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Abstract

Purpose of Review This review will discuss the challenges facing chimeric antigen receptor (CAR)-T cell application for
solid tumors and opportunities to overcome these obstacles. In addition, this review will examine therapies that are in devel-
opment for pediatric solid tumors.

Recent Findings The similar success of CAR-T cell treatment for hematological malignancies has not been observed in
solid tumors because of the hostile tumor microenvironment and tumor heterogeneity. Most strategies developed to combat
these limitations emphasize combinatorial techniques that still require further testing. Preliminary results of multiple clini-
cal trials, including GD2- and HER2-CAR-T cells, are encouraging but must be reproduced and validated on a larger scale.
Summary CAR-T cell application in solid tumors remains challenging, and most research is in development. Several clinical
trials are ongoing for pediatric solid tumors. Early results are promising but demonstrate the need for CAR-T cell modifica-
tion to prevent tumor recurrence.

Keywords Immunotherapy - Chimeric antigen receptor T cell - Pediatric solid tumors

Introduction

Over the past several decades, impressive progress in mul-
tiple treatment modalities has dramatically improved the
prognosis of pediatric cancer patients, with current overall
survival (OS) of approximately 80% in the USA [1]. How-
ever, many pediatric cancer survivors endure severe chronic
health conditions from toxicities associated with standard
treatment of chemotherapy and radiation therapy (RT) [2].
In addition, improvements in mortality and survival have
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been limited in childhood cancers nervous system (CNS)
gliomas, neuroblastomas, and sarcomas. Recent advances in
cancer research have focused on novel targeted and immune-
based therapies, including chimeric antigen receptor (CAR)
T cells, to combat these limitations.

CAR-T cells are genetically engineered from patient- or
donor-derived T cells that express synthetic receptors against
specific tumor antigens (TA) to identify and target cancer
cells [3-5]. CAR-T cells have four major components: an
extracellular or antigen-recognition domain (usually single-
chain variable fragments (scFv)), a hinge, a transmembrane,
and an intracellular signaling domain (most commonly
CD3¢). Unlike conventional T cells, CARs function inde-
pendently of the major histocompatibility complex (MHC),
allowing for the recognition of a more extensive range of
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tumor-associated antigens [6¢]. CAR design has evolved
over four generations to increase the efficacy of the therapy.
Second- and third-generation CARs include one or two co-
stimulatory domains (often CD28 and/or 4-1BB) to enhance
T cell proliferation, cytotoxicity, and survival. Fourth gen-
eration CARs, also known as T-cells redirected for univer-
sal cytokine-mediated killing (TRUCKS), are based on sec-
ond-generation constructs with the addition of an inducible
transgenic protein, such as a cytokine interleukin-12 (IL-
12), to enhance anti-tumor activity [7]. Currently, the fifth
generation of CARs is underway; the new CAR design is
also based on second-generation constructs with the addition
of a truncated cytoplasmic receptor and transcription fac-
tor (STAT3/5)-binding motif. Fifth-generation CARs have
been shown to reactivate the immune system and maintain
superior persistence compared to predecessors [8].

CAR-T therapy has shown monumental success in treating
hematological malignancies. To date, the US Food and Drug
Administration (FDA) has approved six CAR-T cell therapies
indicated for hematological cancers, such as B-cell lympho-
blastic leukemia and B-cell non-Hodgkin lymphomas [9].
Despite revolutionary progress in blood cancers, equivalent
success has yet to be duplicated in solid tumor malignancies.
Significant developments such as allogeneic or “off-the-shelf”
CAR-T cells, which involve T cells from a donor's circulat-
ing blood, have attempted to improve success [10]. However,
solid tumors present unique challenges, such as a hostile
tumor microenvironment (TME) and heterogeneous antigen
expression that hinder similar advancements [4, 11, 12]. In this
review, we discuss the challenges that limit CAR-T develop-
ment in solid tumors, review current pediatric CAR-T therapy
clinical trials, and highlight proposed engineering mechanisms
to make CAR-T cells a feasible option for solid tumors.

Challenges to Successful CAR-T Cell Therapy
in Solid Tumors

Targeting Tumor Antigens and Tumor Heterogeneity

A central difference between solid tumors and hematological
cancers is the intricacy in detecting a perfect target antigen.
While target heterogeneity exists in blood cancers, these dis-
orders more commonly tend to express individual markers
(i-e., B-cell marker CD19) [13]. Additionally, solid tumors
more often have tumor-associated antigens (TAA), where
this antigen is highly expressed on the tumor itself but also at
low levels in normal tissues [14]. Furthermore, solid tumors
display TAA heterogeneity between tumor types (primary
vs. metastatic) and patients with the same cancer [15, 16].
Consequently, a significant roadblock is designing a proper
CAR-T cell with the capability of finding an ideal target
antigen in solid tumors.
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Efforts to strengthen the ability of CAR-T cells to rec-
ognize ideal target antigens have focused on genomic and
proteomic strategies (Fig. 1). Multi-specific CAR-T therapy,
wherein two different CARs are introduced into the same T
cell, is actively investigated and includes bicistronic CAR,
tandem CARs (TanCAR), or LoopCAR methods [17, 18].
TanCAR constructs are composed of two scFv-binding
domains joined in a linear fashion (aka tandem) with one
exodomain; sometimes, it can contain a loop structure
(LoopCAR). TanCARs are activated when either of the
scFvs binds to a target antigen, prompting the cell to syn-
chronously recognize two types of surface antigen and thus
produce superior anti-tumor efficacy and decrease antigen
escape [19]. Recently, a novel TanCAR targeting interleu-
kin-13 receptor subunit alpha-2 (IL-13Ra2) and ephrin type-
A receptor 2 (EphA2) was shown to be effective in both
in vitro and in vivo glioblastoma (GBM) models. Muham-
mad et al. found that these TanCARs killed gliomas more
efficiently than single-target CAR-T cells [20]. In addition,
the TanCAR construct showed tremendous potential for pre-
venting antigen escape and reducing off-target cytotoxicity
compared to previously explored TanCAR for GBM con-
sisting of IL-13 and HER2. A similar strategy to mitigate
antigen loss involves multivalent CARs, in which multiple
binding domains are included in the same CAR design. A
multivalent CAR-T cell targeting HER2, GD2, and CD44v6
for breast cancer is in clinical trials (NCT04430595).

Tumor Trafficking and Infiltration

Identifying an ideal target antigen is the first part of the
battle; once a target antigen is found, the CAR-T cell must
successfully reach the desired site and infiltrate the tumor.
CAR-T cells are systemically administered for hematologi-
cal malignancies and therefore have easy access to a target.
In comparison, solid tumor CAR-T therapy must surmount
several obstacles, such as the tumor stroma and abnormal
vasculature that impede the penetration and homing of
CAR-T cells [13].

Given that chemokines naturally regulate and stimulate
immune cell migration, several studies have harnessed the
chemokine system as a promising strategy to improve the
activity of CAR-T cells [21]. Special attention has been
directed to analyzing the expression profiles of chemokines
in the TME of solid tumors to identify which chemokine axis
is the best to exploit in different tumor types. In a hepatocel-
lular carcinoma model, CXCR2-modified GDPC3 CAR-T
cells significantly enhanced trafficking and anti-tumor effi-
cacy compared to non-modified CAR-T and control T cells
[22¢]. Although the CXCR2 CAR-T cells displayed identical
cytotoxicity as control groups, the cells exhibited accelerated
migration ability in vitro. Similar encouraging outcomes of
chemokine-modified CAR-T cells have been demonstrated
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Fig. 1 Progress of CAR-T

cells in the treatment of solid
neoplasms. (a) Evolution of
CAR structure and function. (b)
Current modifications of CAR-T
cells to enhance or repress func-
tion. (¢) Future directions of
CAR-T cell treatment including
novel methodologies and gene
targets. Created with BioRen-
der.com
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in glioblastoma (CXCR1/CXCR2) and non-small-cell lung
cancer (NSCLC) (CCR2B) xenograft models [23, 24]. While
the modulation of chemokine axes shows great promise,
their role in CAR-T therapy for solid tumors needs to be well
defined, as chemokines also directly mediate tumor inva-
siveness and metastasis [25]. Currently, CXCR4-modified
CAR-T treatment for multiple myeloma is in a clinical trial
(NCT04727008).

Other developments include targeting fibroblast activa-
tion protein (FAP), an essential protease of cancer-associ-
ated fibroblasts (CAFs) that is highly overexpressed in many
cancers, including lung, pancreatic, ovarian, and colorectal
tumors [26]. FAP remodels the extracellular matrix (ECM)
and promotes immunosuppression, thus limiting the abil-
ity of CAR-T cells to infiltrate the tumor. Some preclinical
studies of FAP-CAR-T cells have been conducted for various
solid cancers, such as lung and pancreatic cancers, showing
increased homing and a more robust anti-tumor response

[27]. Some of these studies also utilized cancer vaccines
(e.g., HPV-E7) and immune checkpoint inhibitors (e.g.,
anti-CTLA 4) to increase inhibition of the immunosuppres-
sive effects of FAP [28, 29]. Recently, the first-ever clinical
trial of fourth-generation CAR-T targeting Nectin4/FAP in
solid malignant tumors is underway (NCT03932565). This
clinical trial aims to eliminate and prevent the recurrence
of Nectin4/FAP-positive solid tumors through intratumoral
injection of CAR-T cells. At the time of this publication, the
trial was still in its recruitment phase.

Hostile Tumor Microenvironment (TME)

Once a CAR-T cell invades the endothelial barrier, it must con-
tinue to survive and persist in the inhospitable TME. The TME
presents a myriad of obstacles to CAR-T therapy, including
the tumor stroma composed of suppressive cell types such as
tumor-associated macrophages (TAMs) and myeloid-derived
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suppressor cells (MDSCs) and hypoxic conditions that hamper
its execution [30]. Furthermore, there are differences in the
composition of the TME between adult and pediatric solid
tumors that may call for special considerations when develop-
ing therapies. For example, an immunogenic analysis of over
20 pediatric tumors showed significantly higher infiltration by
CD68 + macrophages compared to adult carcinomas [31].

Extensive research has demonstrated that inhibiting immune
checkpoint, programmed cell death protein-1 (PD-1), through
PD-1 targeting monoclonal antibodies co-administrated with
CAR-T infusion or PD-1 gene editing of CAR-T cells enhanced
therapeutic efficacy in both preclinical and clinical models
[32]. A clinical trial for NSCLC using MUC1-targeted CAR-T
cells with PD-1 knockout (KO) through CRISPR-Cas9 deter-
mined the treatment to be safe, but success differed between
patients (NCT03525782). Varied clinical outcomes using PD-1
blockade prompted efforts to seek other viable modifications to
conquer the TME. One approach targeted transforming growth
factor  (TGBp), a critical multifunctional polypeptide that can
hamper T cell effector function through various avenues like
restricting the maturation of T helper cells [33]. One group
used CRISPR/Cas9 to knock out TGF-p receptor II (TGF fR2)
in CAR-T cells and found that inhibition of TGFPR2 prevented
CAR-T exhaustion in preclinical hepatic and pancreatic tumor
models [34].

Two innovative strategies explored to impede T cell
exhaustion in the hostile TME include epigenetic and tran-
scriptional modifications. Because DNA methylation is
a central mediator in T cell differentiation and potency, a
group created DNA methyltransferase 3a (DNMT3A) KO
CAR-T cells. They aimed to investigate if the cells’ pre-
served functional capacity against chronic tumors and
rechallenge experiments in both in vitro and NSG murine
solid tumor models [35, 36¢]. Not only did the DNMT3A-
KO CAR-T cells retain proliferative capacity, but the cells
also controlled a secondary tumor challenge, conserving
memory potential and protecting against tumor relapse.
The study identified DNMT3A exhaustion signature as a
potential biomarker for future studies. In attempts to address
the hypoxic environment of TME, hypoxia-inducible CARs
(HiCARs) have been modified to include hypoxia response
elements (HRE) and an oxygen-dependent degradation
domain (ODD) that degrades under normal environments
but remain stable under low-oxygen conditions [37]. ODD
fusion was discovered to achieve oxygen-dependent activa-
tion of CAR-T cells and maintain effector T cell function.

Safety Control: On-target, Off-tumor toxicity,
and Cytokine Release Syndrome (CRS)

On-target off-tumor toxicity can be detrimental when

CAR-T cells are directed to attack a tumor antigen that
is also present in normal tissues. For example, low-level
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HER?2 expression on lung epithelia most likely contributed
to a fatal case report in a HER2-CAR-T clinical trial [38].
To avoid these effects, modulating the scFV has been tested.
In a murine model, the affinity of GD2-CAR-T cells was
varied, causing different levels of neurotoxicity [39]. Vari-
ous alterations have been tested to optimize this strategy,
like integrating the synthetic Notch (synNotch) system, a
receptor based on the “prime-and-kill” strategy that recog-
nizes antigen A presented on tumor cells which trigger the
expression of a CAR-attacking tumor antigen B [40, 41].
Through this “AND” logic gate, only the synNotch receptor
with a low-affinity scFv could achieve ultrasensitivity and
spare normal cells in in vitro assays of diverse HER2 tumor
densities. While modulating the scFv has shown promise,
this strategy is ideal when antigens are expressed at very
high levels and does not nullify the potential for tumor
relapse. Thus, additional investigation is warranted.

On-—off switches are one novel strategy based on drug-
controlled regulation of CAR signaling that allows phy-
sicians to alter CAR-T activity after infusion to mitigate
cytokine release syndrome (CRS) toxicity. One group dem-
onstrated that the tyrosine kinase inhibitor, dasatinib, inter-
fered with the lymphocyte-specific protein tyrosine kinase
(LCK) and thereby ablated signaling in CAR constructs [42].
Depending on the dosing regimen, they showed that dasat-
inib could partially or entirely inhibit CAR-T cell function.
Furthermore, dasatinib administration after CAR-T cell infu-
sion protected a proportion of mice from CRS in their lym-
phoma xenograft mouse model. Another group engineered
small protein tags onto CD-19 (4-1BB) CAR-T cells that
would be vulnerable when treated with FDA approved drug
lenalidomide, commonly used in multiple myeloma, which
induces proteasomal breakdown of several target proteins
through modulation of CRL4“RBN E3 ubiquitin ligase [43].
Through the administration of lenalidomide, the off switch,
CAR-T treatment was paused temporarily, preventing toxici-
ties. When lenalidomide was stopped, CAR-T cells switched
back on and resumed their anti-tumor activity. While this
study focused on lymphoma cells, its results are promising
for application in solid tumor models.

Another exciting approach for mitigating toxicities is
the integration of suicide genes through inclusion of the
inducible caspase 9 (iC9) in CAR constructs to trigger
apoptosis and control CAR-T cell activity [42, 43].

CAR-T Cells for Pediatric Solid Tumors—A
Clinical Experience
Pediatric Brain Tumors (PBTs)

Brain tumors represent the most common and lethal solid
cancer in the pediatric oncological population. These
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neoplasms are heterogeneous, arising from glial or neuronal
cells, and include gliomas and embryonal tumors such as,
medulloblastomas and ependymomas [44]. The incidence of
pediatric brain tumors (PBTs) varies globally, but the USA
reports the highest rates, with 1.15 to 5.14 cases per 100,000
children [45]. Many factors influence prognosis, including
age, tumor grade, anatomical site, histological type, and
demographics. Over the last four decades, substantive pro-
gress has increased the 5-year survival rate from 55 to 76%;
however, about one-third of PBT survivors have reduced
quality of life and suffer neurocognitive decline from aggres-
sive standard treatment [46]. Adverse long-term sequelae
and low survival rates for rare brain tumor subtypes unveil
the critical need for the development of alternative therapy.

Tumor Targets

Five tumor-associated antigens have been identified in
PBTs, including B7 homolog 3 protein (B7-H3), epidermal
growth factor receptor (EGFR), Herceptin-2 (HER2), dis-
ialoganglioside 2 (GD2), and IL-13 Ra2. All are in clinical
testing (NCT04510051, NCT04185038, NCT03638167,
NCT04099797, NCT03500991). In February 2022, Majzner
et al. published early results from their phase I dose-escala-
tion trial of GD2-CAR-T cells (4-1BB costimulatory domain
and a CD3 C signaling domain) for children and young adults
with histone 3 K27M (H3K27M) mutant pontine and spinal
cord DMGs (NCT04196413) [47¢]. Four patients (one with
spinal DMG) received 1x 10® GD2-CAR-T cells per kilo-
gram administered intravenously, and three patients expe-
rienced radiographic and clinical improvement after 1.V.
infusion. These patients then received escalated doses of
GD2-CAR-T cells through intracerebroventricular (I.C.V.)
administration. All patients who underwent I.C. V. infusions
of CAR-T cells gained additional radiographic or clinical
benefits and encountered less systemic toxicity than 1. V.
administration. While all patients, unfortunately, passed
away, three patients lived > 20 months after diagnosis, dou-
ble the amount of time for DMGs patients with an average
life expectancy of 10 months after diagnosis [48]. Although
this early report includes a small pool of patients, the clini-
cal benefits observed are promising. The trial is ongoing to
determine the optimal dosage regimen, route of delivery, and
safety of GD2-CAR-T cells.

Interim analysis of another clinical trial involving three
patients (age range 16-26 years old) with CNS tumors that
received six to nine locoregional doses of HER-2-CAR-T
cells demonstrated clinical evidence of feasibility and safety
(NCTO03500991) [49]. While early, results have not shown
radiographic tumor regression. Furthermore, according to
Vitanza et al., this is the first clinical trial to report results
with repetitive locoregional dosing of HER-2 CAR-T cells

in younger patients with CNS tumors. The team has initiated
clinical trials investigating EGFR-, B7TH7-, and HER2-CAR-
T cells for pediatric CNS tumors and is using this experi-
ence to develop multiplexed strategies to overcome chal-
lenges such as tumor heterogeneity and confirm feasibility
(NCT03638167, NCT04185038, NCT01109095) [50].

Future Directions

Given the heterogeneity of antigen expression in brain
tumors, bi-specific and multivalent CAR-T cells have been
designed [18, 51]. Trivalent CAR-T cells targeting IL13Ra2,
HER?2, and EphA2 were tested in a GBM orthoptic xeno-
geneic mouse model through intratumoral administration
[52]. The trivalent CAR-T cells killed 100% of tumor cells in
nearly all models tested. This construct also showed efficacy
in preclinical studies for recurrent and metastatic medullo-
blastoma and ependymoma when delivered to the cerebro-
spinal fluid [53]. While a previous pilot study showed evi-
dence of efficacy and tolerability of a peptide-based vaccine
targeting these three targets, it was only effective in human
leukocyte antigen (HL.A)-A2 positive patients [54]. The mul-
tivalent CAR-T cell is exciting because it is not limited by
HLA restriction and can apply to a broader patient pool for
malignant CNS tumors. However, the trivalent product has
not been translated to a clinical trial, as researchers intend to
include modifications to enhance efficacy, such as adding a
signaling domain or safety mechanism to the CAR construct.

Neuroblastoma

Neuroblastoma (NB), the most common extracranial cancer
in children, is a neoplasm of the sympathetic nervous system
deriving from neural crest cells that typically originate in
the adrenal medulla and paraspinal ganglia [55]. Over 90%
of cases occur in children <5 years with variable clinical
presentation, involving spontaneous regression of localized
tumors, intermediate-risk tumors treated through surgical
resection with or without adjuvant treatment, and high-risk
disease with often metastatic disease and/or N-MYC gene
amplification [56]. Improvements in multimodal therapies
have increased 5-year survival rates from < 20 to < 50% over
the past decades for patients with high-risk neuroblastoma.
Nonetheless, high-risk cases of NB pose a constant chal-
lenge in pediatric oncology, and the particular focus is on
GD2 to advance outcomes for these vulnerable pediatric
patients.

Tumor Targets
Although the adhesion molecule L1-CAM has been tar-

geted for neuroblastoma in both preclinical and clinical
studies, GD2 is unquestionably the leading antigenic target
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investigated for the development of CAR-T cells due to its
high expression in the tumor [57]. Multiple clinical trials are
underway using second- and third-generation GD2-specific
CARs incorporating different signaling costimulatory mol-
ecules into the construct (Table 1). While these experiences
thus far have confirmed the safety and feasibility of various
GD2-CAR products, limited T cell persistence appears to be
a critical obstacle to success. Recently, results from a multi-
institutional phase II trial using fourth-generation GD2-CARs
(including additional CD28, 4-1BB, and CD27 costimula-
tory domains) modified with the iC9 suicide gene have been
reported [58e]. After receiving fludarabine and cyclophospha-
mide (Flu/Cy) for lymphodepletion, ten patients with refrac-
tory or recurrent high-risk neuroblastoma received one or
more intravenous infusions of 4SCAR-GD2 T cells. Notably,
safety and feasibility were established for the newly developed
4SCAR-GD2 T cells as no patients required intervention for
neurotoxicity events, and the CAR-T cells persisted for more
than 6 months. Interestingly, CAR-T cells expanded when the
disease relapsed past 6 months, suggesting that the tumor re-
recurrence could stimulate this CAR construct. Due to a lim-
ited patient pool, no correlation between infusion dose and T
cell expansion was found, so optimal dosage of CAR-T cells is
not known. Further research is warranted to establish efficacy.
Researchers plan to incorporate combinatorial strategies, such
as including a PD-1 inhibitor or an oncolytic virus, for further
study with 4SCAR-GD2 T cells.

Other groups have attempted to modify GD2-CAR con-
structs with different receptors and cytokines to enhance
T cell persistence. For example, results from a phase I
trial of second-generation (CD28/CD3() anti-GD2 CARS
in London utilizing an scFv based on humanized murine
antibody KM8138 have been published (NCT02761915)
[59]. Straathof et al. escalated both cell dose and prepara-
tive lymphodepletion regimen before 12 patients received
intravenous infusions of the T cells. Three of the six patients
who received the highest doses demonstrated regression of
disease. Furthermore, in all patients, no severe neurotoxic-
ity occurred. Ultimately, no patients had objective clinical
responses, but the study’s foremost consideration was safety,
and it was accomplished. Investigators hope to incorporate
next-generation approaches in the trial from these mixed
results. Another ongoing clinical trial at Baylor College
of Medicine investigated GD2-CAR-T cells modified with
cytokine interleukin-7 (IL-7) to increase T cell survival for
neuroblastoma (NCT03635632). The study’s primary com-
pletion date is estimated to be in June 2023.

Future Directions of Neuroblastoma
Last year, a team published a study attempting to delineate

a mechanism of resistance using their optimized GD2-spe-
cific CAR constructs currently under evaluation in phase
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I/TI clinical trial for patients with relapsed and refractory
NB (Table 1) (NCT03373097) [60]. In NB patients who
relapsed or did not respond to GD2-CAR-T cell treatment,
polymorphonuclear myeloid—derived suppressor cells
(PMN-MDSC) were increased in the peripheral blood
(PB). PMN-MDSCs were then isolated and subjected to
in vitro analysis, where researchers confirmed the strong
inhibitory capability of these suppressor cells on different
generations of GD2-CAR constructs. Interestingly, in NB
patients who had undergone GD2-CAR-T treatment, the
prevalence of PMN-MSDC is inversely correlated with the
levels of GD2-CAR T cells, resulting higher in patients
who did not respond or began failing to treatment. Because
of the study, PMN-MDSCs have emerged as potential tar-
gets and biomarkers for further optimization. Similarly,
the use of naxitamab, a humanized anti-GD2 monoclonal
antibody, and sargramotism (GM-CSF) are being explored
as treatment options for high-risk neuroblastoma patients
who experience incomplete remission [61].

Glypican-2 (GPC2), an oncofetal target expressed in
early development that regulates cell growth and is limited
in postnatal human tissues, was more recently discovered
to be overexpressed in neuroblastoma [62—64]. As such,
studies are emerging that investigate on GPC2-targeted
CAR-T cells for NB. Researchers used NB clinical sam-
ples in one study to measure GPC2 antigen density in
pediatric bone marrow specimens. They discovered that
GPC2 antigen density was below the threshold required for
anti-tumor efficacy in traditional GPC2-CAR-T cells and
modified them using CD28 co-stimulatory endodomains.
The attuned GPC2-CAR mediated potent activity without
toxicity in vivo NB models. Another study used micro-
RNA (mRNA) to introduce GPC2-CARs into T cells, a
derivation from the traditional method that most often
utilizes viral vectors [65¢]. The cytotoxicity of mRNA
GPC2-CAR-T cells proved successful in NB cell lines.
Further investigations are needed to measure in vivo dura-
bility of these CAR constructs as well as the effects of
repeated dosing.

Sarcoma

Sarcomas are a group of rare, highly heterogeneous con-
nective tissue cancers such as Ewing sarcoma (EWS) and
rhabdomyosarcoma (RMS), with the latter accounting for
more than 50% of pediatric sarcoma tumors [66]. From
a putative mesenchymal origin, sarcomas are vastly soft
tissue malignancies often forming in the body’s muscles,
fat, or nerves but also include malignant bone tumors and
contribute to less than 1% of all solid cancers in adults
[67].

Fortunately, most pediatric patients with localized sar-
comas become long-term survivors due to chemotherapy,



485

Current Oncology Reports (2023) 25:479-489

AOS'S[BLI] [BOTUI[D) WO ‘7Z0T ‘L1 1990100 pareIauas eyep s[qe],

A[ea] ‘ewoy ‘| ysen ourqureg 09LIBIPd d[epadsQ

VSN VM dmeas ‘[endsoy s uaIpry) opeas

VSN VA 2o ‘[endsoH s.us1piy) apiess

VSN ‘NL
‘STUdWOYA ‘TeNdSOY YoIeasay S USIp[Iy)) apnf 1S

VSN XL ‘Uoisnoy ‘[e3dsoy s.uaIp[ry)) sexa],

VSN ‘X1 ‘uoisnoH ‘reidsoy s .uaIpy) sexay,

VSN ‘X1 ‘uoisnoy ‘reidsoy S, uaIp[iy)) sexa],

BUIOJIBS|[BWOIS
Surmyg|ewooresod)sojsiown) prjos aanisod

-ZDIUALINDAI BUWO)SE[qOINAU[BWO)SL[GOINN

BUWIOISE[GOINAU[LWODTES INSST) JOS|Iown)
1199 punoi [[ews onsejdowsap|siown) yjeays
JA1au Teroyduad jueuSifew ewooIes [[99
JEQ[O[BUIODIRS [BIAOUAS[EWIOOIRSOAWOpqRYI[e
wodJes SUIMH[BWOIIBS0)SO[BWOUIOIE|IOWN]
PIOpQEYIIOWN) SWIA [etroise[qojedayjewols

B[QOUNQI|IOWN) [[90 ULIAS|IOWN) PI[OS ILNRIPA]

rwoue
[QW[BWO)SB[OINIU[BWIOITRS ANSST) JJOS|IOWIN)
1199 punoz [rews onsejdowsap|sIown) Yjeays
aAIou [eroydired jueuSifewujeWOdIES [[99
TeQ[O[RWODIES [BIAOUAS|BWOIIBSOAWOPqR IR
wodIes SUIMH|BWOILS0)SO[EWOUIOIED|IOWN]
PIOpqeyIIown) SW{Ip [ewoise[qojedayjewo)s

B[QOUTJRIIOWN) [[30 WISS|IOWN) PI[OS OIBIPI]

BUIODIES QNSSI) 1JOS|SIOWN) YIeays
aA1au [eroydired jueuSITeWjRWOUTOIRD[BUIOUR
[owewolse[qojedayewiodres [[95 Jea[oIown)

PIOPQEYI|ISOUED [[90 WLISS|IOWN) [[90 pUNoI

[Tews onse[dowsap|Ia0uEd [2I1)I00UdIPEIOWN)

SW[IA [BWOOIeS SUIMF[BWOISE[qOINAU[RWIOITR

SOAWOPQRYI[BWOIBS09)SOIOWN) PI[OS ILIBIPI]

Iown) oes
Y[oAjIown) SW{IA [ewodresodIfirown) propqeyt

JUBUSITRW[EWO0IESOAWOPQRYI|IOIULD IOATT

Jouwn) oes
oA 10wn) SWIA [ewodresodifiown) propqeyt

JURUSI[BW[BWOIBSOAWOPQRYIIIOURD JAT]

IOOUBD JOAIT SUNINIOAT JOU ‘QATIOY

Sunmioar 194 JoN

sjowmny

p110s 2AnIsod-z@D 12410 IO BWOISL[qOINdU

Kioyoeryar/pasderar 1o/pue st Y31y Aq pajoagje
siuened ornerpad ut s[[e0 [ YV ¢AD-IUY  L60€LECOLON

sjnpe 3unok
PUE USIPIIYD UT SIOWN) PIOS AI0JOBIJOI/IUI

-moaz 10§ Adezoyounwt [[99 I YV 908¥ADT  18€8T19E0LON

synpe
3unok pue UAIP[IYD UT sIOWN] PI[OS A10)OrIJaI

Sunmioay  AuL1ModI 10§ Aderayiounwwt [0 LYV €HLE 8LLESFHOLON

(IvD¢) sowny prjos

s syuaned onerpad Joy Adesay) [[00 I, sno3
-ojoine 10}dada1 ueSnue oW oyads-cH-/9d  12€L6870LON

syowmy prjos ornerpad 10 S[[0 3 ur passardxa

103dooa1 ua3nue oLWIYD dY10ads-¢-ueordA[3
palouLIe [Z-UDNSLILIUL pue CT-UBNSLISI]  [61STLYOLON

stown) prjos ornerpad

10§ S[[99 3 ur passaidxe 103dadar uognue orrow
-1y0 oy 100ds-¢ uedtdA|S paiowiie G[-UnBNAMIAN]  ZE6LLEFOLON

(dvD) siowm prjos

ownerpad yym syuoned J0J S[[99 3 ul passaidxo
103dooa1 uadnue orrowyd oyrdads-¢ uedtdA[D 9567€620LON

SUOI}BO0

suonIpuo))

oPIL  Iequnu ION

s1own) prjos dtnerpad 10y (I-YvD) S[[9 L 1031dooa1 uadnue suowiyd uisn syeLn (el surosuQ | ajqel

pringer

A's



486

Current Oncology Reports (2023) 25:479-489

surgery, and radiotherapy. However, like in PBT cases, min-
imizing treatment-related morbidity is a continuous goal.
Unfortunately, approximately half of adult survivors of RMS
suffer from RT-associated chronic health conditions [68].

Tumor Targets

Several CAR-T cell clinical trials are in progress for chil-
dren with different sarcoma subtypes (Table 1). HER2
emerged as a leading target due to its expression in mul-
tiple subtypes, thus driving numerous trials for pediatric
sarcomas [69-72]. One group attempted to improve their
previous dose-escalation study of HER2 CAR-T cells by
using a combination of Cy/Flu lymphodepletion before
HER2 CAR-T administration in children with refractory
or metastatic osteosarcoma, RMS, and synovial sarcoma
(NCT00902044). A new report on the trial described
tumor remission in a child with metastatic RMS after
HER2 CAR-T cell infusion combined with checkpoint
inhibitor pembrolizumab [73]. Endogenous immune
reactivity was also observed, and by the publication date,
the child had a complete response 20 months after the
last CAR-T cell infusion. If the results are reproducible,
treatment holds significant promise in a small number of
sarcoma patients who fail to respond to standard therapy
and, thus, bear a grim prognosis.

New York esophageal squamous cell carcinoma-1
(NY-ESO-1) is highly expressed in synovial sarcomas
and myxoid liposarcomas and has also shown promis-
ing results in clinical trials. The most recent completed
phase I trial tested NY-ESO-1 CAR-T cells in patients
with low and high NY-ESO-1-expressed synovial sar-
comas after lymphodepletion using a combination of
Cy/Flu or Cy only (NCTO01343043) [74, 75]. Patients
with clinical response to the therapy for > 3 months
received a second administration of NY-ESO CAR-T
cells. After infusion, one patient achieved a complete
response, while 14 demonstrated a partial response.

While CAR-T clinical trials have garnered some clini-
cal benefits, most patients inevitably experience tumor
relapse. To combat this, researchers have attempted to
modify T cells to activate MyD99, the central signal-
ing hub for the innate immune system, to sustain CAR-T
function after re-exposure to tumor cells [76]. One group
created an autocrine loop using cytokine receptor GM18
that binds GM-CSF, a cytokine-dependent upon CAR-T
activation, to IL-18 receptor signaling, which operates
through MyD99 [77]. The GM18 receptor was expressed
in second-generation CAR-T cells targeting EphA2 and
HER?2 in osteosarcoma and EWS tumor models. Promis-
ingly, 90% of tumors shrank, and repeated stimulation
assays demonstrated no significant decrease in GM-
CSF production, proving that the loop remained intact.

@ Springer

Furthermore, these GM18-modified T cells induced tumor
regression at lower cell doses than standard CAR-T cells.
The results of this study present a potential approach to
improve current T cell strategies for pediatric sarcoma.

Future Directions

Numerous encouraging preclinical studies have tested new
CAR-T targets against in vitro and in vivo models of pediat-
ric sarcoma. These latest markers include fibroblast growth
factor receptor 1 protein (FGFR1), platelet-derived growth
factor receptor alpha (PDGFRA), and vascular endothelial
growth factor receptor 2 (VEGFR2) [69, 78-82]. These
targets are investigated for clinical development, and pros-
pects will focus on patient safety and efficacy.

Conclusion

The therapeutic benefit of CAR-T cell therapy, as
observed in hematological malignancies, has not been
translated into solid cancers—obstacles such as hetero-
geneous antigen presentation and evasion of immune sur-
veillance challenge this success in solid tumors. Over
the past decades, several target antigens have been iden-
tified for various solid tumors, and some have shown
safety and feasibility in preclinical and clinical studies.
Despite ongoing research, none of these therapies have
been approved for clinical application, and many are
still far from it. These failures highlight that effective
treatment of solid tumors may depend on combination
therapies, with CAR-T cells targeting multiple antigens
or modified to include safety switches. Future efforts
should continue to focus on combinatorial strategies to
combat the immunosuppressive TME and design dos-
ing schedules and delivery methods to enhance CAR-T
cell application best. Furthermore, close attention to the
safety of these therapies is especially needed in the scope
of the pediatric population.
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