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Chimeric antigen receptor (CAR) T cell therapy has emerged as one of the major

breakthroughs in cancer immunotherapy in the last decade. Outstanding results in

hematological malignancies and encouraging pre-clinical anti-tumor activity against a

wide range of solid tumors have made CAR T cells one of the most promising fields

for cancer therapies. CAR T cell therapy is currently being investigated in solid tumors

including glioblastoma (GBM), a tumor for which survival has only modestly improved over

the past decades. CAR T cells targeting EGFRvIII, Her2, or IL-13Rα2 have been tested

in GBM, but the first clinical trials have shown modest results, potentially due to GBM

heterogeneity and to the presence of an immunosuppressive microenvironment. Until

now, the use of autologous T cells to manufacture CAR products has been the norm, but

this approach has several disadvantages regarding production time, cost, manufacturing

delay and dependence on functional fitness of patient T cells, often reduced by the

disease or previous therapies. Universal “off-the-shelf,” or allogeneic, CAR T cells

is an alternative that can potentially overcome these issues, and allow for multiple

modifications and CAR combinations to target multiple tumor antigens and avoid tumor

escape. Advances in genome editing tools, especially via CRISPR/Cas9, might allow

overcoming the two main limitations of allogeneic CAR T cells product, i.e., graft-vs.-host

disease and host allorejection. Here, we will discuss how allogeneic CAR T cells could

allow for multivalent approaches and alteration of the tumormicroenvironment, potentially

allowing the development of next generation therapies for the treatment of patients

with GBM.
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INTRODUCTION

Chimeric antigen receptors (CAR) are synthetic receptors comprising an extracellular domain,
most frequently derived from an antibody single-chain variable fragment (scFv), and an
intracellular signaling and costimulatory domain derived from T cells. Genetic insertion of CARs,
most frequently into the T cell genome but also in other immune cells, allows redirecting them
to a desired antigen (1). Anti-CD19 CAR T cells, mainly generated from autologous peripheral
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blood lymphocytes, have shown remarkable clinical responses
in patients with B cell-derived hematologic malignancies (2).
Clinical trials using anti-CD19 CAR T cells led to a paradigm
change in cancer therapy, based on their unprecedented response
rates in adult patients with recurrent/refractory diffuse large
B cell lymphoma (DLBCL) or pediatric refractory B cell acute
lymphoblastic leukemia (B-ALL) (3–6). Two CART cell products
specific for the B-cell marker CD19, Kymriah (Novartis) and
Yescarta (Kite Pharma), became the first therapeutic products
registered by the FDA comprising a genetic engineering element
for the treatment of B-ALL and DLBCL (7, 8).

However, occurrence of severe side effects is associated
with the use of CAR T cell therapy. The best-characterized
toxicity associated with CAR T cells is cytokine-release syndrome
(CRS). It consists of a systemic inflammatory response derived
from immune cell activation, with common symptoms being
the presence of hypotension, capillary leak, high fever and
multiorgan failure (9, 10). CRS is produced by a supra-
physiological activation of CAR T cells that leads to exacerbated
secretion of pro-inflammatory cytokines, including IFN-γ, TNF-
α, IL-6, and IL-2, and chemokines such as MCP1, allowing
the recruitment and activation of other immune and non-
immune cells (11). Other toxicities associated with CAR
T cell treatment are the immune effector cell–associated
neurotoxicity syndrome (ICANS), hematological toxicity due to
the lymphodepleting chemotherapy, increased risk of infection
due to lymphodepletion or B cell aplasia (following anti-
CD19 CAR T cell administration) and macrophage activation
syndrome (12). To avoid CRS and other toxicities, CAR T
cells with adaptive expression systems have been developed:
(i) passive control using mRNA-encoded CARs, allowing for
transient CAR expression, (ii) inducible control using inducible
suicide systems (13), and (iii) autonomous control via logic-gated
CAR T cells (14).

Up to now, most of published clinical trials testing CAR T
cells have used autologous T cells, i.e., cells derived from the
patient for whom the product is being made. However, therapies
based on autologous T cells are endowed with limitations, mainly
related to the fact that the product has to be generated from
each patient’s cells, in a time-consuming and costly process, and
with the risk of manufacturing failure (15). Indeed, delay in
treatment availability can be particularly problematic in patients
with highly proliferative diseases (16). An additional hurdle
lies in the quantity and quality of the starting autologous T
cells as patients usually receive lymphodepleting chemotherapy
and/or radiotherapy (17). In addition, heterogeneity of tumor
antigen expression and immune evasion mechanisms developed
by tumor cells require using CAR T cell products able to target
multiple antigen specificities (18). As mentioned, the amount
of functional autologous T cells available in heavily pre-treated
patients are often limited. In contrast, using T cells obtained
from healthy donors (allogeneic T cells), provides high amounts
of fully functional cells and allows to generate multiple “off-the-
shelf ” CAR T cell products (15, 16).

Despite many desirable traits, allogeneic CAR T cells
also come with challenges. Indeed, allogeneic T cells might
cause severe graft-vs.-host disease (GVHD) and the host

immune system might in turn induce allorejection, which
will impede anti-tumor activity. There are different ways to
avoid GVHD when designing allogeneic CAR T cells, the
most widely used strategy being the generation of TCR-
deficient T cells using genome editing tools such as Zinc
finger nucleases (ZFN) (19–21), transcription activator-like
effector nucleases (TALEN) (22–24) and CRISPR/Cas9 (25–
27). Strategies to reduce allorejection are being evaluated as
well, testing repeated rounds of administration (28), using
chemotherapy-resistant CAR T cells allowing for prolonged
or deeper lymphopenia (22, 29) or genetically eliminating
key molecules governing CAR T cell immunogenicity. For
the latter, an attractive method uses gene editing of MHC
class I molecules by disrupting the β2-microglobulin locus
(30). Creating an allogeneic T cell bank is an alternative
as well and this has been used mainly with virus-specific
and non-modified T cells (31–33), but also with anti-CD123
retrovirally transduced CAR for the treatment of acute myeloid
leukemia (34).

Glioblastoma (GBM) is the most frequent and aggressive type
of primary malignant tumors originating in the central nervous
system (CNS) (35). Incidence increases with age, but GBM
also occurs in younger patients, with a different genetic profile
(36). Despite aggressive therapies including surgery followed
by concomitant chemo-radiotherapy with temozolomide (TMZ)
and adjuvant TMZ (37), survival of GBM patients has only
discreetly improved over the past decades. A recent systematic
review showed a median overall survival of 20.7 months in
clinical trials using tumor-treating fields and a 5-year survival
only reaching 5.8% (38). During the last 20 years, identification
of tumor-associated and tumor-specific GBM antigens led to the
implementation of immunotherapy for GBM patients (39, 40).
Outcome of clinical studies in primary and recurrent GBM
using vaccines have largely been disappointing, and early clinical
trials with immune checkpoint inhibitors didn’t show positive
results (41, 42). However, some promising results were recently
obtained in phase I/II studies using multipeptide vaccines (43–
46) or neoadjuvant immune checkpoint blockers (47–49). Given
their success in other tumor indications, CAR T cells have
been considered promising for GBM (2). Early phase clinical
studies using CAR T cells to treat GBM patients showed that
these were safe, but did not generate sufficient anti-tumor
activity (50, 51). However, some monovalent CAR T cells
showed tumor control (52–54) and a complete response was
even reported (52). In this review, we will discuss the potential
of using allogeneic CAR T cells for the treatment of patients
with GBM.

ALLOGENEIC CAR T CELLS

As mentioned before, allogeneic T cells present many advantages
over autologous T cells. However, they also come with specific
challenges that need to be overcome to reach clinical success.
These include (i) an appropriate selection of the T-cell source,
(ii) avoiding GVHD and (iii) abrogating host immune rejection
to obtain robust in vivo activation and expansion (16).
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Sources of T Cells
Patient-derived non-mobilized peripheral blood leukapheresis
collection is the primary and most frequently used starting
material for autologous CAR T cell manufacturing. In contrast,
apheresis is performed from healthy adult volunteers in the
allogeneic setting (55) (Figure 1). Using healthy donors provides
high numbers of cells from a single volunteer, and peripheral
blood mononuclear cells are fit, as donors, in contrast to cancer
patients, do not receive chemo- or radiotherapy (16). Other cell
sources can be considered for allogeneic CART cell development,
such as umbilical cord blood (UCB)-derived T cells. GVHD
frequency and intensity can be decreased when using T cells
obtained from UCB, as these have reduced reactivity due to
lower activation of the NF-κB pathway, resulting in decreased
production of several pro-inflammatory cytokines (56, 57). In
the context of hematopoietic stem cell transplantation (SCT) for
treatment of hematological malignancies, UCB transplantation
has indeed shown better results than matched unrelated
donors and similar results as compared to matched related
donor transplantation with regard to GVHD incidence, late
complications and overall survival (58–60). CAR T cells derived
from UCB have already been used, showing the feasibility of the
approach, as well as efficacy, as UCB-derived CAR T cells were
able to recognize and kill target cells (61). Another promising
option is induced pluripotent stem cells (iPSCs). This allows
generating pluripotent stem cells starting from adult somatic
cell by introduction of specific transcription factors (62). iPSC-
derived T cells have longer telomeres than mature T cells and
show higher proliferation capacity. Until now, one study showed
that anti-CD19 CARs can be obtained from iPSC-derived T cells,
these CAR T cells being able to specifically eliminate target cells
(63). However, not much progress has been reported with the use
of iPSC for CAR T cell generation lately.

Avoiding GVHD
Avoiding GVHD concentrates most efforts in allogeneic CAR
T cell development, considering that GVHD is one of the
main causes of death after allogeneic SCT (64). In lasts years,
many groups have been working at refining the diagnostics
and classification of GVHD. The current consensus defines two
main categories of GVHD, acute and chronic, each divided in
2 subcategories (65). However, the literature related to CAR T
cells, and especially allogeneic CAR T cells, does not address the
differential impact of these therapies for each GVHD categories,
particularly in chronic GVHD. As allogeneic CART cells advance
in clinical settings, more research will be needed to understand
their impact in both categories of GVHD.

Many groups consider that the principal responsible of GVHD
are αβ T cells, the T cell type mostly used to generate CAR T
cells (66). Two main strategies designed to reduce the risk of
GVHD have been proposed, based on either selection of virus-
specific T cells or genetic ablation of the TCR locus. As the risk
of alloreactivity increases with donor TCR repertoire diversity
and amount of T cells transferred (16), there is a rationale to use
purified T cells with a low-diversity TCR repertoire. Indeed, the
use of virus-specific memory T cells during hematopoietic SCT
was able to control viral infections without occurrence of GVHD

(67–69). However, even if repeated stimulations of donor T cells
can increase virus-specific memory cells frequency, and in turn
reduce the risk of GVHD, it is still not trivial to predict a priori
the degree of alloreactivity of these cells (70). A small clinical trial
using allogeneic virus-specific T cells expressing the anti-CD19
CAR construct demonstrated that these were safe and capable
of anti-tumor activity without clinical manifestation of GVHD
(71). New clinical trials are ongoing using anti-CD19 and anti-
CD30 CAR T cells engineered with Epstein–Barr Virus-specific
allogeneic T cells (72). The use of virus-specific T cells as a source
of allogeneic CAR T cells remain an interesting option that needs
to be fully validated for the next generation of clinical trials.

In recent years, rapid development of gene editing
technologies has provided the necessary tools to abrogate
expression of endogenous TCRs in order to minimize the risk
of GVHD (Figure 2). Different groups are eliminating the
expression of αβ TCRs on the T cell surface through genetic
knockout of exons of the TCRα constant (TRAC) and/or TCRβ

constant 1 (TRBC1) or 2 (TRBC2) loci, using small interfering
RNA (73), ZFN (19, 20), TALEN (24, 74), megaTAL nucleases
(75), engineered homing endonucleases (76), or CRISPR/Cas9
(26, 27). In a direct comparison between TALENs, CRISPR/Cas9
and megaTAL nucleases, the latter 2 were best at TCR disruption
(75). Since there is only one gene for the α-chain constant
region, this seems to be the most direct and efficient approach
to disrupt the αβ TCR, and is consequently the most frequently
used (75, 77). Additionally, multiplex editing is possible to
further modify CAR T cells. Indeed, CRISPR/Cas9 has been
used to generate TCR and MHC class I deficient allogeneic
CAR T cells with additional PD1 (25), Fas or PD1/CTLA4
(78) knockout. The edition of multiple genes can contribute to
reduction of CAR T cell alloreactivity while improving resistance
to apoptosis and immunosuppression. However, it also increases
the risk of off-target cleavage that could potentially lead to
an excessive proliferation of CAR T cells due to disruption of
tumor suppressor genes (79, 80). One of the most interesting
alternatives to gain functional advantages and avoid GVHD in a
more controlled way is to introduce the CAR transgene directly
into the TRAC locus. Indeed, in addition to reducing GVHD,
this manipulation allows for an homogenous and regulated
expression of the CAR under the control of the TCR promoter,
a feature which was shown to lead to decreased CAR T cell
differentiation and exhaustion (26, 76, 77, 81). This variant is
also explored in field of TCR-engineered T cells with similar
benefits (82, 83).

Other strategies that have been considered to avoid GVHD
are the use of non-αβ T cells (84, 85) or T cells derived from
a hematopoietic SCT donor. The first include a population of
innate-like lymphocytes such as NK (86, 87), invariant NKT
(iNKT) (88, 89), or γδ T (90, 91) cells. In the case of γδ

T cells, these rare cells (5% of T lymphocytes), are able to
expand ex vivo, show strong cytotoxic anti-tumor activity and
recognize their targets independently of MHC restriction, and
there are unlikely to trigger GVHD (92). Some encouraging
results have been showed in pre-clinical experiments with CAR
γδ T cells, including targets associated with gliomas as the
disialoganglioside GD2 (90). We will discuss more on NK and
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FIGURE 1 | Allogeneic (“off-the-shelf”) CAR T cells generation and sources of T cells. Allogeneic T cells can be obtained from peripheral blood mononuclear cells from

healthy donors, umbilical cord blood or derived from induced pluripotent stem cells (iPSCs). CAR T cells are generated by virus transduction and in vitro expansion

before patient administration.

iNKT cells later. Using T cells derived from an SCT donor
is limited to patients who have relapsed after an allogeneic
hematopoietic SCT. Here, it is possible to use the same donor-
derived CAR T cells at relapse, a procedure that showed
GVHD only in 6.9% of patients from a meta-analysis of seven
studies (93).

Limiting Allorejection
A second major challenge of allogeneic CAR T cell therapy is
that allogeneic CAR T cells have to persist and expand in vivo,
a feature that has been associated with response to treatment in
autologous CART cell trials in hematologic malignancies (94, 95)
and neuroblastoma (96). As commented above, allogeneic CAR
T cells do not share the limitation of autologous products in
T cell functionality, and the main concern to increase in vivo
persistence is thus to reduce their immunogenicity.

The fact that allogeneic CART cells can be produced in greater
numbers as compared to autologous CAR T cells allows for
repeated administrations. Some early results using this approach
in an attempt to circumvent in vivo rejection showed that it
was feasible (97). However, repeated administration requires
repeated patient immunosuppression, and repeated encounters
with host immune cells increase the risk of alloreaction, at
least by the antibodies produced upon previous transfusions.
Aiming at a more prolonged lymphopenia is an alternative,
but will require generating CAR T cells that can resist
lymphodepleting agents. To do this, αβ TCR-deficient CAR T
cells were made resistant to multiple purine nucleotide analogs
via deletion of the deoxycytidine kinase gene and were shown

to be capable of efficient tumor cell killing in the presence of
lymphodepleting agents (29). Alternatively, CAR T cells were
made resistant to depletion via the anti-CD52 monoclonal
antibody (alemtuzumab) used as pre-conditioning regimen by
knocking out CD52 (22).

Independently of the number of doses infused and of the
intensity of lymphodepletion, reducing the immunogenicity of
allogeneic CAR T cells is always desired, and one direct approach
is the genetic abrogation of MHC class I molecules (Figure 2).
Despite being highly polymorphic molecules, all share the β2-
microglobulin protein, and disrupting this subunit allows the
elimination of all MHC class I molecules at the T cell surface
(98, 99). A second level of allorejection could be mediated
via the presence of HLA class II molecules on CAR T cells.
Indeed, activated human T cells express the MHC class II
molecules DR, DQ, and DP at the cell surface, which is regulated
by the class II MHC transactivator (CIITA). The function
of MHC class II molecules on T cells remains controversial
(100), but it is conceivable that it can induce allorejection
via CD4+ T cell recognition. This issue probably could be
avoided by genetic editing of the transcription factors regulatory
factor X and CIITA (101, 102). Allogeneic anti-CD19 CAR T
cells triple-knockout for HLA class I (β2-microglobulin KO),
class II (CIITA KO) and TCR (α-chain KO) showed better
persistence than double-knockout (β2-microglobulin and TCR)
cells in a mouse tumor model, with anti-tumor activity, but
without GVHD (103). Other cells potentially mediating an
allogeneic response are NK cells (104), even if NK were shown
to be functionally impaired in some tumors, particularly from
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FIGURE 2 | Allogeneic CAR T cells must avoid host immune rejection and GVHD. Allogeneic CAR T cells can evade the patient immune response by genetic

disruption of HLA class I and II molecules, resist lymphodepleting regimens using anti-CD52 antibodies by elimination of the CD52 molecule and inhibit NK elimination

by increasing expression of Siglec ligands of HLA-E and G variants. To protect patients from GVHD, allogeneic CAR T cells can be engineered to lose TCR expression.

hematological origin (105, 106). Expression or overexpression
of inhibitory ligands could be a possible solution to prevent
NK cell-mediated allorejection, with HLA-E or G (107–109)
or Siglec 7/9 ligands (110, 111) being among most promising
options. Finally, new alternatives are being developed to avoid
CAR T cell rejection, one promising strategy being the recent
generation of a CAR that mediates deletion of activated host
T and NK cells through expression of an extracellular 4-
1BB ligand combined with the intracellular CD3ζ signaling
molecule (112).

Addressing Tumor Heterogeneity With
Modular CAR T Cells
Antigen loss is a common tumor resistance mechanism to CAR
T cell therapy (113) and has been reported as one of main
causes of relapse in hematological malignancies (114) and GBM
(52) as well as in pre-clinical models of solid cancers (115).
An interesting approach to overcome antigen escape is the
use of “universal” modular CAR designs. In these, the scFv
targeting the antigen of interest is fused to an intermediate

soluble molecule (or adaptor) which can be bound by the
construct containing the activation signals expressed by the T
cell (Figure 3). These CARs are based on antibody Fc receptors,
streptavidin-biotin interaction, scFvs directed against a specific
tag or other combinations (116, 117). Two of the most famous
universal modular CARs are split, universal, and programmable
(SUPRA) CARs and universal CARs (UniCAR). SUPRA CARs
consist of a receptor with a leucine zipper on T cells and a
separate scFv with a leucine zipper adaptor molecule targeting
specific antigens (118). The design of SUPRA CARs confers
some advantages, potentially significant in a clinical setting,
over a classical CAR design, such as ability to change targets
at will, adjusted control of activity and toxicity, and flexibility
to change and combine signaling domains and immune cell
types (15). The UniCAR system consists of two components as
well, one being the CAR T cell that expresses a CAR directed
to the nuclear antigen La-SS/B-derived peptide E5B9 and the
second, termed target module, consisting of the E5B9 peptide
fused to a tumor-specific antigen binding domain, typically an
scFv (119). The UniCAR system can also target more than one
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FIGURE 3 | Allogeneic CAR T cells provide a versatile platform to attack GBM and its environment. GBM heterogeneity require a multitarget approach that can be

achieved using allogeneic CAR T cells using multiple CAR T cell mixes, multivalent CAR T cells or by modular CAR T combined with several adaptors. To overcome

the immunosuppressive TME of GBM several strategies to engineer allogeneic CAR T cells can be used: secretion of pro-inflammatory cytokines (such as IL-7, IL-12,

IL-15, IL-21, or IL-23), expression of decoy or switch receptors (to change immunosuppressive signals into activating ones), expression of chemokine receptors (to

direct CAR T cells to the tumor site) and generation of locally activated CAR T cells (such as hypoxia-inducible CAR T cells).

antigen, combine different signaling domains and provide an
on/off switch system that allows for a better control of CAR T
cells activation (119–121).

In general, using adaptor molecules allows regulating CAR
T cell activity through target selection, one or more of these

targets being tackled simultaneously or sequentially. In addition,
the effector activity can be turned on or off against each target
separately by adding or removing the soluble adaptor, without
the need to deplete CAR T cells. Thus, universal modular
CAR T cells offer the opportunity to target multiple tumor
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antigens, with reduced toxicity. In addition to these desirable
features, potential side effects of modular CAR T cells could be
mitigated by a customization of the adaptor dose (122, 123).
However, modular CAR T cells still bear some disadvantages
related to the exogenous nature of the adaptor molecules that can
generate neutralizing antibodies in the host. Additionally, each
new adaptor may require its own manufacturing development,
clinical validation and regulatory approval related to safety and
effectiveness (124). Universal off-the-shelf and universal modular
CAR could be conjugated to obtain a “fully universal” CAR that
would be readily available to switch target specificity and allow
fine-tuned control at the same time. This approach could be
particularly suited for GBM, a highly heterogeneous solid tumor.

Alternative Sources of Allogeneic CAR
Cells: NK and NKT Cells
Besides T cells, other cells can be used to generate CARs. NK cells
are the most explored alternative to T cells, due to their potent
cytotoxic anti-tumor activity combined with a favorable safety
profile. A smaller risk of inducing GVHD has been historically
associated with adoptive transfer of allogeneic NK cells because,
as opposed to T cells, NK cells kill independently of MHC
expression (125). In addition, allogeneic CAR NK cells do not
require genetic modifications such as TCR deletion, which makes
it easier to obtain cellular product devoid of any risk of GVHD
(126). Even more interesting is the differences in the cytokine
profile of NK cells compared to T cells, as NK cells do not
produce IL-1 and IL-6, the main cytokines involved in CRS (127).
Despite the fact that macrophages are usually the main source
of cytokines such as IL-6, there is a debate about the role of
activated T cells in IL-6 secretion during CAR T cell therapy,
some studies pointing to T cells as the main source of IL-6
(128, 129), while others showing no IL-6 production by CAR
T cells (130). However, generating CAR NK cells faces several
practical issues, from the lower amount of these cells in blood
of adult donors compared to T cells, to a limited ability to expand
ex vivo, although progress is being made in the latter through the
use of improved protocols with different cytokines such as IL-
15 and IL-18 (131, 132). In addition, genetic engineering of NK
cells is less efficient than with T cells, with low transduction rate
and loss of cytotoxic activity (126, 133). However, CD19 CAR-
transduced NK cells from cord blood were recently shown to
induce 64% of complete responses in patients with hematological
malignancies, with favorable cell product attributes, i.e., CAR
expression, engraftment and expansion in vivo, and without
showing serious toxicity (134). In addition, given the existence
of various NK cell subsets, important differences in phenotype
and functional activity can be observed depending on the cells
used (135, 136). NK cell lines are an alternative with potential
to overcome most primary NK cells handicaps. These cells lines
are rare but at least one of them, NK-92, is endowed with a
high cytotoxic activity due to expression of many NK activating
receptors and loss of some of the NK inhibitory receptors (137,
138). Advantages of NK-92 cells are their unlimited expansion
in vitro and easy maintenance in culture (requiring only IL-
2 supplementation). In addition, they are an homogeneous
source of NK cells with an invariant phenotype and cytotoxic
activity, a safe profile, and are easily modifiable through genetic

modifications (133, 137, 139). Additionally, using CRISPR/Cas9
editing, NK-92 cells have been modified to re-express CD16
or DNAM-1, allowing to increase their anti-tumor cytotoxic
activity to levels close to primary NK cells (138). As NK-92 cells
originate from a human NK cell lymphoma, one limitation as
cell therapy is the mandatory irradiation of these cells before
infusion in patients to avoid any risk of malignant expansion.
Irradiation does not affect functionality of NK-92 cells, including
cytotoxic activity, but impairs proliferation in vivo, reducing NK-
92 engraftment to a few days (126, 139). In order to overcome
this limitation, NK-92 CARs must be infused several times in
patients, a concept that has already been proven as feasible in
an anti-Her2 therapy (140–142). Furthermore, despite the fact
that CAR NK-92 cells showed pre-clinical activity against several
tumor targets such as CD19, EGFR, Her2, and PSMA, they still
need to be validated in a clinical setting (137, 143). Finally, among
other population that have been explored to generate allogeneic
CARs are iNKT cells (144). iNKTs combine a strong cytotoxic
capacity with an activation restricted to the monomorphic CD1d
molecule (145), reducing the risks of off-target toxicity, since
CD1d is expressed mainly by antigen presenting cells such as
dendritic cells and B cells (146). Interestingly, allogeneic iNKT
cells have been associated with a protective effect against GVHD
(147, 148). Similar to NK cells, iNKT cells are more difficult
to culture, transform and expand that T cells and repeated cell
administration or adjuvant use of IL-2 would be necessary to
achieve persistence and anti-tumor efficacy (144, 149). However,
several groups are working to improve iNKT cell culture and
expansion protocols, with recent advances potentially making
this population an efficient and flexible platform for next-
generation CAR therapies (88, 150).

CAR T CELLS FOR BRAIN TUMORS

Challenges Associated With Tumor
Location in the Brain
Although solid tumors are challenging for CAR T cell therapy,
GBM are endowed with specific hurdles. First, entrance of
immune cells, including CAR T cells, into the CNS is usually
low, since migration of these cells into the CNS is limited by
the endothelial blood–brain barrier (BBB) and the epithelial
blood–cerebrospinal fluid barrier (151). Second, high inter- and
intratumoral heterogeneity is one of the hallmarks of GBM,
making selection of tumor antigens for CAR T cell design
more challenging. Finally, GBM displays an immunosuppressive
environment induced by the tumor itself, by recruited immune
cells and by standard radiochemotherapy treatments that hamper
CAR T cell activity (152). Finally, there is a great limitation of
relevant models in GBM to assess CAR T cell function, study
resistant phenotypes and test combinatorial strategies (152).

Making CAR T Cells Reach the Tumor in
the Brain
The first challenge of CAR T cell therapies against GBM is
to achieve active trafficking of the effector CAR T cells to
the tumor site (153). In the published clinical trials, GBM
patients were treated with anti-IL13Rα2, Her2, or EGFRvIII
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CAR T cells, and investigators explored both local and systemic
administration routes. The main achievement of these trials
was to provide evidence of safety of anti-GBM CAR T cells
and potential for clinical efficacy, with some durable responses
reported (50, 51). However, the majority of patients treated did
not experience clinical benefit. A critical analysis of the main
factors contributing to the low efficacy of these trials pointed to
the necessity to improve CAR T cell trafficking and engraftment
(50). Relevance of the administration route was evidenced with
one of the more remarkable results showing tumor regression in
a patient receiving multiple infusions of IL13Rα2-specific CAR
T cells. The patient was treated CAR T in a sequential manner,
using first the intracavitary and then the intraventricular route.
While the first treatment resulted in local tumor recurrence,
intraventricular infusion caused regression of all CNS lesions
(52). This correlates with pre-clinical brain tumors studies, in
which evidence points to an increased anti-tumor activity after
locoregional administration of CAR T cells (154–156).

Another way to enhance trafficking to the brain would be
to engineer CAR T cells with specific chemokine receptors that
improve infiltration into the tumor (157). As an example, anti-
GBM CAR T cells targeting CD70 showed increased trafficking
to the tumor site and a better anti-tumor activity after being
transduced with CXCR1 or CXCR2 (158). CXCR1 and CXCR2
are receptors for IL-8 (CXCL8), an inhibitory chemokine
involved in recruitment of tumor-associated neutrophils or
myeloid derived suppressor cells (MDSCs) (159), tumor
proliferation and angiogenesis (160). Furthermore, despite the
fact that most of chemokines attracting T cells are downregulated
in GBM, some are upregulated. Two examples are CCL17
and CCL22, two chemokines involved in T regulatory (Treg)
recruitment (161), that can be used to attract CAR T cells
if the latter are transduced with their cognate receptor, the
CCR4 molecule. Another argument to justify transfection of
CAR T cells with CCR4, which also holds true for CCR2, is
based on their ability to bind to CCL2, a chemokine expressed
in gliomas that has been demonstrated to recruit T cells to
tumor site in vivo (162). Finally, other approaches point to
overexpressing some of the chemokine receptors involved in T
cell trafficking to inflammatory sites, such as CXCR3, owing
to expression of its ligands, CXCL9 and CXCL10, in the
GBM tumor microenvironment (TME) (163). Indeed, CXCR3
signaling through interaction with CXCL9 and CXCL10 has been
shown to play a relevant role in tumor homing of effector T
cells (164).

In vivo Monitoring of Cellular Products and
Treatment Efficacy
Monitoring persistence and functionality of CAR T cells is
essential to improve effectiveness of anti-tumor therapy. In
contrast to hematological malignancies, monitoring CAR T cells
at the tumor site in solid tumors is usually more difficult
and new strategies to follow and evaluate CAR T cells in the
tumor and/or in periphery must be designed. Conventional
brain imaging using computer tomography (CT) or magnetic
resonance imaging (MRI) with contrast are commonly used

for brain tumor diagnostic and disease follow-up. One of the
issues associated with the use of MRI in patients treated with
immunotherapy is a phenomenon known as pseudoprogression,
i.e., increase of lesion sizes related to treatment, which simulates
progressive disease (165). Pseudoprogression, which has been
associated with favorable prognosis in some instances (166),
is difficult to distinguish from true tumor progression. This
was evidenced by a phase I dose-escalation trial with an
anti-Her2 CAR. In the weeks following CAR T cell infusion,
several patients showed a progression-like image with increase
in peritumoral edema, but all survived more than 6 months,
suggesting pseudoprogression and not true tumor progression
(53). New imaging-based methods are therefore needed to more
accurately follow CAR T cell expansion at the tumor site.

The in vivo detection of cell therapy products through
19F-based MRI after endocytosis of 19F-dense perfluorocarbon
nanoemulsions, still in early development, is a promising
option to monitor CAR T cell infiltration and survival in
the tumor during clinical trials (167). Based on the high in
vivo sensitivity of nuclear imaging methods, one interesting
variant to 19F MRI cell detection are radionuclide-based imaging
methods, mainly positron emission tomography (PET) and single
photon emission computed tomography (SPECT) (168–170).
Due to high sensitivity of PET and SPECT, higher than that
of MRI techniques, much lower concentrations of radiolabeled
compounds can be used, making possible to avoid interference
with cell function and viability (168, 171). Using a 89Zr-labeled
anti-ICOS antibody, it was shown that PET can be a useful tool
for in vivo tracking of CAR T cells in an orthotopic murine
tumor model of lymphoma (172). One disadvantage of PET
and SPECT being that they have a limited spatial resolution,
combination with CT provides a first approach to surpass this
limitation (173). A first successful use of PET/CT to detect
tumor-infiltrating CAR T cells was reported in a mouse model
of an anti-GD2 CAR T cells, the vector used co-expressing a
dihydrofolate reductase enzyme that generates an 18F-probe for
PET (170). However, since PET-CT has disadvantages as well,
such as errors during the co-registration of images and high
radiation doses due to CT scans, approaches that combines
nuclear imaging techniques with MRI are being developed (173,
174). PET-MRI and SPECT-MRI combine the high sensibility
to visualize physiological process with the capacity to show
anatomical structures and are already becoming one of most
powerful imaging platforms to study CAR T cells (174). On the
other hand, use of perfusion-weighted imaging approaches in
the MRI field, both dynamic contrast enhanced and dynamic
susceptibility contrast-enhanced seems to be able to differentiate
between the effects of chemotherapy and radiotherapy on tumor
progression in high-grade gliomas (175). Both methods have
shown a relatively good accuracy in individual studies, but
further investigation and standardization is needed until they
can be used for CAR clinical trials (175). Another promising
alternative, limited to patients with surgical re-interventions after
CAR T cell treatment, is the in-situ analysis of CAR T cells.
This uniquely allows to analyze the amount and phenotypical
characteristic of CAR T cells that can successfully migrate to the
tumor and evaluate, as a possible prognosis of tumor evasion, the
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changes in CART cells antigen expression after treatment (54). In
addition to MRI, another way to monitor tumor evolution under
CAR T cell therapy is the detection of target antigen expression,
using qPCR or immunohistochemistry on samples obtained from
the tumor site (152). However, in anti-CD19 CAR T cell pre-
clinical experiments, a decrease in surface CD19 expression was
reported without a significant decrease in mRNA levels, leading
to a debate about the reliability of qPCR measurements as
surrogate of therapy efficacy against an specific antigen (176).

Although direct analysis of tumor evolution and detection
of CAR T cells at the tumor site should ideally provide a
direct correlation with functionality, CAR T cell assessment
in the peripheral blood has some advantages as compared to
reoperation or in situ measurements, being less invasive and
safer. In this direction, analysis of the number of CAR T cells,
absolute or in proportion to overall T cell populations, associated
with expression of functional and exhaustion markers, shall
provide an accurate picture of therapy efficacy. However, since,
in GBM, intracranial administration CAR T is preferably used,
it is necessary to know whether CAR T cells can reach and
be detected in the periphery. A first report showed that CAR
T cells administered intraventricularly, and, in lesser amounts,
intratumorally, can reach the periphery, allowing to use flow
cytometry to measure CAR T cells in that compartment (155).
A recently developed approach makes use of liquid biopsies,
which is a non-invasive technique that can be used to monitor
CAR T cell persistence and tumor progression through analysis
of circulating tumor (ct) or CAR DNA (177). Although initial
reports showed that gliomas had lower levels of ctDNA compared
to others tumors (178), recent reports pointed to the use of
ctDNA or circulating cell-free DNA as a non-invasive measure of
response to therapy in brain tumors (179, 180). Another recently
developed platform is the detection of tumormitochondrial DNA
(tmtDNA), a technique that showed 3 times better detection rates
as compared to ctDNA, and can be used in cerebrospinal fluid
(CSF). tmtDNA appears to be a more sensitive method to analyze
tumor change following CAR T cell treatment, and can allow
overcoming limitations that other methods have shown in GBM
(181). It is important to note that the anatomical structure of
brain, especially the BBB, makes CSF a relevant fluid that might
provide a more accurate picture of tumor treatment efficacy than
plasma, including the measure of certain biomarkers (182).

CAR T Addressing GBM Heterogeneity
Engineering successful CART cell therapies against GBMhas two
major prerequisites: (i) the choice of antigen, the goal being to
target the high molecular heterogeneity inherent to GBM, and
(ii) the modulation of the immunosuppressive TME to allow
CAR T cell function. Analysis of clinical trials with CAR T
cells for solid tumors suggests that improvements in cancer cell
recognition as well as in CAR T cell persistence and activity,
especially in an immunosuppressive TME, will lead to increased
efficacy (183, 184). CARs that target multiple tumor antigens
might allow enhancing tumor cell detection; however, increasing
the number of antigens also increases the risk of “on-target off-
tumor” effects that may cause serious damage to healthy tissues.
Such toxicity has been observed with anti-CD19 CAR T cells,

affecting dispensable B cells (185) but also brain mural cells,
leading to neurotoxicity (186).

As many solid tumors, GBM displays a high intratumoral
heterogeneity, with different tumor cell clusters showing
differences at the genotype level (187). Single-cell transcriptomic
showed that several cell types coexist in the same GBM sample,
with a high degree of plasticity between the different states
(188). Challenges in addressing GBM heterogeneity also lie in
the fact that a small subset of tumor cells can actively sustain
heterogeneity (189, 190) and that a relative small population of
cancer stem cells is responsible for tumor recurrence (191, 192).

In addition to the need to target all cells within a tumor cell
population, addressing antigen loss, which is a common risk
when a single antigen is targeted, is required (193–195). In an
attempt to predict efficacy of CAR T cells targeting two or three
GBM antigens, one study applied a binominal mathematical
model, using expression of three of the well-described GBM-
associated antigens, Her2, IL-13Rα2, and EphA2. In primary
GBM samples, the model predicted that targeting two of the three
antigens would result in higher efficacy as compared to single
antigen targeting, but that addition of the third antigen would
not improve the outcome (193). Interestingly, in mouse models,
authors compared two alternative strategies, one with a bispecific
CAR and the other with a 1:1 pool of monospecific Her2- and IL-
13Rα2-specific CAR T cells. Bispecific CAR T cells demonstrated
a better anti-tumor activity and higher in vitro activation, with
increased IFN-γ and IL-2 secretion, and improved cytolytic
activity (193). These results encourage the development of a dual,
both bispecific or tandem design CAR T cell therapy against Her2
and IL-13Rα2 in GBM (193, 194). Similar approaches to avoid
antigen escape have been tested in breast cancer with CAR T
cells targeting Her2 and MUC1 (196) and in B-ALL with CAR T
cells targeting CD19 and CD22 (197). However, even if targeting
two antigens can decrease the probability of tumor escape,
this may not be enough in the case of highly heterogeneous
tumors to reach complete remission (114). To enable targeting
a wider proportion of GBM patients, a trivalent CAR targeting
Her2, IL3Rα2, and EphA2 was generated. Trivalent CAR T
cells displayed increased IFN-γ and IL-2 secretion after tumor
recognition compared to monovalent and bivalent constructs,
and the trivalent CAR therapy was able to eliminate nearly all
tumor cells in an orthotopic patient-derived xenograft (PDX)
mouse model (198).

In view of these results, developing a pool of CAR T cells
with different antigen specificities would result in a flexible
platform that could be adjusted to the antigen profile of
each patient in terms of antigen expression. Using allogeneic
cells would enable the generation of CAR T cells specific for
antigens of choice or even a bank of “à la carte” CAR T
cells specific to the major antigens expressed by a given tumor
type (Figure 3). As mentioned above, different strategies are
available to design CAR T cell therapies targeting multiple
antigens, such as co-administration of two or more CAR T
cell populations, each bearing a different antigen specificity,
or the simultaneous expression of two, potentially three, CAR
molecules in the same T cells, such as with bispecific and
tandem CARs (113). In this regard, allogeneic CAR T cells is
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a promising option for multi-targeting approaches. Whereas,
a limited number of autologous T cells is usually available,
allogeneic T cells can be obtained in high numbers, allowing
manufacturing different CAR T cells populations. In addition,
it allows compensating for the lower efficiency of transduction
with viral vectors with higher packaging capacity, when a
strategy using multiple CAR molecules is preferred. In addition,
availability of multi-antigen targeting CAR T cells at the time of
patient diagnostic will allow rapid administration and prevent the
risk of manufacturing failure. Other options to target multiple
antigens are under development and include the combination
of CAR T cells and bispecific T cell engagers (BiTE), in the so-
called CART.BiTE strategy (199). As an example, heterogeneous
GBM were eradicated in mouse models using a combination of
EGFRvIII-directed CAR T cells and a secreted BiTE targeting
wild-type EGFR (200).

CAR T Cells That Modify the TME
The GBM immunosuppressive TME has been regarded as one
of the main obstacles to a successful CAR T cell therapy (51).
GBM contains tumor and non-tumor cells that generate a
hostile environment dampening T cell function and survival
(201–203). First, at the cellular level, GBM cells are able to
recruit and polarize immune cells to a regulator phenotype,
the better described examples being Tregs, tumor-associated M2
macrophages and MDSCs (203, 204). Second, at the molecular
level, cells in the GBM TME are able to express inhibitory
ligands such as PD-L1, CD95-L, or non-classical MHC class-I
proteins (205) and to secrete immunosuppressive cytokines such
as TGF-β and IL-10 (206). Finally, at the metabolic level, TME
cells are able to decrease relevant metabolites such as glucose
via increased consumption, or to deplete relevant amino acids,
such as tryptophan, via IDO1 (indoleamine 2,3-dioxygenase 1)
secretion, limiting T cell function. These phenomena are in
addition favored in hypoxic conditions, which is common in
GBM (203, 207).

Reshaping Immune Cells in the TME
One strategy to target immunosuppression at the TME of solid
tumors using CAR T cells is based on the secretion of pro-
inflammatory cytokines at the tumor site, with the aim to
reprogram infiltrating immune cells while enhancing CAR T cell
killing function. Cytokines tested include IL-7 (208–210), IL-
12 (211–213) and IL-18 (214, 215). In GBM, pre-clinical data
showed synergy of CAR T cells co-expressing IL-15 (195), IL-
12, and IL-18 (216). IL-21 is another cytokine that is being
considered due to its role in TME modulation (217). In fact,
CAR T cells cultured in vitro with IL-21 showed a higher
efficiency in controlling in vivo tumors (218). In addition, a
pre-clinical study comparing CAR T cells secreting different γ-
chain-cytokines (IL-2, IL-7, IL-15, and IL-21) found increased
anti-tumor activity with all the cytokines tested, but effects
were mediated through different mechanisms (208). Recently,
transfecting CAR T cells with the IL-12β p40 subunit allowed
production of IL-23 after activation, which led to an increase in
cell proliferation and survival. This strategy resulted in enhanced
anti-tumor activity, due to autocrine IL-23 signaling, in xenograft
and syngeneic mouse models (219). A frequently reported

CAR T cell design used to deliver cytokines and modulate the
immunological balance at TME are TRUCKs (“T cell redirected
for universal cytokine-mediated killing”). TRUCKs incorporate
an NFAT (nuclear factor of activated T cells)-mediated signaling
getting activated upon CAR engagement of its cognate antigen
and leading to local secretion of a cytokine of interest (220).
One limitation of the original TRUCKs was the necessity of
transducing two vector constructs, but recently a modular “all-
in-one” vector system was developed, resulting in enhanced
cytotoxic activity and safety (216).

The increasing amount of results with CAR T cells secreting
different cytokines suggest that selecting the appropriate cytokine
could be a challenge and that, in some cases, combinations
might be a better option. Since most cytokines are pleiotropic
and can induce both immunostimulation or immunosuppression
according to the immune contexture, their use is still in debate
and more studies are needed to optimize their combination
(183, 221). Also, as high levels of cytokine secretion is associated
with two main CAR T cells toxicities—CRS and ICANS—the
possible toxicity of additional cytokines, as we mention before
for reshape TME, must be careful monitoring. Cytokines as IL-
15 are strongly associated with ICANS, but direct neutralization
of IL-15 or other pro-inflammatory cytokines must impair T cell
activity, then alternative treatments directed to the inflammatory
process itself could be more appropriate, including blockade
of the signaling of IL-6, IL-1 or GM-CSF and the use of
corticosteroids (222, 223).

Lastly, a new possibility to modify the TME is to target
directly the immunosuppressive cells. CAR T cells targeting
M2 macrophages are currently being developed using the most
recent, and extensive, phenotypic characterization of these cells
in GBM (224, 225).

Resisting Immune Checkpoint Inhibition
The other main strategy to target immunosuppression at the
TME is to avoid immune suppression signals by blocking them
or turning them into activating ones, mainly based on decoy and
chimeric switch receptors. Chimeric switch receptors, also called
inverted receptors, are composed of a receptor for an immune
inhibitory signaling molecule as extracellular domain, and of
the cytoplasmic domain of an immunostimulatory molecule as
intracellular domain, allowing to turn an inhibitory signal into a
stimulatory one (157). An interesting use of this design combines
the extracellular portion of PD1 with the intracellular signaling
domain of the costimulatory molecule CD28. CAR T cells with
this PD1CD28 switch receptor and specific for CD19, mesothelin
or PSCA, showed increased cytotoxicity and improved tumor
control in several established solid tumormodels (226). Chimeric
switch receptor were also designed by combining the IL-4R
extracellular domain with the intracellular signaling domains of
IL-7 or IL-21, resulting in CAR T cells with enhanced anti-tumor
activity against IL-4+ tumors (227, 228). Decoy, or neutralizing,
receptors, including dominant-negative receptors, are also an
approach that can be used to avoid TME immunosuppressive
signals. In this case, receptors do not transmit any signal to
the cell and can contribute to eliminate inhibitory cytokines
from the TME. In a first attempt to use this strategy, CAR T
cells were engineered to overexpress a truncated receptor for
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PD1, without the transmembrane and intracellular signaling
domains of the natural receptor, resulting in non-transduction
of the signal upon binding and conferring resistance to PD-
L1/2 immunosuppression. This led to an increase in effector
functions and better tumor control in pre-clinical experiments
(229). A similar approach was shown to be successful when
targeting TGF-β via introduction of a dominant-negative TGF-
β receptor in an anti-PSMA CAR. This construct resulted in
increased proliferation rate and higher persistence of CAR T
cells in mice, combined with a less exhausted phenotype, leading
to enhanced anti-tumor activity (230). A recent report used
anti-CD19 CAR T cells with concomitant expression of an
IL-6 neutralizing receptor that reduced CRS by eliminating
soluble IL-6, without affecting anti-tumor activity (231). In an
alternative approach, genetic editing tools such as CRISPR/Cas9
can be used to disrupt immunosuppressive signals in the TME
(232). PD1 gene (Pdcd1) disruption using CRISPR/Cas9 in anti-
CD133 CAR T cells was shown to increase tumor killing in
vitro while inhibiting in vivo tumor growth in a orthotopic
glioma xenograft model (233). In a stimulating attempt to
create universal allogeneic CAR T cells against EGFRvIII, the
CRISPR/Cas9 system was also used to disrupt Pdcd1, together
with the TRAC and β2-microglobulin genes. These triple negative
CAR T cells showed improved persistence and anti-tumor
activity in NSG mouse models of human GBM. Interestingly,
this was observed only when locoregional administration was
used, suggesting the relevance for a successful anti-GBM therapy
of immune checkpoint signaling blockade and local infusion of
CAR T cells (234).

Targeting Metabolic Checkpoints
Since a hypoxic microenvironment is found in many solid
tumors, and is considered a hallmark of GBM (235), some
authors are considering turning it into an advantage. The
best example is the development of a CAR containing sub-
domains of hypoxia-inducible factor-1α to induce CAR T cell
activation only under the low oxygen levels found in TME
(Figure 3). These oxygen-sensitive CAR T cells showed a more
tumor-localized function that enhanced efficacy, allowing the
use of tumor associated antigens with lower risk of side effects
(236). However, this strategy would still come with the risk of
unanticipated CAR activation in regions of the human body
bearing low oxygen levels, especially in patients with concomitant
pathological conditions such as infections or inflammation (237).

THE NEED TO HAVE
IMMUNOCOMPETENT PRE-CLINICAL
MODELS THAT REFLECT THE
COMPLEXITY OF THE GBM
MICROENVIRONMENT

Like any other therapy, CAR T cell therapy needs to be tested
in pre-clinical models before reaching clinical trials. Available
experimental models can be categorized in twomain groups, both
with advantages and disadvantages. On one side, reductionist
models are being used to elucidate the specific role of molecules

or biological processes, and make direct measures of functional
effects such as cytotoxicity without most of the complex relations
present in a live organism. On the other side, “close to reality”
models aim at recapitulating the tumor and its interaction
with other components of the organism such as the immune
system, and are more focused on evaluating the probable efficacy
of therapies (238) (Figure 4). CAR T cell cytotoxic functions
can be directly tested using classical human GBM cell lines,
such as U87MG and U251MG, but despite the fact that these
experiments can provide a proof of concept, these models suffer
from several limitations. Long-term in vitro culture induces
significant changes at the genetic and transcriptional level,
including loss of stemness attributes and differentiation to an
astrocytic phenotype, diverging away from the characteristics of
human GBM (239). Since human CAR T cells need to be tested in
xenograft models and given that GBM cells lines are not optimal
to recapitulate the heterogeneity of human tumors in vivo, many
groups have moved to alternative models such as GBM stem
cells (GSC), PDX or organoids (238). GSC culture conditions
induce the preferential expansion of glioma stem cells and are
a useful tool to study GBM biology, including in vivo tumor
development and heterogeneity, and may also predict efficacy
of some therapies (240). Human GBM-derived PDX models
provide a more precise representation of tumor heterogeneity
than other available models, including the ability to reproduce
many of the interactions between tumor and the TME (241, 242).
Due to these characteristics, PDX models, in particular when
used orthotopically, appear to more closely recapitulate the real
disease (243–246). However, after several in vivo passages, PDX
tumors can also notably diverge from the original primary tumor,
both at genetic level and at subpopulation composition (247,
248). In recent years, organoids have become another promising
alternative to reproduce GBM in mouse models. Combining
GSCs and iPSC, several researchers were able to generate highly
heterogeneous 3D cultures, integrating neoangiogenesis and a
hypoxic milieu and making these a clinically relevant option to
test new anti-GBM therapies (240, 242, 249).

In addition to the challenges of any xenograft GBM model
to represent tumor heterogeneity, immunosuppressed mouse
models are not capable of reproducing the full interaction of
tumor or CAR T cells with the immune system. As such,
one of the most commonly used immunocompromised models,
the NOD-scid/IL2R-γnull (NSG) mouse model, does not allow
interrogating the effect of infiltrating immune cells (250, 251).
In addition, interactions of CAR T cells with other immune or
stromal cells, the potential “on-target off-tumor” effects and the
generation of CRS cannot be modeled either (252). To overcome
limitations in assessing CAR T cell interaction with other
immune cells and simulating the CRS, important progress has
been made to develop mouse models with a humanized immune
system (253, 254). Through human hematopoietic CD34+ stem
cell transplantation in immunosuppressed mice, including NSG
mice, many groups were able to develop mice incorporating
many cellular components of the human immune system,
including both myeloid and lymphoid lineages (255, 256). The
humanized mouse field is in constant progress, with new mouse
models being able to resemble more accurately the human
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FIGURE 4 | To develop new and effective anti-GBM therapies better experimental models are required. Experimental in vitro and in vivo models need to move to more

realistic settings. Patient derived primary cell lines and xenograft models, orthotopic tumor growth and mice with humanized immune system must become the

standard to evaluate allogeneic CAR T cells against GBM.

immune system. As an example, NSG or NOD/Shi-scid/IL-
2Rγnull (NOG) mice that express human cytokines such as G-
CSF, GM-CSF, or IL-3, lead to better engraftment, generation
and development of the human immune system after injection
of human CD34+ stem cells (257, 258). Another consideration in
designing relevant GBM models is the inoculation site of tumor
cells. Orthotopic engraftment must be preferred, as it confers an
adequate environment to GBM development and better reflects
the human disease (238). Finally, other animal models could be
explored, such as immunocompetent dogs that spontaneously
develop high grade gliomas and show some of the features of
human GBM, such as tumor heterogeneity, in presence of a
functional immune system (259, 260) (Figure 4).

CONCLUSIONS AND PERSPECTIVES

CAR T cell based therapies are transforming the treatment of
hematological malignancies and have the potential to do the
same in solid tumors (184). However, despite showing some
evidence of anti-tumor effect, CAR T cell therapies against
GBM still need to prove their efficacy to become a viable
and impactful therapeutic option (152). To this day, all 21

clinical trials (Supplementary Table 1, updated December 2020
in https://clinicaltrials.gov/) using CAR T against GBM are based
on autologous CAR T cells. In addition to addressing the many
obstacles raised by solid tumors and GBM in particular, using
allogeneic T cell sources might be part of successful future
strategies. Several advantages make allogeneic CAR T cells a
relevant option for GBM patients (16). Allogeneic CAR T cells
have the advantage of being ready to use and can be readily
administered to patients from the moment of diagnosis. In
addition, healthy donors provide high amounts of T cells, without
loss of functionality due to exhaustion or suppression, which are
commonly found in T cells derived from cancer patients (261)
and particularly in GBM (262). However, using allogeneic CAR
T cells comes with the need to overcome host immune rejection
and to minimize GVHD (16). The first can be accomplished
mainly through elimination of HLAmolecules and the second by
knocking-out the TCR or by using tumor site-specific activation
strategies such as hypoxia-activated CAR T cells. Nonetheless,
an important feature of allogeneic cells is that, as opposed to
autologous T cells usually used to generate monovalent CAR T
cells, allogeneic T cells can be used to generate several CAR T cell
products with different antigen specificities or multivalent CAR
T cells, enabling to overcome GBM heterogeneity. It could also
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be used as a personalized therapy to target the set of antigens
expressed by a given patient. Allogeneic CAR T cells could
further be combined with modular CAR strategies to make “fully
universal” CAR T cells that combine availability of allogeneic
cells and flexibility of modular designs. As such, allogeneic
CAR T cells would not only be able to target different GBM
antigens but also to target the TME, offering a new promising
field that could overcome the limitations of current CAR T
cell strategies.

Today, there is virtually no limit to synthetic biology
and cell engineering, providing a platform to develop new
therapies against GBM. Together with the identification of
new and highly tumor-restricted antigens, the development of
more representative experimental models and improved imaging
techniques to assess tumor response and CAR T cell features
in vivo will be part of that therapeutic challenge. In the next
decade, the neuro-oncology field will most probably witness
the advent of allogeneic CAR T cells, engineered immune
cell products endowed with multiple specificities and resistant
to host rejection, hopefully allowing transition to improved
patient outcome.
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