “signal 2”
is added in second-generation CARs, and two tandem costimulatory signaling domains are added in
third-generation CARs between TM and signal 1 domain.

Thus far, the most successful CAR T therapy is targeting CD19, a surface protein that is
exclusively expressed on both normal and malignant B cells [23]. With a reasonable safety
profile, anti-CD19 CAR T cells are effective against B cell malignancies, including B cell acute
lymphoblastic leukemia (B-ALL) and large B cell lymphoma (LBCL) [24,25]. After about
three decades of research—going back to the development of the first generation of CAR
T cells in the late 1980s [26,27]—anti-CD19 CAR T cells have become the first CAR T cell
therapy approved by the U.S. Food and Drug Administration (FDA) for the treatment
of patients with B cell malignancies. The FDA approved Novartis’s tisagenlecleucel for
B-ALL in 2017, Gilead’s axicabtagene ciloleucel for LBCL in 2017, Gilead’s brexucabtagene
autoleucel for mantle cell lymphoma in 2020, and Bristol Myers Squibb’s lisocabtagene
maraleucel for relapsed or refractory LBCL in 2021 [28]. To further improve patient out-
comes, researchers are now focusing on identifying factors that affect the efficacy of the
CAR T cells, such as disease histology, the lymphodepleting regimen used, and the CAR
architecture/costimulatory domain employed in the construct [25].

Despite its remarkable success in patients with hematopoietic malignancies, however,
the effect of CAR T cell therapy in treating solid tumors remains to be determined [14–16,25].
The application is challenging because of its innate limitations and the unique aforemen-
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tioned properties of solid tumors [14–16]. Preclinical and clinical studies have identified
several factors restraining the effective use of CAR T cells in patients with solid tumors.
First, cancers treated with engineered T cells that target limited TAAs can undergo antigen
escape owing to selection pressure favoring the tumor cells that lack the targeted anti-
gens [29]. Second, because of limited available tumor-specific antigens, CAR T cells target
TAAs that tumors may share with normal tissue, resulting in strong on-target, off-tumor
toxicity [30]. Third, CAR T cells infiltrate solid tumors poorly and are prone to anergy
within the immunosuppressive TME [31].

Clinical trials of CAR T cell therapies in pediatric patients with solid tumors are sum-
marized in Table 1. Some of the ongoing trials are investigating CAR T cells targeting GD2,
B7-H3 (CD267), human epidermal growth factor receptor 2 (HER2), New York esophageal
squamous cell carcinoma 1 (NY-ESO-1), L1 cell adhesion molecule protein, epidermal
growth factor receptor (EGFR), interleukin (IL)-13 receptor alpha 2 (IL13Rα2), glypican-3
(GPC-3), and prostate-specific membrane antigen (PSMA) [32,33]. Among these TAAs, GD2
is ranked twelfth among 75 potential targets for anticancer therapy by the National Cancer
Institute [34]. It is overexpressed by a variety of pediatric and adult solid tumors, but its ex-
pression is limited in normal human tissues [32,33,35]. In a Phase I clinical trial investigating
first-generation anti-GD2 CAR T cells without lymphodepletion, 3 of 11 patients with active
neuroblastoma had a complete remission [36,37], which was associated with the persistence
of the CAR T cells in the blood [37]. Thereafter, a Phase I trial demonstrated that third-
generation anti-GD2 CAR T cells with lymphodepletion elicited modest early antitumor
responses in patients with relapsed/refractory neuroblastoma [38] and that lymphodeple-
tion with cyclophosphamide and fludarabine increased CAR T cell expansion [38]. Recently,
a Phase I trial of anti-GD2 CAR T cells in patients with relapsed/refractory neuroblastoma
showed that the CAR T cells did not persist until the dose was at least 1 × 108 cells/m2 [39].
In another study, researchers transduced an anti-GD2 CAR gene into natural killer T (NKT)
cells, an innate-like T cell sub-lineage possessing natural killer cell-like properties [40,41].
The resultant anti-GD2 CAR NKT cells, which were also engineered to express IL-15
to promote greater persistence [41], induced objective responses in patients with Stage
IV relapsed/refractory neuroblastoma [40,41] (https://www.onclive.com/view/car-nkt-
cell-therapy-can-induce-complete-remissions-in-pediatric-neuroblastoma (accessed on
1 December 2022)). Ongoing trials are investigating approaches that simultaneously target
multiple proteins, such as the combination of CD276, PSMA, and GD2 (NCT04637503), to
achieve sustainable tumor regression.

https://www.onclive.com/view/car-nkt-cell-therapy-can-induce-complete-remissions-in-pediatric-neuroblastoma
https://www.onclive.com/view/car-nkt-cell-therapy-can-induce-complete-remissions-in-pediatric-neuroblastoma
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Table 1. Clinical trials of CAR T cell therapy in pediatric patients with solid tumors.

Cancer Type Phase NCT Age Range,
Years

Cell
Target

Route of
Delivery for CAR T

Cell

CAR T Cell
Therapy Cotherapy Status

Solid tumors I/II NCT04432649 1–75 B7-H3 (CD267) Intravenous Anti-CD267 4S CAR T cells N/A Recruiting

Relapsed/refractory non-CNS
solid tumors I NCT04483778 0–26 B7-H3 (CD267) Intravenous 4-1BBζ B7H3-EGFRt-DHFR; 4-1BBζ

CD19-Her2tG N/A Recruiting

CD267-positive advanced
solid tumors I NCT04864821 1–70 B7-H3 (CD267) Intravenous Anti-CD267 CAR T cells N/A Not yet Recruiting

Relapsed/refractory CD267-positive
solid tumors I NCT04897321 0–21 B7-H3 (CD267) Intravenous Anti-CD267 CAR T cells Lymphodepletion with

cyclophosphamide and fludarabine Recruiting

Solid tumors N/A NCT04691713 3–70 B7-H3 (CD267) Intravenous Anti-CD267 CAR T cells N/A Recruiting

DIPG and relapse/refractory brain tumors I NCT04185038 1–26 B7-H3 (CD267) Locoregional Anti-CD267 CAR T cells N/A Recruiting

Non-CNS solid tumors I NCT03618381 1–30 EGFR Intravenous 4-1BBζ EGFR806-EGFRt; 4 1BBζ
CD19-Her2tG N/A Recruiting

Relapsed/refractory brain tumors I NCT03638167 1–26 EGFR806 Locoregional Anti EGFR806-specific CAR T cells N/A Recruiting
High risk and/or relapsed/refractory NB

or other GD2-positive solid tumors I/II NCT03373097 [42] 1–25 GD2 Intravenous Anti-GD2 CAR T cells N/A Recruiting

Relapsed/refractory NB I NCT02761915 [39] 0–1 GD2 Intravenous Anti-GD2 CAR T cells
Lymphodepletion with

leukapheresis,
cyclophosphimide, fludarabine

Complete

GD2-positive OS, NB, or melanoma I NCT02107963 1–35 GD2 Intravenous Anti-GD2 CAR T cells Lymphodepletion
cyclophosphamide and AP1903 Complete

Relapsed/refractory solid tumors I/II NCT02992210 1–65 GD2 Intravenous Anti-GD2 4S CAR T cells N/A Unknown

NB I NCT01822652 All ages GD2 Intravenous iC9-GD2 CAR T Cells

Lymphodepletion with
Cyclophosphamide, fludarabine,

pembrolizumab, other PD-1
inhibitors

Active not recruiting

NB I NCT00085930 1–21 GD2 Intravenous Anti-GD2 CAR EBV-specific CTLs N/A Active not recruiting

DIPG or spinal DMG I NCT04196413 2–30 GD2 Intravenous Anti-GD2 CAR T cells Lymphodeption with
fludarabineand cyclophosphamide Recruiting

GD2-postive brain tumors I NCT04099797 1–21 GD2 Intravenous C7R-GD2.CAR T cells lymphodepletion chemotherapy Recruiting

NB I NCT03294954 [40] 1–21 GD2 Intravenous Anti-GD2CAR NKT cells expressing
IL-15

Lymphodepletion with
cyclophosphamide and fludarabine Recruiting

Solid tumors I/II NCT05437315 1–75 GD2 PSMA Intravenous Bi-4SCAR GD2/PSMA T cells N/A Recruiting

NB I/II NCT04637503 1–65 GD2, CD276
(B7-H3), PSMA Intravenous Anti-GD2, PSMA, and CD276 CAR-T

cells N/A Recruiting

GPC3-positive solid tumors I NCT04377932 1–21 GPC3 Intravenous Anti-GPC3 CAR T cells Lymphodeption with
fludarabineand cyclophosphamide Recruiting

GPC3-positive solid tumors I NCT04715191 1–21 GPC3 Intravenous 15.21.GPC3-CAR T cells Lymphodeption with
fludarabineand cyclophosphamide Not yet recruiting

Liver cancer I NCT02932956 1–21 GPC3 Intravenous Anti-GPC3 CAR T cells Lymphodeption with
fludarabineand cyclophosphamide Active not recruiting

Advanced sarcomas I NCT00902044 [43] All ages HER2 Intravenous Anti-HER2 CAR T cells Lymphodeption with
fludarabineand cyclophosphamide Active not recruiting

Brain tumors I NCT03500991 [44] 1–26 HER2 Locoregional Anti-HER2 CAR T cells N/A Recruiting
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Table 1. Cont.

Cancer Type Phase NCT Age Range,
Years

Cell
Target

Route of
Delivery for CAR T

Cell

CAR T Cell
Therapy Cotherapy Status

GBM I NCT01109095 All ages HER2 Intravenous Anti-HER 2 CAR CMV-specific CTLs N/A Complete

Relapsed/refractory Brain tumors I NCT02442297 >3 HER2 Locoregional Anti-HER2 CAR T cells N/A Recruiting
Relapsed/refractory IL13Rα2-positive

malignant glioma I NCT02208362 [45] 12–75 IL13Rα2 Locoregional IL13(EQ)BBzeta/CD19t+
TCM-enriched T cells N/A Active

Relapsed/refractory IL13Rα2-positive
malignant glioma I NCT04510051 4–25 IL13Rα2 intraventricularly IL13(EQ)BBzeta/CD19t+

TCM-enriched T Cells Lymphodepletion Recruiting

Sarcoma, osteosarcoma, or Ewing sarcoma I/II NCT03356782 1–75 Sarcoma cell
surface antigens IV Sarcoma-specific CAR T cells N/A Recruiting

Abbreviations: NB: neuroblastoma, OS: osteosarcoma, DIPG: diffuse midline intrinsic pontine glioma, DMG: diffuse midline glioma, GBM: glioblastoma, GD2: disialoganglioside,
HER2: human epidermal growth factor receptor 2, EGFR: epidermal growth factor receptor, IL13Rα2: interleukin-13 receptor alpha 2, GPC3: glypican-3, PSMA: prostate-specific
membrane antigen, CTL: cytotoxic T lymphocytes.
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Another popular target for CAR T cell therapy is HER2. In one case report, a patient
with colorectal cancer and lung metastasis received an intravenous infusion of anti-HER2
CAR T cells at a dose of 1 × 1010 cells/m2 and developed fatal respiratory failure 15 min
later [46], possibly because of overwhelming cytokine release syndrome (CRS) resulting
from the large dose of cells, which accumulated in the lung [46]. Then, in a Phase I/II trial
in patients with recurrent/refractory HER2-positive sarcoma, anti-HER2 CAR T cells given
at a lower starting dose of 1 × 104 cells/m2 had no dose-limiting toxicities but also did not
expand. When the dose was increased to more than 1 × 106 cells/m2, the persistence of the
CAR T cells was enhanced [47]. In an ongoing Phase I trial (NCT00902044), anti-HER2 CAR
T cells given at a dose of up to 1 × 108 cells/m2 with lymphodepletion elicited a clinical
response in one patient with metastatic rhabdomyosarcoma [43].

CAR T cell therapy is also being investigated in pediatric brain cancers, which are
the most common type of pediatric solid cancer and the leading cause of death from
cancer in children [48]. Although the survival rates of children with medulloblastoma and
low-grade glioma have improved remarkably, the prognosis for children with other brain
tumors, such as diffuse midline glioma (DMG) and other high-grade gliomas, remains
poor [49]. In 2016, the first case of effective CAR T cell therapy in a brain tumor patient
was reported [45]. The patient, a 50-year-old man with recurrent multifocal glioblastoma,
received multiple infusions of CAR T cells targeting IL13Rα2 over 220 days through the
resected tumor cavity and then the ventricular system [45]. The patient had a transient
complete response followed by relapse at various locations [45]. Thereafter, a Phase I study
investigated the use of peripherally administered anti-HER2 CAR-modified virus-specific T
cells (HER2-CAR VSTs) to treat progressive glioblastoma in pediatric and adult patients [50].
In addition to the signal from the HER2 antigen, the CAR T cells were stimulated by
latent virus antigens presented by antigen-presenting cells (APCs) to optimize the T cells’
persistence. Thus, HER2-CAR VSTs were detected in the peripheral blood up to 12 months
after infusion [50]. Of the 17 patients enrolled in the study, one had a partial response for
more than 9 months and seven had stable disease for up to 29 months [50]. Multiple factors
may have contributed to the limited efficacy of the HER2-CAR VSTs in this trial. Given a
previous report of a patient dying from HER2-CAR T cell therapy [46], the trial runners
used a cautious dose-escalation strategy, which could have affected the efficacy. Although
HER2-CAR VSTs remained in the peripheral blood for a long duration, whether they
could cross the blood–brain barrier and be effective against the tumor was unknown [50].
Recently, another group presented their interim analysis of a study in which pediatric
patients with recurrent/refractory CNS tumors received locoregional infusions of HER2-
specific CAR T cells through CNS catheters (NCT0300991) [44]. The first three patients
enrolled in this trial tolerated infusions into either the tumor cavity or ventricular system
and experienced no dose-limiting toxicity. The researchers reported clinical and laboratory
evidence of local CNS immune activation [44].

In early 2022, Majzner et al. reported encouraging results from a Phase I dose-
escalation trial of anti-GD2 CAR T cell therapy in patients with H3K27M-mutated DMG [51],
one of the most devastating pediatric tumors with an expected overall survival duration
of around 12 months after RT [52]. The first four patients enrolled in this trial received
intravenous or intracerebroventricular infusions of anti-GD2 CAR T cells and had manage-
able toxicity. Of these four patients, three showed clinical and radiological improvement.
However, in addition to having CRS and immune-effector-cell-associated neurotoxicity
syndrome (ICANS), which often occur with other CAR T cell therapies, some patients
had tumor-inflammation-associated neurotoxicity, which was consistent with CAR T cell-
mediated inflammation in sites of CNS disease and manifested as transient worsening of
existing deficits or even as episodes of increased intracranial pressure due to brainstem
edema. Because such neurotoxicity can be life-threatening, intensive inpatient management
was required to ensure safety [51]. One of the major concerns in the trial was the therapy’s
on-target, off-tumor toxicity, since normal neural cells also express GD2. However, none
of the patients showed any signs or symptoms of on-target, off-tumor toxicity, which
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is consistent with the theory that CAR T cell therapy requires high antigen density for
effector function [51]. Most recently, Vitanza et al. reported the preliminary results for
the first three DMG patients who received intraventricular infusions of anti–B7-H3 CAR
T cells in the ongoing Phase I BrainChild-03 trial [53]. Each patient received 40 infusions of
anti-B7-H3 CAR T cells through a CNS catheter without lymphodepletion, and none had
any dose-limiting toxicities. In addition, one patient sustained clinical and radiographic
improvement [53]. These preliminary results demonstrate the feasibility of using repeated
intraventricular infusions of CAR T cells without lymphodepletion.

Until now, only Phase I/II clinical trials with small patient numbers (mostly fewer than
20) have investigated CAR T cell therapy in pediatric patients with solid tumors. Although
these trials have not yet produced conclusive results, they have provided proof-of-principle
data supporting further clinical investigations. In most of the patients in these trials, CAR
T cells lacked both toxicity and efficacy, but a small subset of patients had objective re-
sponses with limited on-target, off-tumor toxicity. Because the toxicity and efficacy are both
dose-dependent and happen concomitantly, CAR T cell regimens need to be designed to
have maximal efficacy and minimal toxicity through optimized dosing, delivery routes, and
supportive care. To this end, the regional delivery of CAR T cells to CNS tumors induced
objective responses [45,51,53] and may have diminished the toxicity related to upregulated
cytokines in the peripheral blood [51]. Learning from clinical experience, researchers are
placing greater efforts on identifying feasible tumor-specific targets; genetically engineering
CAR T cells to increase and sustain their potency while minimizing their toxicity; and
combining CAR T cells with other therapies to improve patient outcomes.

3. Oncolytic Virotherapy in Pediatric Solid Tumors

OVs are naturally occurring or genetically engineered replication-competent viruses
that preferentially lyse cancer cells by selectively infecting and/or replicating in these
cells [54–56]. OVs can be classified as DNA or RNA viruses based on their genomic
content, which is packaged in a protein coat called the capsid [57,58]. In some OVs, the
capsid is surrounded by lipid bilayer envelopes that are derived from portions of the
host cell membrane, which includes some viral glycoproteins [58]. From 2000 to 2020,
97 studies reported data on 3233 patients enrolled in clinical trials of OVs, including
adenovirus, herpesvirus, picornavirus, measles virus, vaccinia virus, reovirus, poliovirus,
coxsackievirus, vesicular stomatitis virus (VSV), parvovirus, and retrovirus [59,60]. Thus
far, only four OVs have been approved for the treatment of advanced solid tumors. Rigvir,
a nonenveloped RNA virus derived from the native ECHO-7 strain of a picornavirus, was
approved for melanoma treatment in Latvia in 2004 [61]. One year later, H101, a genetically
modified adenovirus (DNA virus, nonenveloped), was approved in China for the treatment
of nasopharyngeal carcinoma in combination with cytotoxic chemotherapy [62]. In 2015,
the U.S. FDA approved talimogene laherparepvec, an attenuated herpes simplex virus, type
1 (HSV-1; DNA virus, enveloped) expressing granulocyte-macrophage colony-stimulating
factor for the local treatment of unresectable cutaneous, subcutaneous, and nodal lesions
in patients with recurrent melanoma after initial surgery [63]. Most recently, intertumoral
G47 ∆, a third-generation oncolytic HSV-1, was approved in Japan for the treatment of
recurrent glioblastoma [64]. However, among the more than 200 clinical trials of OVs,
only 10 included pediatric patients [59,65], who accounted for 1.9% of all patients in the
trials [59].

When interest in their use resurged in the 1990s, OVs were expected to cause a cascad-
ing oncolytic effect in the entire tumor, resulting in the eradication of the malignancy [56].
However, the clinical experience with OVs revealed that patient outcomes were not as ideal
as what was observed in cultured cells or in nude mice with no immune components [55].
Objective responses were reported in 9% of patients in the clinical trials [59]. The low effi-
cacy of OVs in patients is attributed to obstacles for translating oncolytic virotherapy into
clinic, including viral delivery, spread, resistance, and antiviral immunity [66]. To enhance
intratumoral viral spread, OVs have been armed with enzymes to degrade extracellular
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matrix proteins, such as hyaluronidase and metalloproteinase [66]. To circumvent antiviral
immunity, several approaches have been adopted, such as combining OVs with immuno-
suppressive drugs; using low-seroprevalent OVs, molecular engineering of chimeric OVs,
switching viral coat proteins; and delivering OVs with cellular vehicles [66]. Nevertheless,
for the past two decades, accumulating evidence has shown that, although host antiviral
immunity can disrupt the oncolytic cascade of the viruses, the direct lysis of cancer cells by
OVs is followed by the induction of potent antitumor immunity, which is crucial to their
efficacy [54–56]. To this end, viral infection and replication lead to tumor necrosis and the
subsequent recruitment of immune cells to the tumor to elicit an innate immune response
followed by adoptive immunity against cancer neoantigens [56]. To further activate the
immunosuppressive TME and increase the antitumor immunity instigated by OVs in solid
tumors, researchers are developing strategies to combine OVs with immune modulators
such as cytokines, immune checkpoint inhibitors, or immune costimulators [56].

Clinical experience demonstrates that the effectiveness of immunomodulatory strate-
gies depends on the presence of a baseline immune response and on the stimulation of
pre-existing immunity [31,67]. In solid tumors, an immunogenic (or “inflamed” or “hot”)
TME includes tumor-infiltrating lymphocytes, possible genomic instability, a pre-existing
antitumor immune response, and tumor-associated immune cells that express programmed
death-ligand 1 (PD-L1), whereas a nonimmunogenic (or “noninflamed” or “cold”) TME
lacks these components [31,67]. Immunogenomic analyses have shown that the functional
orientation of the TME has a prognostic role in adults with solid tumors. A systematic
analysis of public RNAseq data from 408 pediatric patients with five types of extracranial
tumors revealed that the five principal modules for immune traits were the same as those
described previously in adults with these tumors [68]. The best overall survival was cor-
related with the cluster characterized by low enrichment of the wound-healing signature,
high Th1 infiltration, and low Th2 infiltration [68]. Thus, high-risk refractory pediatric
solid tumors, including most pediatric brain tumors, particularly aggressive subtypes such
as DMG and medulloblastoma, are immune-cold, with high myeloid signatures and low
T cell infiltration [69–71]. As mentioned previously, preclinical and clinical studies have
demonstrated that OVs can induce immune activation within the TME, turning cold tumors
into hot ones [18,19,72–74]. Thus, oncolytic virotherapy is a promising alternative approach
for these patients.

The few clinical trials of OVs in pediatric patients with relapsed/refractory solid
tumors, including CNS neoplasms, are summarized in Table 2. These trials have demon-
strated that the viruses can elicit inflammation within the TME with acceptable safety
profiles and encouraging clinical responses [18,19,65,75]. In a Phase I trial in children
with relapsed/refractory neuroblastoma, rhabdomyosarcoma, or rare tumors with neu-
roendocrine features, Seneca Valley virus (NTX-010), an oncolytic RNA virus (family
Picornaviridae), was well tolerated either alone or in combination with cyclophosphamide
at the dose levels tested [76]. This trial was based on the results of a Phase I trial of NTX-
010 in adult patients with small cell lung cancer or carcinoid tumors. However, Phase II
trials showed that NTX-010 given after platinum-based chemotherapy was not beneficial
for adult patients with small cell lung cancer [77]. In fact, the persistence of the virus in
the blood was associated with a shorter progression-free survival duration [77]. In two
other Phase I trials, Seprehvir (HSV1716), an oncolytic HSV-1, was delivered either intra-
tumorally or intravenously in young patients with relapsed/refractory extracranial solid
tumors [78,79]. The trials showed that the OV treatment with either delivery method was
well tolerated but did not elicit objective responses [78,79]. Alternative delivery methods to
increase the amount of OVs administered to patients, minimize toxicities, and avoid direct
tumor injections have been investigated. In a Phase I trial that included nine pediatric
patients with relapsed/refractory solid tumors, autologous mesenchymal stem cells were
used as the vehicle to deliver Celyvir, an oncolytic adenovirus, to the tumor sites [75]. Al-
though the OV caused only Grade 1 toxicities, it did not elicit any objective responses [75].
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Moreover, the trial had a high screening failure rate (around 50%), as many patients had
disease progression during the 6 weeks needed to manufacture Celyvir [75].

Table 2. Clinical trials of oncolytic virotherapy in pediatric patients with solid tumors.

Cancer Type Phase NCT Age Range,
Years Virus Name Virus

Type/Family
Route of
Delivery Cotherapy Status

Treatment-naïve DIPG
or DMG I NCT03178032 [18] 1–18 Adenovirus

(DNX-2401) Adenoviridae Intratumoral
injection

Neoadjuvant
therapy Complete

Refractory
retinoblastoma I NCT03284268 1–12 Adenovirus

(VCN-01) Adenoviridae Intravitreal
injection

Systemic
intraarterial

or intravitreal
chemotherapy

or radiotherapy

Recruiting

Brain tumors I/II NCT03330197 0–21
Adenovirus

(Ad-RTS-hIL-
12)

Adenoviridae Intratumoral
injection Oral Vekedimex Terminated

Recurrent
high-grade gliomas II NCT04482933 3–21 HSV G207 Herpesviridae Intratumoral

injection Radiation Not yet R

Recurrent cerebellar
solid tumors I NCT03911388 3–18 HSV G207 Herpesviridae Intratumoral

injection - Recruiting

Recurrent CNS
supratentorial

neoplasms
I NCT02457845 3–18 HSV G207 Herpesviridae Intratumoral

injection Radiation Active, not yet
recruiting

Non-CNS solid tumors I NCT00931931 7–30 HSV1716 Herpesviridae
Intratumoral
injection or
intravenous

- Complete

Recurrent childhood
CNS solid tumors that

can be removed
by surgery

I NCT02031965 12–21 HSV-1716 Herpesviridae Intratumoral
injection

Dexamethasone,
conventional

surgery/resection
Terminated

Recurrent MB or
recurrent ATRT NCT02962167 1–39

Modified
Measles Virus

(MV-NIS)
Paramyxoviridae

Intratumoral
injection or
intrathecal

- Recruiting

GBM, NB, or sarcoma I/II NCT01174537 3–75 NDV Paramyxoviridae Intravenous - Withdrawn

Metastatic cancers
resistant to

conventional
anticancer treatments

II NCT00348842 All ages NDV Paramyxoviridae
Intratumoral
injection or
intravenous

- Withdrawn

Recurrent
malignant gliomas Ib NCT03043391 12–21

Polio/Rhinovirus
Recombinant;

PVS-RIPO
Picornaviridae Intratumoral

injection - Active, not yet
recruiting

Non-CNS solid tumors I NCT01169584 2–21 Recombinant
Vaccinia Virus Poxviridae Intratumoral

injection - Complete

Non-CNS bone and soft
tissue sarcomas

metastatic to the lung
II NCT00503295 >16 Reovirus

(REOLYSIN®) Reoviridae Intravenous - Complete

Relapsed/refractory
ST with

neuroendocrine features
I NCT01048892 3–21 Seneca Valley

virus-001 Picoranviridea intravenous Cyclophosphamide Complete

Abbreviations: NB: Neuroblastoma, OS: Osteosarcoma, MB: Medulloblastoma, ATRT: Atypical teratoid rhabdoid
tumor, DIPG: Diffuse midline intrinsic pontine glioma, DMG: Diffuse midline glioma, GBM: Glioblastoma,
ST: Solid tumor, CNS: Central nervous system, GBM: Glioblastoma; ST: Solid tumor, HSV: Herpes simplex virus,
NDV: Newcastle disease.

Two recent Phase I trials of OVs in pediatric patients with high-risk cold CNS tumors
had some encouraging results. In one trial, 12 pediatric patients with recurrent or progres-
sive supratentorial high-grade glioma each received a single intratumoral injection of G207,
an oncolytic HSV-1 [19]. Of these 12 patients, 11 had responses, and the median overall
survival duration was 12.2 months [19]. Most treatment-related toxicities were Grade 1,
and no treatment-related Grade 3 or 4 toxicities were reported [19]. In addition, six of the
patients had received radiotherapy as part of their standard treatment [19]. In the other trial,
12 pediatric patients with DMG each received a single intratumoral injection of DNX-2401
(Delta-24-RGD), an oncolytic adenovirus that selectively replicates in tumor cells with an
aberrant Rb/E2F pathway, followed by radiotherapy [80]. The median survival duration of
the patients was 17.8 months, and most of them had only Grade 1 or 2 adverse events [18].
In both trials, the viruses markedly increased the number of tumor-infiltrating lympho-
cytes [18,52], indicating that they can convert cold tumors into hot tumors to instigate an
adoptive immune response.
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In summary, as in the aforementioned clinical trials of CAR T cell therapy, most clinical
trials of OVs in pediatric patients with solid tumors are small, often enrolling fewer than
20 patients. Although most trials did not show objective responses, the recent two trials in
patients with CNS tumors suggest that OVs are effective against immunosuppressive cold
tumors that are resistant to conventional therapies [18,52]. Thus, the results are encouraging,
albeit inconclusive. Moreover, the OVs tested thus far have not had unacceptable toxicity.
These data justify further clinical investigations of OVs in this type of patients. In addition,
as the two trials in patients with CNS tumors suggest, it is feasible to combine OVs with
radiotherapy. Along these same lines, the OV-mediated immune activation in the TME may
potentiate other immunotherapies that are dampened by an immunosuppressive TME,
such as CAR T cells.

4. Combination of CAR T Cell Therapy and Oncolytic Virotherapy in Pediatric
Solid Tumors

The suboptimal efficacy of CAR T cells in solid tumors can be attributed to the poor
infiltration and inactivation of the T cells in the immunosuppressive TME [31,81]. Moreover,
owing to the limited available targets for CAR T cells and the heterogeneity of solid tumors,
the therapy may spare cancer cells with loss or downregulation of the target antigens,
leading to tumor relapse [25,82,83]. However, OVs can activate the immunosuppressive
TME, increasing the presence of T cells at the virus-injected tumor [18,19,72–74], and
this immune activation can extend to disseminated untreated tumors and peripheral
lymphoid organs [74,84]. Moreover, OVs can be armed with immune modulators, including
proinflammatory cytokines, immune costimulators, or immune checkpoint inhibitors, to
enhance their ability to activate the TME [56]. Meanwhile, the impaired APCs in the TME,
such as dendritic cells (DCs) and tumor-associated macrophages (TAM), can be overturned
and primed by TAAs in the cell debris from OV-mediated oncolysis [85,86]. Interferon
gamma (IFNγ) induced by viral infection upregulates major histocompatibility complex
(MHC) I expression on tumor cells [72,87], indicating that tumor cells can effectively
function as APCs, especially if they are infected with a virus expressing an immune
costimulator [73,88]. Thus, one can reasonably speculate that OVs can promote immunity
against other TAAs in addition to the limited targets of CAR T cells, mitigating the cancer
relapse encountered by CAR T cell therapy due to antigen escape. Moreover, CAR T cells,
because they have instant potency, can fill the therapeutic gap that arises during the early
stage of virotherapy, before the viruses are able to induce effective antitumor immunity.
Collectively, these complementary properties make the two approaches a promising match
for combination therapy (Figure 2).

Almost all published studies of combining CAR T cell therapy and OVs are preclinical
studies (Table 3). These studies demonstrated that combining OVs with CAR T cells
had therapeutic benefits in mice, including reduced tumor growth and metastasis and
improved survival rates. Most of the studies were conducted in immunodeficient mice
with human CAR T cells. Some of these studies investigated OVs that express chemokines
(e.g., RANTES, CXCL11) or cytokines (e.g., IL-12, IL-15, tumor necrosis factor alpha (TNFα),
IL-2) to enhance virus-mediated immune activation or increase the persistence of CAR
T cells [89–96]. In other studies, researchers tried to increase efficacy by using OVs that
express other transgenes, including mini-antibodies to block immune checkpoint receptors
from binding with their partner ligands [90,93,96–98]; CAR targets to enable effective cell
therapy [99–101]; and bispecific T cell engagers to redirect CAR T cells towards other
TAAs in the absence of CAR T cell targets to address tumor heterogeneity [93,96,102]. In
a few of the studies, immunocompetent mice with syngeneic tumors were used to test
the efficacy of the combination of mouse CAR T cells and OVs [99,101,103,104]. In these
mice, even without lymphodepletion, the CAR T cell therapy and combination therapy
show therapeutic benefit [101,103,104]. In most studies, OVs were injected intratumorally
to attract intravenously administered CAR T cells to the virus-activated TME to increase
oncolysis. In two studies using immunocompetent syngeneic tumor models, CAR T cells
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were administered intratumorally simultaneously with or after OV injection [99,101]. In one
recent study, the intravenous injection of CAR T cells loaded with an OV (VSV or reovirus)
followed by intravenous OV delivery prolonged the survival of mice with subcutaneous
melanoma or intracranial glioma tumors [104].
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Figure 2. The effect of combining CAR T cell therapy and oncolytic virotherapy in tumor mi-
croenvironment (TME). CAR T cells have instant potent activity to kill cancer cells expressing
tumor-associated antigens (TAAs) on cell surface, but are susceptible to TME with immune sup-
pressive modulators, such as immunosuppressive cytokines (e.g., IL-10, TGFβ), immune checkpoint
coinhibitory receptors and ligands (e.g., PD-1, PD-L1, CTLA-4), M2 phenotype tumor-associated
macrophages (TAMs), etc. Oncolytic viruses (OVs) remodel the TME through upregulating proin-
flammatory cytokines (e.g., IFNγ, IL-6, TNFα, IL-12), immune checkpoint costimulatory receptors
and ligands (e.g., OX40, OX40L, 4-1BB, 4-1BBL), mature dendritic cells (DCs), nature killer (NK)
cells, M1 phenotype TAMs, etc. The oncolysis and immune activation mediated by OVs promote
antigen spread, resulting in proliferation of cytotoxic lymphocytes (CTLs) targeting other TAAs
presented by major histocompatibility complex (MHC) in addition to CAR T cells. The combination
therapy takes advantage of the instant potent activity of CAR T cells and immune activation by OVs,
leading to more effective lysis of the heterogeneous cancer cell populations to mitigate tumor relapse
encountered by CAR T cell therapy due to antigen escape.
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Table 3. Preclinical studies of combined CAR T cell therapy and oncolytic viral therapy in pediatric
solid tumors.

Cancer Type Study Year/Author CAR T Cell Target Oncolytic Agent Route of Delivery

Neuroblastoma 2014/Nishio [89] GD2 Onc.Ad-Rantes/IL-15 Intravenous CART.
Intertumoral OAdV

Lung cancer 2014/Wang [105] HER2 EphA2-TEA-VV N/A

Breast or liver tumor 2016/Slaney [106] HER2, melanocyte
protein (gp100) VV-gp100 Intravenous

Head and neck squamous
cell carcinoma 2017/Rosewell [90] HER2 CAdVECIL12p70/aPDL1 Intravenous CART.

Intertumoral CAdV
Prostate cancer or squamous

cell carcinoma 2017/Tanoue [97] HER2 CAdVEC-aPDL1 Intravenous CART.
Intertumoral CAdV

Pancreatic ductal carcinoma
or colorectal carcinoma 2018/Wing [102] Folate receptor alpha Onc.Ad-EGFR BiTE Intravenous CART.

Intertumoral OAd-BiTE

Pancreatic ductal carcinoma 2018/Watanabe [103] Mesothelin Onc.Ad-TNFa/IL-2 Intravenous CART.
Intertumoral/Intravenous OV

Lung cancer 2018/Moon [92] Mesothelin VV.CXCL-11 Intravenous CART.
Intertumoral/Intravenous OV

Breast cancer 2019/Park [101] CD19 OV19t Intravenous CART.
Intertumoral OV19t

PDAC or squamous
cell carcinoma 2020/Porter [93] HER2 CAdTrio Intravenous CART,

Intertumoral CAdTrio
Breast cancer 2020/Li [94] Mesothelin rAd.sT N/A

Melanoma 2020/Aalipour [99] CD19 mCD19VV Intertumoral
Liver cancer or hepatocellular

carcinoma 2020/Tang [100] CD19 AdC68-TMC-tCD19 N/A

B cell lymphoma 2021/Wenthe [107] CD19 LOAd703 Intravenous CART.
Intertumoral LOAd703

PDAC 2021/Rosewell [96] HER2 CAdTrio Intravenous CART,
Intertumoral CAdTrio

GBM 2021/Huang [98] B7H3 oAD-IL7 Intravenous CART,
Intertumoral oAD-IL7

Solid tumor 2021/Chen [95] CD19 rTTV∆TK-IL21 Intravenous CART,
Intertumoral rTTV∆TK-IL21

Subcutaneous melanoma or
intracranial glioma tumor 2022/Evgin [104] EGFRvIII VSIV-mIFN β Intravenous

GBM 2022/Zhu [108] CD70 oHSV-1 Intertumoral

GBM 2022/Chalise [109] LpMab-2 G47 ∆ (third-generation
oncolytic HSV-1)

Intravenous CART.
Intertumoral G45 ∆

Abbreviations: GD2: disialoganglioside, HER2: human epidermal growth factor receptor 2, EGFR: epidermal
growth factor receptor, PDAC: pancreatic adenocarcinoma, GBM: glioblastoma.

The combination of CAR T cell therapy and an OV is being investigated in only
one clinical trial, in which HER2-CAR VSTs and a binary oncolytic adenovirus are being
used to treat patients with advanced HER2-positive solid tumors (NCT03740256). The
trial, whose enrollment period is from 14 December 2020 to 30 December 2024, will ulti-
mately include about 45 patients who are age 18 years or older. The OV used in the trial,
CAdVEC, is genetically modified to express currently undisclosed immunomodulatory
molecules that may enhance the antitumor effects of endogenous T lymphocytes as well
as those of adoptively transferred CAR T cells. The trial is sponsored by Baylor College
of Medicine, which has already sponsored two Phase I clinical trials of anti-HER2 CAR
T cell therapy in patients with glioblastoma (NCT01109095) and advanced solid tumors
(NCT00902044) [43,47,50]. Both trials included pediatric patients. In the trial in glioblas-
toma patients, the researchers used HER2-CAR VSTs [50]. The two trials demonstrate that
the infusion of HAR2 CAR T cells is safe and associated with clinical benefit, indicating
that further evaluation of these cells in combination with OVs is warranted [43,47,50].
In addition, the Baylor researchers reported encouraging results from preclinical studies
in which HER2 CAR T cells were combined with oncolytic adenoviruses armed with IL-
12, an anti–PD-L1 antibody, and a bispecific T cell engager molecule specific for CD44
variant 6 [93,97].
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5. Future Perspectives and Conclusions

On the basis of numerous preclinical and clinical investigations of CAR T cell therapy
and oncolytic virotherapy, one can reasonably expect that combinations of these two
interventions would have better efficacy than either intervention alone in cancer patients.
Compared with adult cancers, pediatric cancers are relatively rare [110], and clinical trials
in pediatric cancer patients tend to have low participant numbers. Thus, the findings of
trials in adult patients with solid tumors are indispensable references for optimizing the
antitumor effects of CAR T cell therapy, oncolytic virotherapy, and their combination in
pediatric patients with solid tumors.

Potential long-term side effects have a much stronger impact on children than adults.
For example, the random integration of the CAR gene into the genome through retro-
or lentiviral vectors increases the risk of tumor development resulting from insertional
mutagenesis [111,112]. Moreover, CAR T cells can result in significant on-target off-tumor
toxicities given lack of identified exclusive targets in tumors [113]. Autoimmunity is also
a concern in oncolytic virotherapy, albeit to a lesser extent, since OVs can promote the
cross-priming of antigens in the tumor that are also expressed by normal cells [114,115].

Currently, the most common toxicities of CAR T cell therapy are CRS and ICANS,
which pose challenges in its widespread use in the outpatient setting [113]. ICANS can
occur concurrently with CRS or in the absence of CRS [113,116]. The mechanisms of CRS
and ICANS are becoming clearer, but many aspects remain unknown. Patients with CRS
whose symptoms include fever, tachycardia, and hypotension have increased levels of
cytokines in their serum, including IL-6, IFNγ, IL-2, IL-2–receptor-α, IL-8, and IL-10 [113].
Among these cytokines, IFNγ and IL-6 play central roles in the innate immune response to
bacterial and viral infections, which is followed by the upregulation of proinflammatory Th1
cells, chemokines, and other cytokines, such as TNFα, IL-12, and IL-2 [117–120]. Moreover,
some OVs are engineered to express proinflammatory cytokines such as IL-12, IL-2, and
TNFα. Therefore, more studies are needed to design combination treatment regimens
whose additive or synergistic effects do not exacerbate the cytokine storm. For example, the
localized delivery of fewer CAR T cells may achieve an effect equivalent to that of a higher
dose of intravenously delivered CAR T cells but without inducing high cytokine levels in
the peripheral blood [51]. In addition, instead of OVs expressing IL-12, IL-2 or TNFα, OVs
expressing IL-15 or immune costimulators, such as OX40L or inducible costimulator (ICOS),
may be more appropriate for combining with CAR T cells [73,121]. Nevertheless, although
OVs induce immune activation in the TME, not all virus-mediated effects favor CAR T
cell activity. During the early stages of viral infection, the virus-mediated upregulation
of type I IFNs promotes the acute apoptosis of memory T cells [122–124]. For example,
an oncolytic VSV expressing IFN beta (IFNβ) promoted significant CAR T cell attrition
in an IFNβ-dependent manner; in contrast, an oncolytic reovirus induced only moderate
CAR T cell attrition [125]. Furthermore, oncolytic VSV, vaccinia virus, and Newcastle
disease virus induce vasculature disruption to enhance tumor destruction [126–128], but
this may limit the ability of intravenously delivered CAR T cells to reach the targeted tumor
cells. Thus, one way to circumvent the OV-mediated conditions that are hostile to CAR
T cells may be to first treat the tumor with CAR T cells before using OVs and deliver the
viruses intratumorally.

In summary, more research is needed to optimize combinations of CAR T cells and OVs,
including their dosage, delivery, and schedule, to maximize their efficacy while minimizing
toxicity. By continuing to advance these two sophisticated interventions individually,
we will have enriched knowledge and more choices for combinations to develop better
therapeutic options to benefit pediatric patients with advanced refractory solid tumors.

Author Contributions: Conceptualization, J.H., H.J. and J.F.; validation, J.H., H.J. and F.M.;
writing—original draft preparation, J.H. and H.J.; writing—review and editing, H.J., W.Z., F.M.,
D.R., S.J.K., P.T., J.F. and C.G.-M.; visualization, J.H. and H.J.; supervision, H.J., J.F. and C.G.-M.;



Immuno 2023, 3 51

funding acquisition: H.J., J.F. and C.G.-M. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by the National Institutes of Health (NIH) R01CA256006,
P50CA127001, Chance for Life Foundation and Cure Starts Now-DMG/DIPG Collaborative, the
University Cancer Foundation via the Institutional Research Grant program at The University of
Texas MD Anderson Cancer Center. The funding bodies were not involved in the decision to publish
or the preparation of the manuscript.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank Joseph A. Munch, Scientific Editors in the Research Medical Library at
The University of Texas MD Anderson Cancer Center, for editing this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Chen, X.; Pappo, A.; Dyer, M.A. Pediatric solid tumor genomics and developmental pliancy. Oncogene 2015, 34, 5207–5215.

[CrossRef] [PubMed]
2. Downing, J.R.; Wilson, R.K.; Zhang, J.; Mardis, E.R.; Pui, C.-H.; Ding, L.; Ley, T.J.; Evans, W.E. The Pediatric Cancer Genome

Project. Nat. Genet. 2012, 44, 619–622. [CrossRef] [PubMed]
3. Rahal, Z.; Abdulhai, F.; Kadara, H.; Saab, R. Genomics of adult and pediatric solid tumors. Am. J. Cancer Res. 2018, 8, 1356–1386.

[PubMed]
4. ICCC Recode Third Edition ICD-O-3/IARC 2017. Available online: https://seer.cancer.gov/iccc/iccc-iarc-2017.html#fn (accessed

on 27 February 2022).
5. Trubicka, J.; Grajkowska, W.; Dembowska-Bagińska, B. Molecular Markers of Pediatric Solid Tumors—Diagnosis, Optimizing

Treatments, and Determining Susceptibility: Current State and Future Directions. Cells 2022, 11, 1238. [CrossRef]
6. Butler, E.; Ludwig, K.; Pacenta, H.L.; Klesse, L.J.; Watt, T.C.; Laetsch, T.W. Recent progress in the treatment of cancer in children.

CA Cancer J. Clin. 2021, 71, 315–332. [CrossRef] [PubMed]
7. Nigro, O.; Ferrari, A.; Casanova, M.; Orbach, D.; Leruste, A.; Gatz, S.A.; Frappaz, D.; Massimino, M. Controversies on the possible

role of immune checkpoint inhibitors in pediatric cancers: Balancing irAEs and efficacy. Tumori J. 2021, 107, 276–281. [CrossRef]
8. Ma, X.; Liu, Y.; Liu, Y.; Alexandrov, L.B.; Edmonson, M.N.; Gawad, C.; Zhou, X.; Li, Y.; Rusch, M.C.; Easton, J.; et al. Pan-cancer

genome and transcriptome analyses of 1,699 paediatric leukaemias and solid tumours. Nature 2018, 555, 371–376. [CrossRef]
9. Gross, A.M.; Wolters, P.L.; Dombi, E.; Baldwin, A.; Whitcomb, P.; Fisher, M.J.; Weiss, B.; Kim, A.; Bornhorst, M.; Shah, A.C.; et al.

Selumetinib in Children with Inoperable Plexiform Neurofibromas. N. Engl. J. Med. 2020, 382, 1430–1442. [CrossRef]
10. Subbiah, V.; Kreitman, R.; Wainberg, Z.; Cho, J.; Schellens, J.; Soria, J.; Wen, P.; Zielinski, C.; Cabanillas, M.; Boran, A.; et al.

Dabrafenib plus trametinib in patients with BRAF V600E-mutant anaplastic thyroid cancer: Updated analysis from the phase II
ROAR basket study. Ann. Oncol. 2022, 33, 406–415. [CrossRef]

11. Choucair, K.; Morand, S.; Stanbery, L.; Edelman, G.; Dworkin, L.; Nemunaitis, J. TMB: A promising immune-response biomarker,
and potential spearhead in advancing targeted therapy trials. Cancer Gene Ther. 2020, 27, 841–853. [CrossRef]

12. Samstein, R.M.; Lee, C.-H.; Shoushtari, A.N.; Hellmann, M.D.; Shen, R.; Janjigian, Y.Y.; Barron, D.A.; Zehir, A.; Jordan, E.J.;
Omuro, A.; et al. Tumor mutational load predicts survival after immunotherapy across multiple cancer types. Nat. Genet. 2019,
51, 202–206. [CrossRef]

13. Yu, A.L.; Gilman, A.L.; Ozkaynak, M.F.; London, W.B.; Kreissman, S.G.; Chen, H.X.; Smith, M.; Anderson, B.; Villablanca, J.G.;
Matthay, K.K.; et al. Anti-GD2 Antibody with GM-CSF, Interleukin-2, and Isotretinoin for Neuroblastoma. N. Engl. J. Med. 2010,
363, 1324–1334. [CrossRef]

14. Martinez, M.; Moon, E.K. CAR T Cells for Solid Tumors: New Strategies for Finding, Infiltrating, and Surviving in the Tumor
Microenvironment. Front. Immunol. 2019, 10, 128. [CrossRef]

15. Hou, A.J.; Chen, L.C.; Chen, Y.Y. Navigating CAR-T cells through the solid-tumour microenvironment. Nat. Rev. Drug Discov.
2021, 20, 531–550. [CrossRef] [PubMed]

16. Boccalatte, F.; Mina, R.; Aroldi, A.; Leone, S.; Suryadevara, C.M.; Placantonakis, D.G.; Bruno, B. Advances and Hurdles in CAR T
Cell Immune Therapy for Solid Tumors. Cancers 2022, 14, 5108. [CrossRef]

17. Kelly, E.; Russell, S.J. History of Oncolytic Viruses: Genesis to Genetic Engineering. Mol. Ther. 2007, 15, 651–659. [CrossRef]
18. Pérez-Larraya, J.G.; Garcia-Moure, M.; Labiano, S.; Patiño-García, A.; Dobbs, J.; Gonzalez-Huarriz, M.; Zalacain, M.; Marrodan, L.;

Martinez-Velez, N.; Puigdelloses, M.; et al. Oncolytic DNX-2401 Virus for Pediatric Diffuse Intrinsic Pontine Glioma. N. Engl. J.
Med. 2022, 386, 2471–2481. [CrossRef]

19. Friedman, G.K.; Johnston, J.M.; Bag, A.K.; Bernstock, J.D.; Li, R.; Aban, I.; Kachurak, K.; Nan, L.; Kang, K.-D.; Totsch, S.; et al.
Oncolytic HSV-1 G207 Immunovirotherapy for Pediatric High-Grade Gliomas. N. Engl. J. Med. 2021, 384, 1613–1622. [CrossRef]

http://doi.org/10.1038/onc.2014.474
http://www.ncbi.nlm.nih.gov/pubmed/25639868
http://doi.org/10.1038/ng.2287
http://www.ncbi.nlm.nih.gov/pubmed/22641210
http://www.ncbi.nlm.nih.gov/pubmed/30210910
https://seer.cancer.gov/iccc/iccc-iarc-2017.html#fn
http://doi.org/10.3390/cells11071238
http://doi.org/10.3322/caac.21665
http://www.ncbi.nlm.nih.gov/pubmed/33793968
http://doi.org/10.1177/03008916211010214
http://doi.org/10.1038/nature25795
http://doi.org/10.1056/NEJMoa1912735
http://doi.org/10.1016/j.annonc.2021.12.014
http://doi.org/10.1038/s41417-020-0174-y
http://doi.org/10.1038/s41588-018-0312-8
http://doi.org/10.1056/NEJMoa0911123
http://doi.org/10.3389/fimmu.2019.00128
http://doi.org/10.1038/s41573-021-00189-2
http://www.ncbi.nlm.nih.gov/pubmed/33972771
http://doi.org/10.3390/cancers14205108
http://doi.org/10.1038/sj.mt.6300108
http://doi.org/10.1056/NEJMoa2202028
http://doi.org/10.1056/NEJMoa2024947


Immuno 2023, 3 52

20. June, C.H.; Riddell, S.R.; Schumacher, T.N. Adoptive cellular therapy: A race to the finish line. Sci. Transl. Med. 2015, 7, 280ps7.
[CrossRef]

21. June, C.H.; Sadelain, M. Chimeric Antigen Receptor Therapy. N. Engl. J. Med. 2018, 379, 64–73. [CrossRef]
22. Rafiq, S.; Hackett, C.S.; Brentjens, R.J. Engineering strategies to overcome the current roadblocks in CAR T cell therapy. Nat. Rev.

Clin. Oncol. 2019, 17, 147–167. [CrossRef] [PubMed]
23. Scheuermann, R.; Racila, E. CD19 Antigen in Leukemia and Lymphoma Diagnosis and Immunotherapy. Leuk. Lymphoma 1995,

18, 385–397. [CrossRef] [PubMed]
24. Brentjens, R.J.; Rivière, I.; Park, J.H.; Davila, M.L.; Wang, X.; Stefanski, J.; Taylor, C.; Yeh, R.; Bartido, S.; Borquez-Ojeda, O.; et al.

Safety and persistence of adoptively transferred autologous CD19-targeted T cells in patients with relapsed or chemotherapy
refractory B-cell leukemias. Blood 2011, 118, 4817–4828. [CrossRef]

25. Majzner, R.G.; Mackall, C.L. Clinical lessons learned from the first leg of the CAR T cell journey. Nat. Med. 2019, 25, 1341–1355.
[CrossRef] [PubMed]

26. Gross, G.; Waks, T.; Eshhar, Z. Expression of immunoglobulin-T-cell receptor chimeric molecules as functional receptors with
antibody-type specificity. Proc. Natl. Acad. Sci. USA 1989, 86, 10024–10028. [CrossRef] [PubMed]

27. Eshhar, Z.; Waks, T.; Gross, G.; Schindler, D.G. Specific activation and targeting of cytotoxic lymphocytes through chimeric single
chains consisting of antibody-binding domains and the gamma or zeta subunits of the immunoglobulin and T-cell receptors. Proc.
Natl. Acad. Sci. USA 1993, 90, 720–724. [CrossRef] [PubMed]

28. Mullard, A. FDA approves fourth CAR-T cell therapy. Nat. Rev. Drug Discov. 2021, 20, 166. [CrossRef]
29. Majzner, R.G.; Mackall, C.L. Tumor Antigen Escape from CAR T-cell Therapy. Cancer Discov. 2018, 8, 1219–1226. [CrossRef]
30. Baruch, E.N.; Berg, A.L.; Besser, M.J.; Schachter, J.; Markel, G. Adoptive T cell therapy: An overview of obstacles and opportunities.

Cancer 2017, 123, 2154–2162. [CrossRef]
31. Sharma, P.; Allison, J.P. The future of immune checkpoint therapy. Science 2015, 348, 56–61. [CrossRef]
32. Gupta, A.; Cripe, T.P. Immunotherapies for Pediatric Solid Tumors: A Targeted Update. Pediatr. Drugs 2021, 24, 1–12. [CrossRef]

[PubMed]
33. Ligon, J.A.; Wessel, K.M.; Shah, N.N.; Glod, J. Adoptive Cell Therapy in Pediatric and Young Adult Solid Tumors: Current Status

and Future Directions. Front. Immunol. 2022, 13. [CrossRef] [PubMed]
34. Cheever, M.A.; Allison, J.P.; Ferris, A.S.; Finn, O.J.; Hastings, B.M.; Hecht, T.T.; Mellman, I.; Prindiville, S.A.; Viner, J.L.;

Weiner, L.M.; et al. The Prioritization of Cancer Antigens: A National Cancer Institute Pilot Project for the Acceleration of
Translational Research. Clin. Cancer Res. 2009, 15, 5323–5337. [CrossRef] [PubMed]

35. Nazha, B.; Inal, C.; Owonikoko, T.K. Disialoganglioside GD2 Expression in Solid Tumors and Role as a Target for Cancer Therapy.
Front. Oncol. 2020, 10, 1000. [CrossRef]

36. Pule, M.A.; Savoldo, B.; Myers, G.D.; Rossig, C.; Russell, H.V.; Dotti, G.; Huls, M.H.; Liu, E.; Gee, A.P.; Mei, Z.; et al. Virus-specific
T cells engineered to coexpress tumor-specific receptors: Persistence and antitumor activity in individuals with neuroblastoma.
Nat. Med. 2008, 14, 1264–1270. [CrossRef] [PubMed]

37. Louis, C.U.; Savoldo, B.; Dotti, G.; Pule, M.; Yvon, E.; Myers, G.D.; Rossig, C.; Russell, H.V.; Diouf, O.; Liu, E.; et al. Antitumor
activity and long-term fate of chimeric antigen receptor–positive T cells in patients with neuroblastoma. Blood 2011, 118, 6050–6056.
[CrossRef]

38. Heczey, A.; Louis, C.U.; Savoldo, B.; Dakhova, O.; Durett, A.; Grilley, B.; Liu, H.; Wu, M.F.; Mei, Z.; Gee, A.; et al. CAR T Cells
Administered in Combination with Lymphodepletion and PD-1 Inhibition to Patients with Neuroblastoma. Mol. Ther. 2017,
25, 2214–2224. [CrossRef]

39. Straathof, K.; Flutter, B.; Wallace, R.; Jain, N.; Loka, T.; Depani, S.; Wright, G.; Thomas, S.; Cheung, G.W.-K.; Gileadi, T.; et al.
Antitumor activity without on-target off-tumor toxicity of GD2–chimeric antigen receptor T cells in patients with neuroblastoma.
Sci. Transl. Med. 2020, 12. [CrossRef]

40. Heczey, A.; Courtney, A.N.; Montalbano, A.; Robinson, S.; Liu, K.; Li, M.; Ghatwai, N.; Dakhova, O.; Liu, B.; Raveh-Sadka, T.; et al.
Anti-GD2 CAR-NKT cells in patients with relapsed or refractory neuroblastoma: An interim analysis. Nat. Med. 2020,
26, 1686–1690. [CrossRef]

41. Xu, X.; Huang, W.; Heczey, A.; Liu, D.; Guo, L.; Wood, M.; Jin, J.; Courtney, A.; Liu, B.; Di Pierro, E.; et al. NKT Cells Coexpressing
a GD2-Specific Chimeric Antigen Receptor and IL15 Show Enhanced In Vivo Persistence and Antitumor Activity against
Neuroblastoma. Clin. Cancer Res. 2019, 25, 7126–7138. [CrossRef]

42. Tumino, N.; Weber, G.; Besi, F.; Del Bufalo, F.; Bertaina, V.; Paci, P.; Quatrini, L.; Antonucci, L.; Sinibaldi, M.; Quintarelli, C.; et al.
Polymorphonuclear myeloid-derived suppressor cells impair the anti-tumor efficacy of GD2.CAR T-cells in patients with
neuroblastoma. J. Hematol. Oncol. 2021, 14, 1–7. [CrossRef]

43. Hegde, M.; Joseph, S.K.; Pashankar, F.; DeRenzo, C.; Sanber, K.; Navai, S.; Byrd, T.T.; Hicks, J.; Xu, M.L.; Gerken, C.; et al.
Tumor response and endogenous immune reactivity after administration of HER2 CAR T cells in a child with metastatic
rhabdomyosarcoma. Nat. Commun. 2020, 11, 1–15. [CrossRef] [PubMed]

44. Vitanza, N.A.; Johnson, A.J.; Wilson, A.L.; Brown, C.; Yokoyama, J.K.; Künkele, A.; Chang, C.A.; Rawlings-Rhea, S.; Huang, W.;
Seidel, K.; et al. Locoregional infusion of HER2-specific CAR T cells in children and young adults with recurrent or refractory
CNS tumors: An interim analysis. Nat. Med. 2021, 27, 1544–1552. [CrossRef] [PubMed]

http://doi.org/10.1126/scitranslmed.aaa3643
http://doi.org/10.1056/NEJMra1706169
http://doi.org/10.1038/s41571-019-0297-y
http://www.ncbi.nlm.nih.gov/pubmed/31848460
http://doi.org/10.3109/10428199509059636
http://www.ncbi.nlm.nih.gov/pubmed/8528044
http://doi.org/10.1182/blood-2011-04-348540
http://doi.org/10.1038/s41591-019-0564-6
http://www.ncbi.nlm.nih.gov/pubmed/31501612
http://doi.org/10.1073/pnas.86.24.10024
http://www.ncbi.nlm.nih.gov/pubmed/2513569
http://doi.org/10.1073/pnas.90.2.720
http://www.ncbi.nlm.nih.gov/pubmed/8421711
http://doi.org/10.1038/d41573-021-00031-9
http://doi.org/10.1158/2159-8290.CD-18-0442
http://doi.org/10.1002/cncr.30491
http://doi.org/10.1126/science.aaa8172
http://doi.org/10.1007/s40272-021-00482-y
http://www.ncbi.nlm.nih.gov/pubmed/34822115
http://doi.org/10.3389/fimmu.2022.846346
http://www.ncbi.nlm.nih.gov/pubmed/35273619
http://doi.org/10.1158/1078-0432.CCR-09-0737
http://www.ncbi.nlm.nih.gov/pubmed/19723653
http://doi.org/10.3389/fonc.2020.01000
http://doi.org/10.1038/nm.1882
http://www.ncbi.nlm.nih.gov/pubmed/18978797
http://doi.org/10.1182/blood-2011-05-354449
http://doi.org/10.1016/j.ymthe.2017.05.012
http://doi.org/10.1126/scitranslmed.abd6169
http://doi.org/10.1038/s41591-020-1074-2
http://doi.org/10.1158/1078-0432.CCR-19-0421
http://doi.org/10.1186/s13045-021-01193-0
http://doi.org/10.1038/s41467-020-17175-8
http://www.ncbi.nlm.nih.gov/pubmed/32669548
http://doi.org/10.1038/s41591-021-01404-8
http://www.ncbi.nlm.nih.gov/pubmed/34253928


Immuno 2023, 3 53

45. Brown, C.E.; Alizadeh, D.; Starr, R.; Weng, L.; Wagner, J.R.; Naranjo, A.; Ostberg, J.R.; Blanchard, M.S.; Kilpatrick, J.;
Simpson, J.; et al. Regression of Glioblastoma after Chimeric Antigen Receptor T-Cell Therapy. N. Engl. J. Med. 2016,
375, 2561–2569. [CrossRef] [PubMed]

46. Morgan, R.A.; Yang, J.C.; Kitano, M.; Dudley, M.E.; Laurencot, C.M.; Rosenberg, S.A. Case Report of a Serious Adverse Event
Following the Administration of T Cells Transduced With a Chimeric Antigen Receptor Recognizing ERBB2. Mol. Ther. 2010,
18, 843–851. [CrossRef]

47. Ahmed, N.; Brawley, V.S.; Hegde, M.; Robertson, C.; Ghazi, A.; Gerken, C.; Liu, E.; Dakhova, O.; Ashoori, A.; Corder, A.; et al. Hu-
man Epidermal Growth Factor Receptor 2 (HER2) –Specific Chimeric Antigen Receptor–Modified T Cells for the Immunotherapy
of HER2-Positive Sarcoma. J. Clin. Oncol. 2015, 33, 1688–1696. [CrossRef]

48. Cohen, A.R. Brain Tumors in Children. N. Engl. J. Med. 2022, 386, 1922–1931. [CrossRef]
49. Pollack, I.F.; Agnihotri, S.; Broniscer, A. Childhood brain tumors: Current management, biological insights, and future directions.

J. Neurosurg. Pediatr. 2019, 23, 261–273. [CrossRef]
50. Ahmed, N.; Brawley, V.; Hegde, M.; Bielamowicz, K.; Kalra, M.; Landi, D.; Robertson, C.; Gray, T.; Diouf, O.; Wakefield, A.; et al.

HER2-Specific Chimeric Antigen Receptor-Modified Virus-Specific T Cells for Progressive Glioblastoma: A Phase 1 Dose-
Escalation Trial. JAMA Oncol. 2017, 3, 1094–1101. [CrossRef]

51. Majzner, R.G.; Ramakrishna, S.; Yeom, K.W.; Patel, S.; Chinnasamy, H.; Schultz, L.M.; Richards, R.M.; Jiang, L.; Barsan, V.;
Mancusi, R.; et al. GD2-CAR T cell therapy for H3K27M-mutated diffuse midline gliomas. Nature 2022, 603, 934–941. [CrossRef]

52. Roos, D.E.; Smith, J.G. Randomized trial on radiotherapy for paediatric diffuse intrinsic pontine glioma (DIPG). Radiother. Oncol.
2014, 113, 425. [CrossRef] [PubMed]

53. Vitanza, N.A.; Wilson, A.L.; Huang, W.; Seidel, K.; Brown, C.; Gustafson, J.A.; Yokoyama, J.K.; Johnson, A.J.; Baxter,
B.A.; Koning, R.W.; et al. Intraventricular B7-H3 CAR T Cells for Diffuse Intrinsic Pontine Glioma: Preliminary First-in-Human
Bioactivity and Safety. Cancer Discov. 2022, 13, 114–131. [CrossRef] [PubMed]

54. Kaufman, H.L.; Kohlhapp, F.J.; Zloza, A. Oncolytic viruses: A new class of immunotherapy drugs. Nat. Rev. Drug Discov. 2015,
14, 642–662, Erratum in Nat. Rev. Drug Discov. 2016, 15, 660. [CrossRef]

55. Lichty, B.D.; Breitbach, C.J.; Stojdl, D.F.; Bell, J.C. Going viral with cancer immunotherapy. Nat. Rev. Cancer 2014, 14, 559–567.
[CrossRef]

56. Nguyen, T.; Avci, N.G.; Shin, D.H.; Martinez-Velez, N.; Jiang, H. Tune Up In Situ Autovaccination against Solid Tumors with
Oncolytic Viruses. Cancers 2018, 10, 171. [CrossRef]

57. de la Nava, D.; Selvi, K.M.; Alonso, M.M. Immunovirotherapy for Pediatric Solid Tumors: A Promising Treatment That is
Becoming a Reality. Front. Immunol. 2022, 13. [CrossRef]

58. Louten, J. Virus Structure and Classification. Essential Human Virol. 2016, 19–29. [CrossRef]
59. Macedo, N.; Miller, D.M.; Haq, R.; Kaufman, H.L. Clinical landscape of oncolytic virus research in 2020. J. Immunother. Cancer

2020, 8, e001486. [CrossRef]
60. Lawler, S.E.; Speranza, M.; Cho, C.; Chiocca, E. Oncolytic Viruses in Cancer Treatment: A Review. JAMA Oncol. 2017, 3, 841–849.

[CrossRef]
61. Alberts, P.; Tilgase, A.; Rasa, A.; Bandere, K.; Venskus, D. The advent of oncolytic virotherapy in oncology: The Rigvir®story. Eur.

J. Pharmacol. 2018, 837, 117–126. [CrossRef]
62. Liang, M. Oncorine, the World First Oncolytic Virus Medicine and its Update in China. Curr. Cancer Drug Targets 2018, 18, 171–176.

[CrossRef] [PubMed]
63. Andtbacka, R.H.; Kaufman, H.L.; Collichio, F.; Amatruda, T.; Senzer, N.; Chesney, J.; Delman, K.A.; Spitler, L.E.; Puzanov, I.;

Agarwala, S.S.; et al. Talimogene Laherparepvec Improves Durable Response Rate in Patients With Advanced Melanoma. J. Clin.
Oncol. 2015, 33, 2780–2788. [CrossRef] [PubMed]

64. Todo, T.; Ito, H.; Ino, Y.; Ohtsu, H.; Ota, Y.; Shibahara, J.; Tanaka, M. Intratumoral oncolytic herpes virus G47∆ for residual or
recurrent glioblastoma: A phase 2 trial. Nat. Med. 2022, 28, 1630–1639. [CrossRef] [PubMed]

65. Malogolovkin, A.; Gasanov, N.; Egorov, A.; Weener, M.; Ivanov, R.; Karabelsky, A. Combinatorial Approaches for Cancer Treatment
Using Oncolytic Viruses: Projecting the Perspectives through Clinical Trials Outcomes. Viruses 2021, 13, 1271. [CrossRef]

66. Martinez-Quintanilla, J.; Seah, I.; Chua, M.; Shah, K. Oncolytic viruses: Overcoming translational challenges. J. Clin. Investig.
2019, 129, 1407–1418. [CrossRef]

67. Galon, J.; Bruni, D. Approaches to treat immune hot, altered and cold tumours with combination immunotherapies. Nat. Rev.
Drug Discov. 2019, 18, 197–218. [CrossRef]

68. Sherif, S.; Mall, R.; Almeer, H.; Naik, A.; Al Homaid, A.; Thomas, R.; Roelands, J.; Narayanan, S.; Mohamed, M.G.; Bedri, S.; et al.
Immune-related 3-lncRNA signature with prognostic connotation in a multi-cancer setting. J. Transl. Med. 2022, 20, 1–20.
[CrossRef]

69. Mackay, A.; Burford, A.; Molinari, V.; Jones, D.T.; Izquierdo, E.; Brouwer-Visser, J.; Giangaspero, F.; Haberler, C.; Pietsch, T.;
Jacques, T.S.; et al. Molecular, Pathological, Radiological, and Immune Profiling of Non-brainstem Pediatric High-Grade Glioma
from the HERBY Phase II Randomized Trial. Cancer Cell 2018, 33, 829–842.e5. [CrossRef]

70. Casey, D.L.; Cheung, N.-K.V. Immunotherapy of Pediatric Solid Tumors: Treatments at a Crossroads, with an Emphasis on
Antibodies. Cancer Immunol. Res. 2020, 8, 161–166. [CrossRef]

http://doi.org/10.1056/NEJMoa1610497
http://www.ncbi.nlm.nih.gov/pubmed/28029927
http://doi.org/10.1038/mt.2010.24
http://doi.org/10.1200/JCO.2014.58.0225
http://doi.org/10.1056/NEJMra2116344
http://doi.org/10.3171/2018.10.PEDS18377
http://doi.org/10.1001/jamaoncol.2017.0184
http://doi.org/10.1038/s41586-022-04489-4
http://doi.org/10.1016/j.radonc.2014.08.041
http://www.ncbi.nlm.nih.gov/pubmed/25441609
http://doi.org/10.1158/2159-8290.CD-22-0750
http://www.ncbi.nlm.nih.gov/pubmed/36259971
http://doi.org/10.1038/nrd4663
http://doi.org/10.1038/nrc3770
http://doi.org/10.3390/cancers10060171
http://doi.org/10.3389/fimmu.2022.866892
http://doi.org/10.1016/b978-0-12-800947-5.00002-8
http://doi.org/10.1136/jitc-2020-001486
http://doi.org/10.1001/jamaoncol.2016.2064
http://doi.org/10.1016/j.ejphar.2018.08.042
http://doi.org/10.2174/1568009618666171129221503
http://www.ncbi.nlm.nih.gov/pubmed/29189159
http://doi.org/10.1200/JCO.2014.58.3377
http://www.ncbi.nlm.nih.gov/pubmed/26014293
http://doi.org/10.1038/s41591-022-01897-x
http://www.ncbi.nlm.nih.gov/pubmed/35864254
http://doi.org/10.3390/v13071271
http://doi.org/10.1172/JCI122287
http://doi.org/10.1038/s41573-018-0007-y
http://doi.org/10.1186/s12967-022-03654-7
http://doi.org/10.1016/j.ccell.2018.04.004
http://doi.org/10.1158/2326-6066.CIR-19-0692


Immuno 2023, 3 54

71. Lieberman, N.A.P.; DeGolier, K.; Kovar, H.M.; Davis, A.; Hoglund, V.; Stevens, J.; Winter, C.; Deutsch, G.; Furlan, S.N.;
Vitanza, N.A.; et al. Characterization of the immune microenvironment of diffuse intrinsic pontine glioma: Implications for
development of immunotherapy. Neuro-Oncology 2018, 21, 83–94. [CrossRef]

72. Jiang, H.; Clise-Dwyer, K.; Ruisaard, K.E.; Fan, X.; Tian, W.; Gumin, J.; Lamfers, M.L.; Kleijn, A.; Lang, F.F.; Yung, W.-K.A.; et al.
Delta-24-RGD Oncolytic Adenovirus Elicits Anti-Glioma Immunity in an Immunocompetent Mouse Model. PLoS ONE 2014,
9, e97407. [CrossRef] [PubMed]

73. Jiang, H.; Rivera-Molina, Y.; Gomez-Manzano, C.; Clise-Dwyer, K.; Bover, L.; Vence, L.M.; Yuan, Y.; Lang, F.F.; Toniatti, C.;
Hossain, M.B.; et al. Oncolytic Adenovirus and Tumor-Targeting Immune Modulatory Therapy Improve Autologous Cancer
Vaccination. Cancer Res 2017, 77, 3894–3907. [CrossRef] [PubMed]

74. Zamarin, D.; Holmgaard, R.B.; Subudhi, S.K.; Park, J.S.; Mansour, M.; Palese, P.; Merghoub, T.; Wolchok, J.D.; Allison, J.P.
Localized Oncolytic Virotherapy Overcomes Systemic Tumor Resistance to Immune Checkpoint Blockade Immunotherapy. Sci.
Transl. Med. 2014, 6, 226ra32. [CrossRef] [PubMed]

75. Ruano, D.; López-Martín, J.A.; Moreno, L.; Lassaletta, Á.; Bautista, F.; Andión, M.; Hernández, C.; González-Murillo, Á.; Melen, G.;
Alemany, R.; et al. First-in-Human, First-in-Child Trial of Autologous MSCs Carrying the Oncolytic Virus Icovir-5 in Patients
with Advanced Tumors. Mol. Ther. 2020, 28, 1033–1042. [CrossRef] [PubMed]

76. Burke, M.J.; Ahern, C.; Weigel, B.; Poirier, J.; Rudin, C.; Chen, Y.; Cripe, T.; Bernhardt, M.; Blaney, S. Phase I trial of Seneca Valley
Virus (NTX-010) in children with relapsed/refractory solid tumors: A report of the Children′s Oncology Group. Pediatr. Blood
Cancer 2015, 62, 743–750. [CrossRef]

77. Schenk, E.L.; Mandrekar, S.J.; Dy, G.K.; Aubry, M.C.; Tan, A.D.; Dakhil, S.R.; Sachs, B.A.; Nieva, J.J.; Bertino, E.; Hann, C.L.; et al. A
Randomized Double-Blind Phase II Study of the Seneca Valley Virus (NTX-010) versus Placebo for Patients with Extensive-Stage
SCLC (ES SCLC) Who Were Stable or Responding after at Least Four Cycles of Platinum-Based Chemotherapy: North Central
Cancer Treatment Group (Alliance) N0923 Study. J. Thorac. Oncol. 2019, 15, 110–119. [CrossRef]

78. Streby, K.A.; Geller, J.; Currier, M.; Warren, P.; Racadio, J.; Towbin, A.; Vaughan, M.; Triplet, M.; Ott-Napier, K.; Dishman, D.; et al.
Intratumoral Injection of HSV1716, an Oncolytic Herpes Virus, Is Safe and Shows Evidence of Immune Response and Viral
Replication in Young Cancer PatientsPhase I Trial of Oncolytic HSV in Children and Young Adults. Clin. Cancer Res. 2017,
23, 3566–3574. [CrossRef]

79. Streby, K.A.; Currier, M.A.; Triplet, M.; Ott, K.; Dishman, D.J.; Vaughan, M.R.; Ranalli, M.A.; Setty, B.; Skeens, M.A.;
Whiteside, S.; et al. First-in-Human Intravenous Seprehvir in Young Cancer Patients: A Phase 1 Clinical Trial. Mol. Ther. 2019,
27, 1930–1938. [CrossRef]

80. Fueyo, J.; Alemany, R.; Gomez-Manzano, C.; Fuller, G.; Khan, A.; Conrad, C.A.; Liu, T.-J.; Jiang, H.; Lemoine, M.G.;
Suzuki, K.; et al. Preclinical Characterization of the Antiglioma Activity of a Tropism-Enhanced Adenovirus Targeted to the
Retinoblastoma Pathway. Gynecol. Oncol. 2003, 95, 652–660. [CrossRef]

81. Sherif, S.; Roelands, J.; Mifsud, W.; Ahmed, E.I.; Raynaud, C.M.; Rinchai, D.; Sathappan, A.; Maaz, A.; Saleh, A.; Ozer, E.; et al.
The immune landscape of solid pediatric tumors. J. Exp. Clin. Cancer Res. 2022, 41, 1–18. [CrossRef]

82. Sadozai, H.; Gruber, T.; Hunger, R.E.; Schenk, M. Recent Successes and Future Directions in Immunotherapy of Cutaneous
Melanoma. Front. Immunol. 2017, 8, 1617. [CrossRef]

83. Quail, D.F.; Joyce, J.A. Microenvironmental regulation of tumor progression and metastasis. Nat. Med. 2013, 19, 1423–1437.
[CrossRef] [PubMed]

84. Jiang, H.; Shin, D.H.; Nguyen, T.T.; Fueyo, J.; Fan, X.; Henry, V.; Carrillo, C.C.; Yi, Y.; Alonso, M.M.; Collier, T.L.; et al. Localized
Treatment with Oncolytic Adenovirus Delta-24-RGDOX Induces Systemic Immunity against Disseminated Subcutaneous and
Intracranial Melanomas. Clin. Cancer Res. 2019, 25, 6801–6814. [CrossRef] [PubMed]

85. Kim, Y.; Clements, D.R.; Sterea, A.M.; Jang, H.W.; Gujar, S.A.; Lee, P.W.K. Dendritic Cells in Oncolytic Virus-Based Anti-Cancer
Therapy. Viruses 2015, 7, 6506–6525. [CrossRef] [PubMed]

86. Hofman, L.; Lawler, S.; Lamfers, M. The Multifaceted Role of Macrophages in Oncolytic Virotherapy. Viruses 2021, 13, 1570.
[CrossRef] [PubMed]

87. Früh, K.; Yang, Y. Antigen presentation by MHC class I and its regulation by interferon gamma. Curr. Opin. Immunol. 1999,
11, 76–81. [CrossRef] [PubMed]

88. Ostrand-Rosenberg, S. Tumor immunotherapy: The tumor cell as an antigen-presenting cell. Curr. Opin. Immunol. 1994,
6, 722–727. [CrossRef]

89. Nishio, N.; Diaconu, I.; Liu, H.; Cerullo, V.; Caruana, I.; Hoyos, V.; Bouchier-Hayes, L.; Savoldo, B.; Dotti, G. Armed On-
colytic Virus Enhances Immune Functions of Chimeric Antigen Receptor–Modified T Cells in Solid Tumors. Cancer Res 2014,
74, 5195–5205. [CrossRef]

90. Rosewell Shaw, A.; Porter, C.E.; Watanabe, N.; Tanoue, K.; Sikora, A.; Gottschalk, S.; Brenner, M.K.; Suzuki, M. Adenovirotherapy
Delivering Cytokine and Checkpoint Inhibitor Augments CAR T Cells against Metastatic Head and Neck Cancer. Mol. Ther. 2017,
25, 2440–2451. [CrossRef]

91. Watanabe, N.; McKenna, M.; Shaw, A.R.; Suzuki, M. Clinical CAR-T Cell and Oncolytic Virotherapy for Cancer Treatment. Mol.
Ther. 2021, 29, 505–520. [CrossRef]

http://doi.org/10.1093/neuonc/noy145
http://doi.org/10.1371/journal.pone.0097407
http://www.ncbi.nlm.nih.gov/pubmed/24827739
http://doi.org/10.1158/0008-5472.CAN-17-0468
http://www.ncbi.nlm.nih.gov/pubmed/28566332
http://doi.org/10.1126/scitranslmed.3008095
http://www.ncbi.nlm.nih.gov/pubmed/24598590
http://doi.org/10.1016/j.ymthe.2020.01.019
http://www.ncbi.nlm.nih.gov/pubmed/32053771
http://doi.org/10.1002/pbc.25269
http://doi.org/10.1016/j.jtho.2019.09.083
http://doi.org/10.1158/1078-0432.CCR-16-2900
http://doi.org/10.1016/j.ymthe.2019.08.020
http://doi.org/10.1093/jnci/95.9.652
http://doi.org/10.1186/s13046-022-02397-z
http://doi.org/10.3389/fimmu.2017.01617
http://doi.org/10.1038/nm.3394
http://www.ncbi.nlm.nih.gov/pubmed/24202395
http://doi.org/10.1158/1078-0432.CCR-19-0405
http://www.ncbi.nlm.nih.gov/pubmed/31455679
http://doi.org/10.3390/v7122953
http://www.ncbi.nlm.nih.gov/pubmed/26690204
http://doi.org/10.3390/v13081570
http://www.ncbi.nlm.nih.gov/pubmed/34452439
http://doi.org/10.1016/S0952-7915(99)80014-4
http://www.ncbi.nlm.nih.gov/pubmed/10047537
http://doi.org/10.1016/0952-7915(94)90075-2
http://doi.org/10.1158/0008-5472.CAN-14-0697
http://doi.org/10.1016/j.ymthe.2017.09.010
http://doi.org/10.1016/j.ymthe.2020.10.023


Immuno 2023, 3 55

92. Moon, E.K.; Wang, L.-C.S.; Bekdache, K.; Lynn, R.C.; Lo, A.; Thorne, S.H.; Albelda, S.M. Intra-tumoral delivery of CXCL11 via a
vaccinia virus, but not by modified T cells, enhances the efficacy of adoptive T cell therapy and vaccines. Oncoimmunology 2017,
7, e1395997. [CrossRef] [PubMed]

93. Porter, C.E.; Shaw, A.R.; Jung, Y.; Yip, T.; Castro, P.D.; Sandulache, V.C.; Sikora, A.; Gottschalk, S.; Ittman, M.M.;
Brenner, M.K.; et al. Oncolytic Adenovirus Armed with BiTE, Cytokine, and Checkpoint Inhibitor Enables CAR T Cells
to Control the Growth of Heterogeneous Tumors. Mol. Ther. 2020, 28, 1251–1262. [CrossRef] [PubMed]

94. Li, Y.; Xiao, F.; Zhang, A.; Zhang, D.; Nie, W.; Xu, T.; Han, B.; Seth, P.; Wang, H.; Yang, Y.; et al. Oncolytic adenovirus targeting
TGF-β enhances anti-tumor responses of mesothelin-targeted chimeric antigen receptor T cell therapy against breast cancer. Cell.
Immunol. 2020, 348, 104041. [CrossRef]

95. Chen, T.; Ding, X.; Liao, Q.; Gao, N.; Chen, Y.; Zhao, C.; Zhang, X.; Xu, J. IL-21 arming potentiates the anti-tumor activity of an
oncolytic vaccinia virus in monotherapy and combination therapy. J. Immunother. Cancer 2021, 9, e001647. [CrossRef] [PubMed]

96. Shaw, A.R.; Porter, C.E.; Yip, T.; Mah, W.-C.; McKenna, M.K.; Dysthe, M.; Jung, Y.; Parihar, R.; Brenner, M.K.; Suzuki, M. Oncolytic
adeno-immunotherapy modulates the immune system enabling CAR T-cells to cure pancreatic tumors. Commun. Biol. 2021,
4, 1–13. [CrossRef]

97. Tanoue, K.; Shaw, A.R.; Watanabe, N.; Porter, C.; Rana, B.; Gottschalk, S.; Brenner, M.; Suzuki, M. Armed Oncolytic Adenovirus–
Expressing PD-L1 Mini-Body Enhances Antitumor Effects of Chimeric Antigen Receptor T Cells in Solid Tumors. Cancer Res.
2017, 77, 2040–2051. [CrossRef]

98. Huang, J.; Zheng, M.; Zhang, Z.; Tang, X.; Chen, Y.; Peng, A.; Peng, X.; Tong, A.; Zhou, L. Interleukin-7-loaded oncolytic
adenovirus improves CAR-T cell therapy for glioblastoma. Cancer Immunol. Immunother. 2021, 70, 2453–2465. [CrossRef]

99. Aalipour, A.; Le Boeuf, F.; Tang, M.; Murty, S.; Simonetta, F.; Lozano, A.X.; Shaffer, T.M.; Bell, J.C.; Gambhir, S.S. Viral Delivery of
CAR Targets to Solid Tumors Enables Effective Cell Therapy. Mol. Ther. Oncolytics 2020, 17, 232–240. [CrossRef]

100. Tang, X.; Li, Y.; Ma, J.; Wang, X.; Zhao, W.; Hossain, A.; Yang, Y. Adenovirus-mediated specific tumor tagging facilitates CAR-T
therapy against antigen-mismatched solid tumors. Cancer Lett. 2020, 487, 1–9. [CrossRef]

101. Park, A.K.; Fong, Y.; Kim, S.-I.; Yang, J.; Murad, J.P.; Lu, J.; Jeang, B.; Chang, W.-C.; Chen, N.G.; Thomas, S.H.; et al. Effective
combination immunotherapy using oncolytic viruses to deliver CAR targets to solid tumors. Sci. Transl. Med. 2020, 12. [CrossRef]

102. Wing, A.; Fajardo, C.A.; Posey, A.D.; Shaw, C.; Da, T.; Young, R.M.; Alemany, R.; June, C.H.; Guedan, S. Improving CART-Cell
Therapy of Solid Tumors with Oncolytic Virus–Driven Production of a Bispecific T-cell Engager. Cancer Immunol. Res. 2018,
6, 605–616. [CrossRef] [PubMed]

103. Watanabe, K.; Luo, Y.; Da, T.; Guedan, S.; Ruella, M.; Scholler, J.; Keith, B.; Young, R.; Engels, B.; Sorsa, S.; et al. Pancreatic cancer
therapy with combined mesothelin-redirected chimeric antigen receptor T cells and cytokine-armed oncolytic adenoviruses. JCI
Insight 2018, 3, e99573. [CrossRef]

104. Evgin, L.; Kottke, T.; Tonne, J.; Thompson, J.; Huff, A.L.; van Vloten, J.; Moore, M.; Michael, J.; Driscoll, C.; Pulido, J.; et al.
Oncolytic virus–mediated expansion of dual-specific CAR T cells improves efficacy against solid tumors in mice. Sci. Transl. Med.
2022, 14. [CrossRef] [PubMed]

105. Wang, X.; Gottschalk, S.; Song, X.-T. Synergistic Antitumor Effects of Chimeric Antigen Receptor-Modified T Cells and Oncolytic
Virotherapy. Blood 2014, 124, 5808. [CrossRef]

106. Slaney, C.Y.; von Scheidt, B.; Davenport, A.J.; Beavis, P.A.; Westwood, J.A.; Mardiana, S.; Tscharke, D.C.; Ellis, S.; Prince, H.M.;
Trapani, J.A.; et al. Dual-specific Chimeric Antigen Receptor T Cells and an Indirect Vaccine Eradicate a Variety of Large Solid
Tumors in an Immunocompetent, Self-antigen Setting. Clin. Cancer Res. 2017, 23, 2478–2490. [CrossRef]

107. Wenthe, J.; Naseri, S.; Labani-Motlagh, A.; Enblad, G.; Wikström, K.; Eriksson, E.; Loskog, A.; Lövgren, T. Boosting CAR
T-cell responses in lymphoma by simultaneous targeting of CD40/4-1BB using oncolytic viral gene therapy. Cancer Immunol.
Immunother. 2021, 70, 2851–2865. [CrossRef] [PubMed]

108. Zhu, G.; Zhang, J.; Zhang, Q.; Jin, G.; Su, X.; Liu, S.; Liu, F. Enhancement of CD70-specific CAR T treatment by IFN-γ released
from oHSV-1-infected glioblastoma. Cancer Immunol. Immunother. 2022, 71, 2433–2448. [CrossRef] [PubMed]

109. Chalise, L.; Kato, A.; Ohno, M.; Maeda, S.; Yamamichi, A.; Kuramitsu, S.; Shiina, S.; Takahashi, H.; Ozone, S.; Yamaguchi, J.; et al.
Efficacy of cancer-specific anti-podoplanin CAR-T cells and oncolytic herpes virus G47∆ combination therapy against glioblastoma.
Mol. Ther. Oncolytics 2022, 26, 265–274. [CrossRef]

110. Kattner, P.; Strobel, H.; Khoshnevis, N.; Grunert, M.; Bartholomae, S.; Pruss, M.; Fitzel, R.; Halatsch, M.-E.; Schilberg, K.;
Siegelin, M.D.; et al. Compare and contrast: Pediatric cancer versus adult malignancies. Cancer Metastasis Rev. 2019, 38, 673–682.
[CrossRef] [PubMed]

111. Michieletto, D.; Lusic, M.; Marenduzzo, D.; Orlandini, E. Physical principles of retroviral integration in the human genome. Nat.
Commun. 2019, 10, 1–11. [CrossRef] [PubMed]

112. Russo-Carbolante, E.M.; Picanço-Castro, V.; Alves, D.; Fernandes, A.; Almeida-Porada, G.; Tonn, T.; Covas, D. Integration pattern
of HIV-1 based lentiviral vector carrying recombinant coagulation factor VIII in Sk-Hep and 293T cells. Biotechnol. Lett. 2011,
33, 23–31. [CrossRef] [PubMed]

113. Brudno, J.N.; Kochenderfer, J.N. Toxicities of chimeric antigen receptor T cells: Recognition and management. Blood 2016,
127, 3321–3330. [CrossRef] [PubMed]

114. Russell, S.J.; Barber, G.N. Oncolytic Viruses as Antigen-Agnostic Cancer Vaccines. Cancer Cell 2018, 33, 599–605. [CrossRef]
115. Kurts, C.; Robinson, B.W.S.; Knolle, P.A. Cross-priming in health and disease. Nat. Rev. Immunol. 2010, 10, 403–414. [CrossRef]

http://doi.org/10.1080/2162402X.2017.1395997
http://www.ncbi.nlm.nih.gov/pubmed/29399394
http://doi.org/10.1016/j.ymthe.2020.02.016
http://www.ncbi.nlm.nih.gov/pubmed/32145203
http://doi.org/10.1016/j.cellimm.2020.104041
http://doi.org/10.1136/jitc-2020-001647
http://www.ncbi.nlm.nih.gov/pubmed/33504576
http://doi.org/10.1038/s42003-021-01914-8
http://doi.org/10.1158/0008-5472.CAN-16-1577
http://doi.org/10.1007/s00262-021-02856-0
http://doi.org/10.1016/j.omto.2020.03.018
http://doi.org/10.1016/j.canlet.2020.05.013
http://doi.org/10.1126/scitranslmed.aaz1863
http://doi.org/10.1158/2326-6066.CIR-17-0314
http://www.ncbi.nlm.nih.gov/pubmed/29588319
http://doi.org/10.1172/jci.insight.99573
http://doi.org/10.1126/scitranslmed.abn2231
http://www.ncbi.nlm.nih.gov/pubmed/35417192
http://doi.org/10.1182/blood.V124.21.5808.5808
http://doi.org/10.1158/1078-0432.CCR-16-1860
http://doi.org/10.1007/s00262-021-02895-7
http://www.ncbi.nlm.nih.gov/pubmed/33666760
http://doi.org/10.1007/s00262-022-03172-x
http://www.ncbi.nlm.nih.gov/pubmed/35249119
http://doi.org/10.1016/j.omto.2022.07.006
http://doi.org/10.1007/s10555-019-09836-y
http://www.ncbi.nlm.nih.gov/pubmed/31832830
http://doi.org/10.1038/s41467-019-08333-8
http://www.ncbi.nlm.nih.gov/pubmed/30718508
http://doi.org/10.1007/s10529-010-0387-5
http://www.ncbi.nlm.nih.gov/pubmed/20812025
http://doi.org/10.1182/blood-2016-04-703751
http://www.ncbi.nlm.nih.gov/pubmed/27207799
http://doi.org/10.1016/j.ccell.2018.03.011
http://doi.org/10.1038/nri2780


Immuno 2023, 3 56

116. Siegler, E.L.; Kenderian, S.S. Neurotoxicity and Cytokine Release Syndrome After Chimeric Antigen Receptor T Cell Therapy:
Insights Into Mechanisms and Novel Therapies. Front. Immunol. 2020, 11. [CrossRef]

117. Decker, T.; Stockinger, S.; Karaghiosoff, M.; Muller, M.; Kovarik, P. IFNs and STATs in innate immunity to microorganisms. J. Clin.
Invest. 2002, 109, 1271–1277. [CrossRef] [PubMed]

118. Velazquez-Salinas, L.; Verdugo-Rodriguez, A.; Rodriguez, L.L.; Borca, M.V. The Role of Interleukin 6 During Viral Infections.
Front. Microbiol. 2019, 10, 1057. [CrossRef] [PubMed]

119. Katze, M.G.; He, Y.; Gale, M., Jr. Viruses and interferon: A fight for supremacy. Nat. Rev. Immunol. 2002, 2, 675–687. [CrossRef]
120. Rose-John, S.; Winthrop, K.; Calabrese, L. The role of IL-6 in host defence against infections: Immunobiology and clinical

implications. Nat. Rev. Rheumatol. 2017, 13, 399–409. [CrossRef]
121. Zamarin, D.; Holmgaard, R.B.; Ricca, J.; Plitt, T.; Palese, P.; Sharma, P.; Merghoub, T.; Wolchok, J.D.; Allison, J.P. Intratumoral

modulation of the inducible co-stimulator ICOS by recombinant oncolytic virus promotes systemic anti-tumour immunity. Nat.
Commun. 2017, 8, 14340. [CrossRef]

122. Lee, A.J.; Ashkar, A.A. The Dual Nature of Type I and Type II Interferons. Front. Immunol. 2018, 9, 2061. [CrossRef] [PubMed]
123. McNally, J.M.; Zarozinski, C.C.; Lin, M.-Y.; Brehm, M.A.; Chen, H.D.; Welsh, R.M. Attrition of Bystander CD8 T Cells during

Virus-Induced T-Cell and Interferon Responses. J. Virol. 2001, 75, 5965–5976. [CrossRef] [PubMed]
124. Bahl, K.; Kim, S.-K.; Calcagno, C.; Ghersi, D.; Puzone, R.; Celada, F.; Selin, L.K.; Welsh, R.M. IFN-Induced Attrition of CD8 T

Cells in the Presence or Absence of Cognate Antigen during the Early Stages of Viral Infections. J. Immunol. 2006, 176, 4284–4295.
[CrossRef] [PubMed]

125. Evgin, L.; Huff, A.L.; Wongthida, P.; Thompson, J.; Kottke, T.; Tonne, J.; Schuelke, M.; Ayasoufi, K.; Driscoll, C.B.; Shim, K.G.; et al.
Oncolytic virus-derived type I interferon restricts CAR T cell therapy. Nat. Commun. 2020, 11, 1–15. [CrossRef]

126. Breitbach, C.J.; De Silva, N.S.; Falls, T.; Aladl, U.; Evgin, L.; Paterson, J.; Sun, Y.Y.; Roy, D.; Rintoul, J.L.; Daneshmand, M.; et al.
Targeting Tumor Vasculature With an Oncolytic Virus. Mol. Ther. 2011, 19, 886–894. [CrossRef]

127. Breitbach, C.J.; Arulanandam, R.; De Silva, N.; Thorne, S.H.; Patt, R.; Daneshmand, M.; Moon, A.; Ilkow, C.; Burke, J.;
Hwang, T.-H.; et al. Oncolytic Vaccinia Virus Disrupts Tumor-Associated Vasculature in Humans. Cancer Res 2013, 73, 1265–1275.
[CrossRef]

128. Matuszewska, K.; Santry, L.A.; Van Vloten, J.P.; Auyeung, A.W.K.; Major, P.P.; Lawler, J.; Wootton, S.K.; Bridle, B.W.; Petrik, J.
Combining Vascular Normalization with an Oncolytic Virus Enhances Immunotherapy in a Preclinical Model of Advanced-Stage
Ovarian Cancer. Clin. Cancer Res. 2019, 25, 1624–1638. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3389/fimmu.2020.01973
http://doi.org/10.1172/JCI0215770
http://www.ncbi.nlm.nih.gov/pubmed/12021240
http://doi.org/10.3389/fmicb.2019.01057
http://www.ncbi.nlm.nih.gov/pubmed/31134045
http://doi.org/10.1038/nri888
http://doi.org/10.1038/nrrheum.2017.83
http://doi.org/10.1038/ncomms14340
http://doi.org/10.3389/fimmu.2018.02061
http://www.ncbi.nlm.nih.gov/pubmed/30254639
http://doi.org/10.1128/JVI.75.13.5965-5976.2001
http://www.ncbi.nlm.nih.gov/pubmed/11390598
http://doi.org/10.4049/jimmunol.176.7.4284
http://www.ncbi.nlm.nih.gov/pubmed/16547266
http://doi.org/10.1038/s41467-020-17011-z
http://doi.org/10.1038/mt.2011.26
http://doi.org/10.1158/0008-5472.CAN-12-2687
http://doi.org/10.1158/1078-0432.CCR-18-0220

	Introduction 
	CAR T Cell Therapy for Pediatric Solid Tumors 
	Oncolytic Virotherapy in Pediatric Solid Tumors 
	Combination of CAR T Cell Therapy and Oncolytic Virotherapy in Pediatric Solid Tumors 
	Future Perspectives and Conclusions 
	References

