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The sheer ubiquity of Gioblastoma (GBM) cases would lead you to believe that there
should have been many opportunities for the discovery of treatments to successfully
render it into remission. Unfortunately, its persistent commonality is due in large part to the
fact that it is the most treatment-resistant tumors in adults. That completely changes the
treatment plan of attack. Long established and accepted treatment therapies such as
surgical resection, radiation, and aggressive chemotherapy, (and any combination
thereof) have only confirmed that the disease lives up to its treatment-resistant
reputation. To add to the seemingly insurmountable task of finding a cure, GBM has
also proven to be a very stubborn and formidable opponent to newer immunotherapies.
Across the board, regardless of the therapy combination, the five-year survival rate of
GBM patients is still very poor at a heartbreaking 5.6%. Obviously, the present situation
cannot be tolerated or deemed acceptable. The grave situation calls for researchers to be
more innovative and find more efficient strategies to discover new and successful
strategies to treat GBM. Inspired by researchers worldwide attempting to control GBM,
we provide in this review a comprehensive overview of the many diverse cell therapies
currently being used to treat GBM. An overview of the treatments include: CAR T cells,
CAR NK cells, gamma-delta T cells, NKT cells, dendritic cells, macrophages, as well stem
cell-based strategies. To give you the complete picture, we will discuss the efficacy,
safety, and developmental stages, the mechanisms of action and the challenges of each
of these therapies and detail their potential to be the next-generation immunotherapeutic
to eliminate this dreadful disease.

Keywords: glioblastoma, cell therapy, immunotherapy, clinical trials, CAR T cells, NK cells, myeloid immune cells,
stem cells
INTRODUCTION

To illustrate the daunting task a researcher is up against with Glioblastoma, one just needs to state a
few facts about GBM. In most medical cases, just one fact would give you pause - but with GBM it is
a perfect storm of resistance. Consider this: GBM is the most common primary brain tumor in
adults. In fact, it comprises over half (51%) of all gliomas (1). And to continue the bleak outlook, it is
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Wang and Wang Cell Therapies for Glioblastoma
also the deadliest primary brain tumor in adults. Every year, it
accounts for about 10,000 deaths in the US alone. It is also the
most aggressive. Even with the current standard of care,
combined therapies including resection, radiation therapy
(RT), and chemotherapy with temozolomide (TMZ), median
overall patient survival rate is a mere 14.6 months from diagnosis
(2). Which means for the patient, there is little hope of a
prolonged life or even quality of life, let alone a full recovery.
Just to treat the existing GBM tumor, the treatment process
brings with it adverse and often morbid effects of RT and
chemotherapy. And if luck somehow prevails and the tumor is
removed or contained, the disease almost always recurs and is
inevitably fatal. The five-year survival rate remains a dismal 5.6%
(3). The challenge of GBM is its near complete resistance to
current standard treatment options. Regardless of the treatment
strategy pursued, difficulties arise. If surgery is the option, brain
surgery of course is a gauntlet of potential pitfalls in any attempt
to fully resect the tumor. GBM also displays resistance to
radiation and chemotherapy, resulting in GBM recurrence (4).
If any progress is made, it is negated by the rapid growth rate of
the returning tumors (5). The existence of the blood–brain
barrier (BBB) also adds a layer of difficulty because BBB
reduces the bioavailability of systemically administered drugs
within the central nervous system (CNS) (6). To compound the
treatment difficulties, the established therapies mentioned above
are joined by the newer immunotherapies in their ineffectiveness
against GBM resistance. Some immunotherapies which have
improved outcomes in other types of cancers are incapable of
impacting on GBM’s clinical outcome. This is due to GBM being
among the immunologically “coldest” tumors, characterized by
high intratumoral and intertumoral heterogeneity, low
mutational burden, highly invasive and infiltrative GBM cell
properties, systemic immunosuppression and the local severely
immunosuppressive tumor microenvironment (TME)
promoting GBM growth (7–9). Another critical factor that
needs to be taken into consideration in GBM treatment is that
Glioblastoma Stem Cells (GSCs) are resistant to all standard
therapies with potent tumor regenerative power (5, 10). To state
the obvious, there is a desperate need to develop some innovative
and more effective therapeutic strategies to improve the outcome
of GBM treatments and increase the life expectancy of
GBM patients.

Attempting to answer the urgent call is work being done in
the adoptive cellular therapy (ACT) area. ACT is a rapidly
growing area of immunotherapy and clinical investigation.
Various immune cells and stem cells have been investigated,
developed and applied to treat GBM. In this review, we provide a
comprehensive overview of some diverse cell therapies in
treating GBM, including CAR T cells, CAR natural killer (NK)
cells, gamma-delta T cells (gd T) cells, natural killer T (NKT)
cells, dendritic cells (DC), macrophages with clinical experience
summarized in Table 1, as well as stem cell-based strategies with
available trial information summarized in Table 2. We
summarize the efficacy, safety, and development stages of these
cell therapies, discuss their mechanisms of actions, the hurdles
that these therapies face with possible improvements as well as
Frontiers in Immunology | www.frontiersin.org 2
the potential and future directions of these nascent cell
therapeutic modalities as the next-gen immunotherapies for
GBM treatment.
CHIMERIC ANTIGEN RECEPTOR
(CAR) T CELLS

The most mature and developed gene modified cell therapy for
cancer is CAR T cells therapy (11). CAR T cells therapy refers to
ACT of human T cells genetically modified to stably express the
CAR. The CAR is composed of an antigen recognition domain of
a specific antibody and intracellular T cell activation domain.
The CAR expressed on T cells allows T cells to activate and
function bypassing the MHC restricted TCR signaling (12, 13).
The ACT of CAR T cells has claimed promising clinical activity
in a subset of cancers, particularly in B cell malignancies (14, 15).
CAR T therapy has offered the cure for two patients with chronic
lymphocytic leukemia. These two CAR T treated patients
achieved complete remission in 2010 and have sustained this
status until now (16). CAR T cells therapy has been approved for
the treatment of lymphoma and leukemia in multiple
countries (17).

This success has inspired similar methods to target GBM,
engineering patients’ T cells with CAR constructs to recognize
selected tumor antigens/tumor related antigens that are
overexpressed in GBM and have little to no expression in
healthy brain tissue or elsewhere in the body. This targeting
method reduces the risk of healthy brain tissue suffering
compromising effects from the therapy. Selected antigens
include interleukin-13 receptor alpha 2 (IL13Ra2) (18, 19),
epidermal growth factor receptor variant III (EGFRvIII) (20),
human epidermal growth factor receptor 2 (HER2) (21) and
erythropoietin-producing hepatocellular carcinoma A2 (EphA2)
(22). Researchers are also looking at newly developed targets to
study including ganglioside 2 (GD2) (23), B7-H3 (24, 25) and
chlorotoxin (26). All of these have demonstrated promising
preclinical results (27). Some of these targets have been
evaluated in clinical phase I, phase I/II and phase II trials.
Several newer targets, such as CD70 (28, 29), CD133 (30) and
MET (the receptor of hepatocyte growth factor (HGF) (31, 32),
are in the preclinical investigation stage. Cytolytic activity has
been demonstrated against GBM cells (33).

Human T cells are lymphocytes that belong to the adaptive
immune system. So far, majority of the GBM CAR T therapies
have been autologous treatments with single or multiple dose (3-
6) infusions. This approach features the delivery routes of CAR T
cells which are intracranial at the tumor site (ICT), intracranial
into the ventricles (ICV) and intravascular (IV) administration
(34). These cell therapies have shown early promise in multiple
examples of clinical feasibility for GBM (Table 1). There is
evidence of safety given the fact that there are no signs or
symptoms of off-tumor toxicity or cytokine release syndrome
for the treatment of recurrent GBM. This compromising effect
was observed in some patients with preliminary clinical activity
August 2022 | Volume 13 | Article 904133

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


Wang and Wang Cell Therapies for Glioblastoma
TABLE 2 | Clinical trials of stem cell-based therapy to treat glioblastoma.

Clinical trial
ID

Cell type Cell product name (modifying factor) Trial
phase

Route of administra-
tion

Status

NCT04657315 MSC
(not specified)

MSC11FCD (Cytosine Deaminase) I/II Intratumoral Enrolling by invitation

NCT03896568 MSC
(allogenic)

Ad5-Delta24RGD (Oncolytic Adenovirus Ad5-DNX-
2401)

I Intra-Arterial Recruiting

NCT02055196 NSC
(allogenic)

hCE1m6-NSC (carboxylesterase) I Intracerebral Withdrawn (New study
written)

NCT02015819 NSC
(not specified)

HB1.F3.CD NSC (Cytosine Deaminase) I Intracranial Completed

NCT03072134 NSC
(not specified)

NSC-CRAd-Survivin-pk7 (oncolytic adenovirus) I not specified Completed

NCT01172964 NSC
(not specified)

HB1.F3.CD NSC (Cytosine Deaminase) I Intracranial Completed

NCT02192359 NSC
(allogenic)

hCE1m6-NSC (carboxylesterase) I Intracranial Recruiting

NCT05139056 NSC
(not specified)

NSC-CRAd-S-pk7 (CRAd-S-pk7) I Intracerebral Not yet recruiting

NCT05052957 Hematopoietic
Progenitors
(autologous)

P140K-MGMT II infusion Not yet recruiting
Frontiers in Immu
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TABLE 1 | Clinical trials of immune cell-based glioblastoma therapy with clinical outcomes.

Clinical trial
ID

Cell type Modifying factor Trial
phase

Route of
administration

Clinical Outcomes

NCT00730613 T cell
(Autologous)

CAR-IL13Ra2 Pilot ICT, ICV** Pilot trial: No dose-limiting toxicities were observed. Transient clinical activity was
observed in two of 3 patients.

NCT02208362 T cell
(Autologous)

CAR-IL13Ra2 I ICT, ICV** Phase I: Regression of intracranial and spinal tumors was observed, 7.5-month
regression period with a median overall survival of 11 months

NCT02209376 T cell
(Autologous)

CAR-EGFRvIII I intravascular No evidence of off-tumor toxicity or cytokine release syndrome. One patient of the 10
patients showed stable disease for over 18 months of follow-up.

NCT01454596 T cell
(Autologous)

CAR-EGFRvIII Pilot intravascular One patient developed fatal and another patient serious respiratory symptoms shortly
after cell infusion at the highest dose levels. One patient was still free from disease
progression 6 months after therapy

NCT01109095 T cell
(Autologous)

CAR-HER2 T I intravascular The treatment was well-tolerated, without dose-limiting toxicities. Limited clinical
benefit was observed. One patient out of the 16 had a partial response lasting 9
months, seven had stable disease, and eight progressed after CAR-T cell infusion. In
the 24 to 29 months follow-up, three patients with a stable disease status were alive
without any evidence of progression of the disease.

NCT01082926 T cell
(Allogeneic)

GRm13Z40-2: CAR -
IL13Ra2 with GR
disrupted

I intracranial No graft-versus-host alloreactivity. Transient anti-tumor effects in four of the six treated
GBM patients

*KCT0003815 NK cell
(Autologous)

no I intravascular Safety demonstrated with grade 1or 2 common side events. Median OS was 22.5
months, and the median progression-free survival was 10 months

NCT04165941 gd T
(Autologous)

MGMT I intravascular Safety: No dose limited toxicity was observed. First patient survived 15.6-month post
diagnosis.

NCT00846456 DC
(Autologous)

GSC-mRNA I/II intradermal No adverse autoimmune events. Progression-free survival was 2.9 times longer in
vaccinated patients comparing with controls.

NCT01280552 DC
(Autologous)

ICT -107: Synthetic
peptides (MAGE-1,
HER-2, AIM-2, TRP-
2, gp100, and
IL13Ra2) pulsed DC

II intradermal Median overall survival favors ICT-107 by 2.0 months; significant increase of PFS (2.2
months)

NCT01006044 DC
(Autologous)

DCVax®-L:DC pulsed
with tumor lysate

II intradermal Median PFS is 12.7 month; Median OS is 23.4 months

NCT03395587 DC
(Autologous)

DCVax®-L III intradermal mOS is 23.1 months

NCT00639639 DC
(Autologous)

CMV pp65-LAMP
mRNA

I intradermal Median PFS was 25.3 month, and the median OS was 41.1 months. 4 patients were
free of progression after 59 to 64 months from diagnosis
*Case is from the Korea Clinical Research Information Service database.
**ICT, intracranial at the tumor site; ICV, intracranial into the ventricles.
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and transient responses (34, 35). In 2016, Dr. Brown et al.
reported a GBM patient achieved a complete clinical response
and significant regression with IL13Ra2-specific CAR T
treatment. An MRI did not detect either intracranial or spinal
tumors. For approximately 7.5 months, after the initiation of
treatment, both the intracranial and spinal tumors experienced
regression. The researchers did not observe dose-limiting
toxicities (19). In the following year, Dr. O’Rourke from the
University of Pennsylvania published their report from a Phase I
clinical trial. In this trial, researchers evaluated EGFRvIII-specific
CAR-T therapy in 10 patients suffering from recurrent
glioblastoma. The patients received a single dose of up to 5 ×
108 autologous EGFRvIII-specific CAR-T cells administered as
an IV injection. No sign of off-tumor toxicity or cytokine release
syndrome was not observed or reported. A single patient showed
no disease progression for over 18 months (20). At the National
Cancer Institute, the third generation of EGFRvIII-specific CAR-
T cells were dosed in 18 patients with recurrent EGFRvIII-
positive GBM. Not a single objective response was observed.
There was one patient free from disease progression status 6
months after the therapy. However, at the highest dose level, one
patient died and another patient developed serious respiratory
symptoms shortly after the infusion (36). In a trial published in
2017 by Ahmed et al, some very interesting results were reported.
In this Phase I dose-escalation trial, 17 patients who were
diagnosed with progressive ErbB2-positive GBM received an
IV infusion of one or more doses of up to 108/m2 autologous
ErbB2-specific CAR-T cells. The patients’ acceptance level of the
infusions was “well-tolerated” due to the absence of any toxicities
that might limit the strength and number of dosages. The results
were reported for 16 of the 17 patients that were involved. Of the
16 patients, one had a partial response that lasted nine months,
and seven patients showed stable disease. In the eight remaining
patients the disease had progressed after the CAR-T cell
infusions. In the 24 to 29 months follow-up time period, three
patients with a stable disease status were alive without any
evidence of progression of the disease (21). Earlier this year,
Stanford University published the clinical outcome of a GD2-
CAR T cells phase I dose-escalation trial. Children and young
adults afflicted with pontine and spinal cord diffuse midline
gliomas were given CAT that contained a GD2 binding domain,
a 4-1BB co-stimulatory and a CD3z domain to target the
H3K27M mutation. The H3K27 mutation refers to a K27M
mutation in genes encoding histone H3. Three out of the first
four patients revealed clinical and radiographic improvement
without on-target, off-tumor toxicity (24). This trial also
provides a solid rationale for applying GD2-CAR cell therapy to
treat H3K27M-mutated GBM.

CAR T cell therapy has shown some promising preclinical
efficacy and limited clinical responses in GBM, as demonstrated
by a low level of anti-tumor response. However, there are
significant challenges in using this therapy for treating GBM.
Obstacles include the tumor heterogeneity; antigen loss, escape
and downregulation (37); and hostile immunosuppressive tumor
microenvironment. Current CAR T therapy for treating GBM
uses autologous T cells. Since GBM patients’ T cells might have
Frontiers in Immunology | www.frontiersin.org 4
already acquired impaired immune signals/characteristics,
these signals/characteristics might contribute to the modest
clinical outcome seen with this therapy (38), suggesting that
allogeneic approaches may be more successful as cell therapy
approaches advance.

To induce more efficient anti-tumor immune responses, new
strategies are being developed. Specifically, the new strategies
include the identification of novel tumor-specific targets, and the
engineering of CAR T cells to achieve multi-specificity. Two of
these are engineering the bi-and tri- specific lower antigen
responding CARs. Bi-CARs or Tri-CARs can target multiple
GBM surface antigens simultaneously. The objective is to induce
more efficient anti-tumor immune responses and prevent tumor
antigen escape (39, 40), and the preclinical results have been
promising. The new TanCAR (Tandem CAR) joins a HER2-
binding scFv and an IL13Ra2-binding IL-13 mutein (41) or
TanCAR cognizes IL13 (4MS) and EphA2 scFv (42) have been
tested in the pre-clinical xenograft mouse model. The TanCAR
demonstrated a more efficient and selective killing than single
CAR. The TanCAR can potentially decrease off-target
cytotoxicity and reduce the possibility of antigen escape.

To overcome the immunosuppressive microenvironment of
GBM, a variety of approaches are being investigated. It has
become evident that physical barriers and stromal and immune
cells in the tumor microenvironment, which express and release
an array of immunosuppressive molecules, limit CAR-T cell
persistence and efficacy. In these hostile immunologic
circumstances, researchers are employing promising strategies
aimed at remodeling the tumor microenvironment or conferring
intrinsic CAR-T cell resistance to immunosuppression (43). In
recent studies, most CARs include costimulatory signaling domains
to increase the T-cell activation, survival and/or function. These
have been named “armored” CAR-T cells, which express
proinflammatory cytokines (IL-12) or a combination of CAR-T
cells with oncolytic viruses (44). Additionally, gene ablation is a
technology that has been shown to allow CAR-T cells to avoid
immunosuppressive signals in the TME. The combination of
biologics, such as checkpoint inhibitors are expected to improve
the effectiveness of this new GBM treatment. Combining
immunotherapeutic reagents, such as PD-1 checkpoint inhibitors
to enhance adoptive CAR T-cell therapy are now being broadly
investigated (34).

Safety is still at the forefront of concerns for GBM treatment.
The sensitivity of the CNS to inflammation and an immune
response is paramount. To date, CAR T-cell trials in GBM have
not shown severe CRS and neurotoxicity-like adverse events.
While we further optimize the potency of CAR T therapy, we will
gain understanding of the full toxicity profile of GBMCAR T-cell
therapy (34). Promising, regional administration (ICT and/or
ICV) of CAR T cells effectively restricts peripheral
tissue toxicities.

One drawback of autologous CAR T cells therapy is that it can
not be used on patients immediately upon diagnosis. This is
because the autologous therapy requires bespoke manufacturing
for each and every patient which also lead to the high cost of this
therapy. A very recent clinical trial demonstrated feasibility of
August 2022 | Volume 13 | Article 904133
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off-the-shelf CAR T products in GBM treatment. Allogeneic
IL13Ra2-targeted CAR+ (IL13-zetakine+) T cells with a
permanently disrupted glucocorticoid receptor (GR)
(GRm13Z40-2) were generated from healthy donors. The
resistance to glucocorticoid treatment was engineered using
gene editing zinc finger nucleases (ZFNs), allowing the CAR T
products to be combined with dexamethasone treatment.
Dexamethasone is widely used in clinical trials to attenuate
tumor-related neuro-edema and the rejection of the
therapeutic allogeneic cells. In a phase I trial, allogeneic
GRm13Z40-2 T cells were demonstrated to be safe and they
produced a transient clinical response: four of the six treated
patients experienced tumor reduction and/or tumor necrosis at
the site of the T cell infusion. (45). This first-in-human trial
showed the feasibility of off-the-shelf CAR T products to treat
GBM which will significantly shorten the waiting time of GBM
patients to receive this cell therapy treatment.
NATURAL KILLER (NK) CELLS &
CAR-NK CELLS

NK cells possess a unique biological attribute that makes a
potential treatment strategy for GBM. Unlike T cells, NK cells
are part of the innate immune system and can recognize and
directly eliminate cancer cells. NK cell therapies have been
shown to mediate the regression of solid cancer including in
GBM patients (46). Herein, we will discuss the development,
challenges, and potential of autologous and allogeneic NK cell
and CAR-NK cell treatments.

This ability to recognize and eliminate cancer cells is done
through a major histocompatibility complex (MHC)-
independent mechanism that does not need to have any prior
antigen experience (47). Once they are activated, NK cells can
release interferon gamma (IFN-g), perforin and granzymes, and
upregulate death ligands- such as FAS ligand and tumor necrosis
factor–related apoptosis-inducing ligand (TRAIL). NK cells can
also initiate the apoptosis of tumor cells through a caspase
pathway. They can also kill cancer cells through antibody-
dependent cellular cytotoxicity (ADCC) mediated by FcgRIIIA/
CD16a. NK cells regulate and activate the adaptive immune
response and crosstalk with dendritic cells. This means NK cells
regulate DC maturation which enhances the presentation of
tumor antigen to modulate T-cell mediated anti-tumor
adaptive immune responses (46). Conversely, DCs have been
found to enhance the direct anti-tumor activity of NK cells.
Many clinical studies support the concept that mature GBM cells
can be efficiently targeted by NK cells (48, 49) and that the
GBM-associated stem cells are susceptible to a NK cell–mediated
killing (50, 51).

The earliest trials of GBM patients treated with NK cells have
been autologous. Patients with recurrent GBM have shown
durable response to ACT of ex-vivo-expanded activated
autologous NK cells and T lymphocytes derived from the
patients’ peripheral blood mononuclear cells (PBMC). In South
Frontiers in Immunology | www.frontiersin.org 5
Korea, an investigator recruited 14 patients between 2013 and
2017 to take part in an investigator-initiated trial. IV injections of
activated NK cells were administered at two-week intervals 24
times (12 months duration). This was done after surgical
resection or biopsy. The autologous adoptive NK cell therapy
was shown to be safe with no adverse events at the grade 4 or 5
level, such as leukocytopenia, thrombocytopenia, brain swelling
or hydrocephalus, were observed. The levels of severity of the
most common adverse events considered to be treatment-related
were at grade 1 or 2. Grade 1 adverse events were shown as
injection site reactions, chills, hot flushes; grade 2 adverse events
were amenia, anorexia, and autoimmune disorder. The most
common high-grade adverse event was a fever at the grade 3
level. Median overall survival (OS) was 22.5 months, and the
median progression-free survival rate was 10 months. The last
follow-up to the trial occurred two years after the completion of
the therapy. It was reported that five patients out of the 14 were
still alive and showed no clinical decline, but they did show
durable responses with enhanced immune reaction
transcriptomic signatures (52). In another phase I trial, nine
patients with recurrent malignant glioma received treatment;
three of which had GBM. The NK cell-rich effector cells were
expanded ex vivo from autologous PBMCs, and were then used
to treat patients with systemic low-dose interferon (IFN). It was
apparent that the NK cell therapy was safe and partially effective.
Two patients experienced a partial response, two patients
experienced a mixed response, and three patients experienced
stable disease status during treatment (53).

Although generally safe, autologous NK cells provide limited
cytotoxicity against GBM tumors. Inspired by this limited
success, allogeneic NK cells are gaining more attention for
therapeutic purposes. This is because they are highly cytotoxic
to various cancers and display minimal risk of graft-verse-host
diseases (GvHD) (54, 55). In theory, cells from screened healthy
donors should be more potent and capable of eradicating tumor
cells than autologous NK cells from GBM patients. This is
because the NK cells from GBM patients may already express
immune impairment signatures. It is important to note that
GSCs appear highly susceptible to the killing ability of allogeneic
NK cells (56).

Allogeneic NK cells can be sourced from peripheral blood NK
cells (PBNK) from healthy donors, induced pluripotent stem
cells (iPSCs), embryonic stem cells (ESC), and umbilical cord
blood (UCB). Current studies have demonstrated the safety and
efficacy of allogeneic NK cell ACTs as a means of treating
hematologic malignancies. Some success, to a lesser extent, has
been demonstrated in clinical studies with solid tumors (57–59).
Allogeneic NK cell-based therapy is safe without significant
GvHD. It has the potential to generate off-the-shelf cellular
therapy products. Allogeneic transplantation is generally
preferable, due to the bypass of the inhibitory “self”-signal
displayed by MHC. Indeed, the use of allogeneic cells can
greatly simplify manufacturing. Many of the obstructing issues
encountered with autologous cells including the variability from
patient-to-patient and the actual production time can be
deciphered (60, 61).
August 2022 | Volume 13 | Article 904133
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At present, CAR-NK cells have entered clinical development for
the treatment of GBM, following similar approaches taken with
CAR-T cells for other tumor types. The expression of CARs can
dramatically increase the NK cells’ native recognition and
elimination of cancer cells. CAR-NK therapy shows promise for
the development of precise and specific cancer immunotherapies.
When NK cells are genetically engineered to express a CAR, they
add CAR-meditated killing activity in addition to their natural
cytotoxicity (58). Several groups have reported improved NK killing
activity by switching the conventional T-cell CARs (CD3z and
CD28 and/or CD137) domains with one or more NK signaling
domains derived from CD244 (2B4), NKG2D, DAP10 or DAP12.
This results in better NK activation and an enhanced tumor-killing
function. The CAR targets that are engineered onto NK cells are the
same or very similar to what we described in the previous CAR T
paragraph above, where they are overexpressed in GBM cells and
have little to no expression in surrounding healthy tissue. The
demonstrated targets for CAR NK therapy are EGFR (62),
EGFRvIII (63), HER2 (64), CD133 (65), GD2 (66) and IL-13Ra2
(67). Most of the CAR-NK therapies for GBM have moved into the
preclinical and clinical development stages. In the preclinical stage,
CAR NK therapies have demonstrated efficiency in orthotopic
mouse xenograft models (46). In July 2020, the FDA cleared an
allogeneic NK trial, but the trial was terminated in January 2022
because of a business decision (ClinicalTrials.gov Identifier:
NCT04489420). This clinical trial, CYNK-001, was intended to
investigate the maximum safe dose (MSD) or the maximum
tolerated dose (MTD) of in vitro culture-expanded human
placental CD34+ cells derived NK cells.

NK cell therapy for GBM faces several formidable barriers. The
first is the restrained infiltration of NK cells into GBM tumor cells
and GBM tumor sites. The second is the escape and downregulation
of target antigens on the tumor cells, and the inhibitory cytokines,
chemokines and secreted factors in the TME. It has been found that
GBM develops protective mechanisms to evade NK cell-mediated
oncolysis. These include disruption of receptor-ligand interactions
between NK and tumor cells and the release of immunosuppressive
cytokines into the microenvironment particularly transforming
growth factor b (TGF-b) (68). TGF-b can be produced by
glioblastoma cells, glioblastoma-associated myeloid cells, or Tregs,
and represses NK cell cytotoxicity by downregulating the NKG2D
activating receptor (69). These immunosuppressive cells promote
additional repressive signals to diminish NK cell cytotoxicity, such
as HLA-G expression (70). HLA-G is known to inhibit NK cells in
vitro and has broad immunosuppressive activities in vivo (71). Some
combination treatment strategies have been tested and shown
promise in overcoming these obstacles in GBM. One example is
the augmenting of NK cells through the increased expression of
activating receptors including the natural killer cell group 2D
(NKG2D). This engineered NKG2D expression can increase the
anti-cancer cytolytic effects of NK cells on solid cancers (72).

The use of the synthesized cationic supramolecular inhibitor
of Hsp90 (“SCI-101”) is a recent approach that could be
leveraged for combined GBM treatments. SCI-101 was
developed for optimal crossing of the BBB and sustaining the
NK cell–activating target antigens expression on tumor cells. In
Frontiers in Immunology | www.frontiersin.org 6
the lab, the drug-resistant GBM cells were nearly eliminated by
NK cells after exposure to SCI-101. This was likely due to the
sustained express, over 72 hours, and the boosted ligand
expression. These data suggest further investigation is needed
in in vivo studies looking at combining NK therapy and SCI-101
paradigm for patients with GBM (46).

Another promising combined approaches is the injection of
TGF-b inhibitors in combination with NK cells, which has been
shown to rescue the cytotoxic capacity of NK cells and the
expression of NK activation receptors NKG2D and CD16 (73).
In a xenograft (PDX) orthotopic GBM mouse model derived
from patient cells, the direct blockade of av integrin or TGF-b or
TGF-b receptor 2 (TGFBR2) on the allogeneic NK cells can
abrogate the GSC-induced NK cell dysfunction completely,
resulting in the effective control of the tumor. These data
strongly recommend the regulation of the av integrin/TGF-b
axis for the NK cell therapy of GBM (74). The checkpoint
inhibitors, such as anti PD-1, anti CTLA-4, anti LAG3 and
anti TIGIT applied with CAR cell therapy may improve the
outcomes in solid tumors (75). In preclinical models, the
combination strategies have depicted the possibility of
reversing the immunosuppressive impact of GBM. These
combination therapies are NK cells co-delivered with an
antibody that recognizes a GBM antigen or the NK cells with a
histone deacetylase inhibitor (HDACi). HDACi can upregulate
the expression of the NKG2D ligand (76). Interestingly, the
proteasome inhibitor bortezomib pre-treatment can enable the
NKG2D- or TRAIL-mediated NK-cell killing of GBM cells and
improve the survival rate in animal models (77).

In summary, NK cell therapy, particularly allogeneic CAR-
NK cell therapy has great promise in the treatment of GBM.
Some of the promising products have progressed into clinical
development. Ongoing hurdles in making these treatments more
accessible are the technical challenges in NK therapy
development and GMP manufacturing. Two of these
challenges are the gene modification and the industrial scale
expansion of functional NK cells. To develop a robust process
to generate a NK product on a large scale in the GMP
environment, the selection of more appropriate and effective
transfection approaches and efficient expansion methods are the
critical steps needed to ensure the success of NK clinical trials
of GBM.
GAMMA DELTA T (GDT) CELLS &
ENGINEERED GDT CELLS

gd T cells are rare immune lymphocytes that bridge between the
innate immune system and the adaptive immune system. Unlike
conventional T cells expressing a and b T-cell receptors (TCRs),
gd T cells express TCRs with distinct g and d chains on their
surface. They also express NK receptors, such as NKG2D,
NKp30, NKp44 (78). The gd T cells in peripheral blood is
initially small, ranging from less than 2% of cord blood (CB) T
cells to around 5% of PB T cells in adults (79, 80). However, gd T
cells are abundant in the skin, the intestines, and the liver. The
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majority of gd T cells in adult peripheral blood are g9d2 T, with a
minor percentage being g9d1 T cells. Collectively, these T cells
exert potent cytotoxic effects and play key functions in the
defense against microbial infections and cancer cells (81, 82).
Human gd T cells are MHC-unrestricted and are immune
surveillance cells against tumor and infection. These T cells
can recognize stress-related signals. For example, the MHC
class-I chain-related proteins (MIC-A/B) and human
cytomegalovirus (CMV) membrane glycoprotein-binding
proteins (ULBPs) on cancer, and transformed or infected cells
(83) can be activated when gd T cells bind to phosphoantigens
(PAgs) such as (E)-4-hydroxy-3-methylbut-2-enyl
pyrophosphate (HMBPP), isopentenyl pyrophosphate (IPP)
and/or stress-associated antigens via the NKG2D receptor.
Once activated, gd T cells secrete abundant cytokines and
execute a cytotoxic function (84). Compared to conventional T
cells, gd T cells are resistant to activation-induced T-cell death
(AICD), which paves the way for gd T cells to mount enduring
anti-tumor responses. gd T cells also naturally home to various
tissues. Recently it has become feasible for researchers to produce
enough cells for cancer immunotherapy due to the recent
developments in the methods for robust expansion of gd T
cells. The discovery of activation with phosphoantigens and
cytokines such as IL-2 and IL-15 has also improved production
(78). These characteristics and the progress of gd T cells hold
manufacturing give hope to a potentially superior approach for
eradication of solid tumors in tissues (85).

Early clinical experience with autologous gd T cell therapy
has included pilot studies, Phase I and Phase I/II trials. These
investigations first started in 2003 and are ongoing. (We will
not discuss in detail the systemic administration of PAgs or N-
bis and interleukin (IL)-2 to activate gd T in vivo. This approach
is well tolerated.) However, the clinical benefits appear to be
modest, likely due to the impairment of gd T cells and their
function, as well as the activation-induced energy and
exhaustion of gd T cells in cancer patients. We will focus our
discussion on the first-in-human (FIH) ACT in GBM using ex
vivo-expanded autologous gd T cells . The repeated
administration of ex vivo activated and expanded autologous
gd T cells was completed. (84). The cell therapy product of the
FIH gd T cell therapy trial in GBM is methylguanine DNA
methyltransferase (MGMT)-modified gd T cells expanded ex
vivo from GBM patients. It has passed the pre-clinical stage (86)
and progressed into a Phase I study (87). MGMT can repair
damaged DNA to avoid cell death induced by alkylating agents.
MGMT plays an important role in increasing chemoresistance
to alkylating agents (88). TMZ and chemotherapeutic drugs
have been successful in reducing the mass of GBM tumors.
They can also transiently upregulate the expression of multiple
stress-induced NKG2D ligands (NKG2DL) on GBM cells to
sensitize GBM cells to the oncolysis of gd T cells (89).
Meanwhile TMZ suppresses the anti GBM function of the
lymphocyte effectors. Modification of gd T cells with a
MGMT transgene gave rise to the TMZ resistance by using
lentiviral vector encoding of the DNA repair enzyme O(6)-
alkylguanine DNA alkyltransferase (AGT) from the O(6)-
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methylguanine methyltransferase (MGMT) cDNA (86) This
ensures and enables the gd T cell executing oncolytic function
in therapeutic concentrations of TMZ. This gene-modified gd T
therapy approach improved survival outcomes in mouse and
xenogra f t mode l s o f pr imary and re fec tory GBM
circumstances. Briefly, in a PDX model of primary high-grade
gliomas models, the concurrent dosing of MGMT-modified gd
T cells and TMZ improve the survival outcomes when
compared with single-agent chemotherapy and single agent
gd T cell-based therapies. These preclinical investigations
strongly support the rational of developing a “Drug Resistant
Immunotherapy” approach for GBM treatment (87). In a phase
I clinical trial, the single-dose administration of MGMT
genetically modified gamma delta T-cells in lymphodepleted
GBM patients was well tolerated. No dose limiting toxicities
(DLTs) such as infusion reactions, cytokine release syndrome
(CRS), or neurotoxicity were observed. The first treated patient
survived 15.6 months post-diagnosis compared to an expected
median overall survival term of 10 months given multiple poor
prognostic factors. Cohort 2 of the phase 1 study with multiple
repeat doses is ongoing (90).

Allogeneic gd T cells have been identified as one of the critical
contributors to the graft vs. tumor (GVT) effect. The GVT effect,
one of the most effective anti-cancer immunotherapies, occurs in
allogeneic bone marrow/stem cell transplant (BMT) settings. The
GVT response can eradicate chemotherapy/radiation resistant
tumors. (91). Meanwhile, allogeneic gd T cells are safely used in
haploidentical transplants without risk of GvHD (92). Moreover,
allogeneic gd T cells have strong potency in killing tumor cells
because allogeneic gd T cells are sourced from healthy donors
with a full spectrum of natural immune surveillance functions.
The use of allogeneic CAR-gd T cells is a novel strategy to enable
the CAR-gd T cells to eradicate tumors independently on
their TCR.

Drug pharmaceutical developers and physicians must avoid
severe brain inflammation occurring during ACT for GBM, in
particular allogeneic ACT. The severity of the immune response
and inflammation during GBM treatment needs to take into
consideration several key factors. The items include: the
sensitivity of the human brain and the CNS cavity, and the
existing increased intracranial pressure with the tumor mass.
Thorough consideration must be given to optimizing CAR
structure and controlling the character and potency of cell
therapy products. This can be done by designing the most
feasible and safe delivery route and, treatment regimen: such as
the frequency of the treatment, the dosage size of the cell therapy
drug, pre-conditioning, possible dose limited toxicity and
treatment to reduce local endogenous inflammation; and the
minimizing the off-tumor toxicity within CNS and the
peripheral tissues.

As in other types of cell therapies, the TME limits the
cytotoxicity of gd T cells by their regulatory function. This is
accomplished by the secreting of immunosuppressive cytokines,
and by inhibiting immune checkpoint molecules. TME and GBM
treatment regimens will impact the plasticity of gd T cells. gd T
cells secrete TNF-a and IFN-g upon activation by PAgs
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mounting a Th1 immune response. gd T cells are capable of
displaying the functionality traits similar to Th2 cells, Th17 cells,
or regulatory T cells (Tregs) (93, 94). An effective strategy for
overcoming the immunosuppressive effects of the TME is the
TME-targeting therapies, such as immune checkpoint inhibitors.
The application of these inhibitors can rescue the
immunosuppression of TME-constituting cells.

What should also be considered is the fact that cancer stem
cells could mediate resistance to gd T cell immunotherapy. The
ex vivo-expanded gd T cells might not be able to eliminate GSCs
(95). Designing and developing CAR to target GSCs could be a
solution for gd T cells therapy because by doing so it would be
attacking GSCs to reduce a relapse in GBM.

Strategies to increase the safety and enhance the potency of
gd T therapy include 1) Direct delivery of ex vivo expanded gd T
cells into a local cavity, such as ICT and/or ICV. This strategy
has been shown to reduce systemic toxicity. 2) For clinical
applications, combination therapies improve the anti-tumor
effects of gd T cells when applying gd T cells with anticancer
agents, molecularly targeted agents, and epigenetic agents. For
example, while treating GBM, TMZ increases the expression of
NKG2D ligands on tumor cells, while it increases the gd T’s
oncolysis on the tumor cells (86). 3) The use of a bispecific
antibody and/or CAR-transduced gd T cells will promote
current therapeutic efficacy. This strategy enables the CAR-gd
T cells to bind to the tumor epitopes independent of their TCR.
There are on-going CAR-gd T cell trials for hematology and
solid tumor (Colorectal Cancer, Triple Negative Breast Cancer,
Sarcoma, Nasopharyngeal Carcinoma, Prostate Cancer, Gastric
Cancer) applications. We are not aware of a current CAR-gd T
cell trial for the treatment of GBM.

Pharmaceutical developers are actively researching and
developing strategies to propagate and control the plasticity of
gd T cells on a large scale in a GMP environment. If successful
this will go a long way to accommodating the clinical needs of
GBM researchers.
NATURAL KILLER T (NKT) CELLS

NKT cells are an extremely rare subset of T cells. They typically
comprise less than 1% in PB of humans (96). NKT cells
simultaneously express a wide spectrum of NK receptors in
addition to the ab T cell receptor. Unlike conventional T cells,
NKT cells recognize lipid antigens via a CD1d-restricted manner.
NKT cells can be grouped into three distinct subsets based on the
TCR that they express: type I NKT (classical NKT cells), type II
NKT (non-classical NKT cells), and NKT-like cells (CD1d-
independent NK1.1+ T cells) (97). Type I NKT cells contribute
significantly to anti-tumor immunity. The exogenous agonistic
antigens such as a-GalCer activate Type I NKT cells. Type I NKT
cells can have direct oncolytic function on CD1d-expressing
tumor cells. They can facilitate tumor immunosurveillance and
generate endogenous anti-tumor immune responses, including
anti-GBM immune responses (98). On the flip side, Type II NKT
cells execute an immunosuppressive role in cancers. They also
Frontiers in Immunology | www.frontiersin.org 8
cross-regulate Type I NKT cell activity via the IL-13 secretion
which prompts myeloid cells to produce TGF-b. Their specific role
in GBM remains largely unclear and requires more
investigation (99).

NKT cell application in GBM treatment is being researched
and is in the early preclinical stage. There are studies
demonstrating the killing function of NKT cells on GBM cell
lines and the reduction of tumor burden by NKT cells in vivo
GBM xenograft mice models. While treating intracranial tumors
in mice with NKT cells, the additional a-GalCer treatment can
increase the survival of the mice. Type I NKT cells mediate
killing on CD1d-positive GBM cell lines or CD1d-positive
patient-derived GBM cells after the NKT cells are expanded
wi th IL -2 and a -Ga lCe r (KRN7000 , a syn the t i c
glycosphingolipid originally isolated from a marine sponge).
Researchers noted significant increases in the production of
IFN-g, TNF-a, granzyme B, and IL-4 (100). Type I NKT cells
can be functional effectors for the ACT of CD1d expressing
tumors. When human type I NKT cells with a-GalCer are
intracranially co-injected into tumor-bearing mice with the
CDld-positive U251 orthotopic xenogenic in a GBM model,
scientists noted a significantly prolonged survival rate.
Investigators wanted to observed the delayed tumor growth
rate by injecting type I NKT cells with and without a-GalCer
to compare to the control injection. In contrast, type I NKT cells
failed to hinder tumor growth of CD1d-negative U87 cells in the
intracranial injection model. This suggests that human type I
NKT cells mount direct cytotoxicity against CD1d-expressing
GBM cells. The expression of CD1d in GBM holds the promise
of anti-GBM therapeutic potential using NKT cell-based cancer
immunotherapy (100).

NKT cells may play a critical role in the brain cancer immune
landscape. The human brain contains large amounts of lipid. A
brain with GBM generates abnormal lipid metabolisms which in
turn generates the accumulation of the aberrant lipids (99, 101).
Immune response can be induced by some lipids, such as
gangliosides shed from tumor cells. NKT cells recognize the
lipids which can be presented by CD1d, such as sphingolipids
and glycerophospholipids (102). Even though the investigation
of NKT cell therapy treating GBM is in the early pre-clinical
stage, we await in great anticipation the developing NKT cell
therapy to efficiently treat GBM.
MONOCYTES, DENDRITIC CELLS (DCs) &
MACROPHAGES – MYELOID LINEAGE
IMMUNE CELLS

In recent years, a number of scientific investigations have focused
on myeloid immune cells (Monocytes, DCs and Macrophages)
for the treatment of GBM. This is due in part to a distinctive large
amount of myeloid immune cells infiltrating the brain’s
microenvironment. By producing immunosuppressive and
anti-inflammatory cytokines and growth factors, these cells
regulate the GBM immune microenvironment and can be
associated with tumor progression. They can also promote
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T-cell apoptosis (103, 104). The critical influence of the TME on
the efficacy of GBM immunotherapy suggests that altering
myeloid immune cells might be a new strategy for
GBM treatment.

Monocytes can migrate into tissues and differentiate between
DCs and macrophages (105). Which means that monocytes can
successfully cross BBB, and improve GBM outcomes. In an
experiment setting, monocytes migrated through an artificial
endothelial barrier, penetrated and released drugs in GBM
spheroids (106).

In GBM microenvironments, about 30-50 percent of the
tumor mass are tumor-associated macrophages (TAMs) and
microglia (107). The TAMs’ plasticity toward anti-tumor M1
(inflammatory TAMs) and pro-tumor M2 (anti-inflammatory
TAMs) phenotypes is one of the notable attributes. By
redirec t ing immunoinhibi tory M2 TAMs into the
immunostimulatory M1 phenotype investigators can reduce
immunosuppression and boost immunity driven by cytotoxic
T lymphocytes (CTLs) (108). Improved patient survival rates
were observed when correlated with M1 polarization (109). M2
polarization has been on the opposite correlation (110). Hence,
regulating TAMs can be an innovative strategy for GBM therapy
(111). CAR Macrophage therapy has demonstrated tumor
reduction and prolonged overall survival in xenograft mouse
models, and resistance to immune suppressive TME (112). Even
though the investigations related to this therapeutic area are still
in progress, TAM-targeted immunotherapy has aroused some
increased attention in recent years (104).

DCs were described by Ralph Steinman in 1977 (113). DCs are
major antigen presenting cells (APCs). DCs process and present
antigens to the innate and adaptive immune systems through
major histocompatibility complex I and II (MHC I and II) (114,
115). The DC-mediated presentation of GBM-related antigens and
peptides for immune cells activation are the successful factors in
GBM treatment. The anti-tumor immunity induced in GBM
patients and the effectiveness of the DC vaccine in pre-clinical
models have been observed by using DCs pulsed with tumor
lysates or synthetic peptides (116–118). Substantial promise of
prolonged median OS that was seen in the DC treatment group
has been shown in early-stage clinical trials (119–121). In 2013,
Vik-Mo et al. used a DC vaccine targeting GSCs for treatment.
They claimed that seven patients in the study showed a 2.9 times
longer progression-free survival (PFS) rate in the vaccine
treatment group compared with the matched controls (122).
ICT-107 is a double-blind, placebo-controlled Phase II trial for
newly diagnosed GBM patients utilizing TAAs that are present on
GBM cells. Six synthetic peptides are created and pulsed onto the
patient’s DCs. This trial was designed to evaluate the safety and
efficacy of TAAs pulsed DCs administered in conjunction with the
Stupp protocol (2, 123). The significant increase of PFS (2.2
months) was observed in the ICT-107 cohort in the intent-to-
treat (ITT) population (124). In the later Phase II trial, comparing
the standard of care, ICT-107 did not show the OS benefit. In
2015, in order to compare the standard of care to ICT-107, a
randomized, double-blind Phase III trial was conducted.
Unfortunately, due to insufficient financial resources, the study
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was suspended before reaching its primary outcome. (https://
clinicaltrials.gov/ct2/show/NCT02546102).

An autologous DC vaccination phase-II clinical trial evaluated
the efficacy of autologous DC pulsed with whole tumor lysate in 27
newly diagnosed GBM patients. The DCs were generated from
patients’ PBMC and pulsed with autologous whole tumor lysate.
The findings showed that 12.7 months was the median PFS (CI
95% 7-16). Further, 23.4 months (95% CI 16-33.1) was the median
OS. The tumor-specific immune response, such as proliferation
and/or cytokine release was significantly increased post the
vaccines. This finding was shown in 11 of the 27 (41%)
evaluated patients. There was no significant correlation between
the immune response and the survival rate (125). A Phase III trial
was conducted after the Phase II trial in the newly diagnosed GBM
patients. The purpose of the Phase III trial was to focus in and
evaluate the autologous tumor lysate-pulsed dendritic cell vaccine
(DCVax®-L) to the standard care. This dendritic cell vaccine was
added to the standard therapy for the newly diagnosed
glioblastoma. Patients were taken in random order (2:1) after
surgery and chemoradiotherapy, to receive temozolomide plus
DCVax-L (n = 232) or temozolomide and placebo (n = 99). The
intra-dermal injection in the arm was the delivery route for the
DCVax-L. The injections were given six times in the first year and
twice per year thereafter. Results were reviewed 15-17 months
after the start of the surgery. Data were also collected in the trial’s
overall intent-to-treat (ITT) patient population. From the time of
surgery, mOS in DCVax-L treated patients was 23.1 month
comparing positively with the mOS of 15–17 months which was
usually achieved by standard of care (SOC) (126). GBM patient
survival may be extended with the addition of DCVax-L to
standard therapy. The data demonstrated the safety and
feasibility of this treatment. The Phase III observation was
published in 2018. Sufficient events have not yet been achieved
(i.e., patient deaths) to justify or consider unbinding. Taken in
whole, the blinded interim survival data suggested that patients
who received the DCVax-L treatment could live longer beyond the
researchers’ expectations (127).

Intensified temozolomide doses (DI-TMZ) were given to 11
patients with newly diagnosed GBM. The strength of the dosage
was 100 mg/m2/d × 21 days per cycle. At a minimum, three
vaccines of pp65 lysosome-associated membrane glycoprotein
mRNA-pulsed DCs admixed with GM-CSF were administered
on day 23 ± 1 of each cycle. The major component of the human
cytomegalovirus (CMV) was pp65 (ppUL83). After virus
penetration, the dense bodies (noninfectious particles) and the
virions localized, for the most part, to the nucleus. (128). If the
patients had not progressed with the treatment, a dose of DI-
TMZ and pp65-DCs were administered every month. Cellular
responses were reported to have increased dramatically after the
first cycle of DI-TMZ, and three doses of pp65-DCs. The
proportion and proliferation of regulatory T cells (Tregs)
increased and continued to be high with routine DI-TMZ
cycles. The median PFS of 25.3 month [95% confidence
interval (CI), 11.0-∞], and the median OS of 41.1 months
(95% CI, 21.6-∞) were reported in this trial. Recursive
portioning analysis and matched historical controls were used
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to determine whether the survival rates exceeded expectations.
The number of patients who maintained the status of being free
of progression was four after 59 to 64 months from diagnosis.
Patients who received pp65-DCs showed long-term PFS and OS,
demonstrating cytomegalovirus is a good target in GBM
treatments consistent with previous studies. (129).

GBM trials using DC demonstrated the feasibility and safety
of this therapeutic approach. Preliminary clinical efficacy is
promising, but still only modest in success. Until now, all the
trials utilize autologous DC prepared from PBMCs loaded with
different antigens, peptides, mRNA or GBM tumor lysate.
Autologous DC from GBM patients might already be
imprinted with impaired immune signatures which might
impact the function and potency of the DC vaccine. The
effector cells and signals, such as cytokines and chemokines,
induced by DC vaccines still need to find their way to cross BBB,
reach the GBM site and overcome the severe immune
suppressive TME to play their roles in combating this disease.
STEM CELLS

The use of stem cells and their derivatives has emerged as an
innovative strategy to treat GBM. Stem cells, by definition, are
the cells with the unique ability to develop into many different
cell types. They are also able to self-renew to maintain their
stemness. In the human body, there are two major types of stem
cells: adult stem cells and embryonic stem cells (ESCs). In recent
years, another specific type of artificial stem cell, induced
pluripotent stem cells (iPSCs), can be produced by converting
somatic cells into a pluripotent stage through the process of
reprogramming (130, 131). Over the past 20 years, numerous
preclinical studies have demonstrated that using stem cells in
GBM therapy can lead to a significant reduction of the tumor size
and improve the treatment (132).

Adult Stem Cells
Adult stem cells can be found in most tissues in postnatal life.
They are undifferentiated but lineage-committed cells. Although
they are often rare populations in the resident tissues, this special
type of cell plays a critical role in replacing cell lost due to tissue
turnover or injury, thus maintaining the homeostasis of different
tissues. Several types of adult stem cells, including neural stem
cells (NSCs), mesenchymal stem cells (MSCs) and hematopoietic
stem cells (HSCs) have been tested to treat GBM.

Among adult stem cells, NSCs have shown the greatest
potential for GBM therapy. NSCs can be mainly detected in the
hippocampus and the subventricular zone of the brain (133). The
attraction of using NSCs to treat GBM is that they have the ability
to migrate deep into the tumor tissue, thus, they can serve as a
vehicle to deliver a variety of therapeutic agents to the tumoral
mass (134, 135). The tropic property of NSCs was demonstrated in
a study published in 2000 (136).WhenNSCs were injected directly
into the tumor or implanted intracranially at a distance, they could
migrate to and be distributed widely throughout the tumor. This
migratory ability remained when they were transduced to express
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a therapeutic transgene encoding the enzyme cytosine deaminase
(CD). Simultaneously, another study demonstrated the
therapeutic benefit when combining the immune-therapy and
NSCs to treat GBM (137). In this study, the gene for the
cytokine interleukin-4 (IL-4) was transduced into neural
progenitor cells and these cells were injected into GBM tumors.
The progressive disappearance of large tumors could be detected
several weeks after injection which led to the prolonged survival
rate of tumor-bearing mice. In addition to IL4, promising results
were also published with the delivery of IL-12 (138) and IL-23
(139) for treatment of GBM. In the latter study (139), the mouse
bone marrow-derived neural stem-like cells (BM-NSC) were
genetically manipulated to express IL-23. When these cells were
injected into intracranial glioma-bearing mice, approximately 60%
of these mice survived beyond 120 days and remained tumor-free.
When the surviving animals were rechallenged with parental
glioma cells, they were resistant to the tumor cells and remained
tumor-free which indicated the benefit of long-term antitumor
immunity after IL-23-expressing NSC treatment.

Over the years, NSCs have been used as a delivery vehicle to
treat GBM. They were not only tested with cytokine gene
transduction therapies but also with other strategies. Some of
the strategies include the expression of enzymes, proapoptotic
molecules, nanoparticles, and oncolytic viral therapies (132). With
the development of this field, an NIH study was conducted by
Portnow et al. and the results were published in 2017 (140). In this
report, 15 patients with recurrent high-grade gliomas underwent
intracranial administration of a NSC line with stable expression of
cytosine deaminase (CD-NSCs) which could convert the prodrug
5-fluorocytosine (5-FC) to 5-fluorouracil (5-FU). Although this
study did not show significant differences in progression-free or
overall survival compared to the experiment control cases, it did
provide proof of concept that genetically modified NSCs could
distribute to targeted areas and that the strategy was relatively safe
after transplantation. No dose-limiting toxicity was found; CD-
NSCs migrated to distant tumor sites and were nontumorigenic;
and they could produce 5-FU locally in brain tumors. To date,
there are only six clinical trials recorded in the NIH database
(www.clinicaltrials.gov) using NSCs as the tool to deliver
carboxylesterase, cytosine deaminase, or oncolytic adenovirus to
treat GBM (Table 2).

In addition to NSCs, another type of adult stem cell, the
mesenchymal stem cell, is being widely tested in the treatment of
GBM. MSCs are multipotent stem cells that can be obtained from
bone marrow, peripheral blood, adipose tissue, umbilical cord, cord
blood, dental pulp, et al. (6). They are spindle-shaped cells which
can be relatively easily isolated, expanded extensively during in vitro
culture while maintaining their potential to generate different types
of cells (141). MSCs have the unique advantage of not being
immunogenic (142) and have shown potential for autologous
transplantation without rejection or GVHD due to lack of MHC-
II and only minimal MHC-I expression (143). Evidence from
experimental studies demonstrated the strong tumor tropism of
MSC. When transplanted into GBM animal models by intra-
cerebral, intra-tumoral, intra-venous, or intra-arterial injection,
MSCs were shown to be able to migrate to orthotopic GBM
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tumors (144). This MSC feature was originally demonstrated using
fluorescently labeled human bone marrow-derived MSCs when
transplanted into a mouse model (145). Recent visible evidence of
migration was reported by Kim and colleagues using
bioluminescence imaging (146). The easily accessible and
expandable source of cells, the tropism to malignant gliomas, and
the immune-evasive feature altogether make MSCs a promising cell
therapy resource to deliver anti-tumor agents. MSCs have been used
by many studies as the cell vector to deliver chemotherapeutics,
nuclei acids, immunomodulators, apoptotic agents, oncolytic
viruses, or suicide genes. A number of animal studies have
demonstrated effective suppression of GBM treated with MSCs,
but more data from clinical trials will be needed beforeMSCs can be
used in clinics. (144).

Hematopoietic stem cells are the most well-characterized
adult stem cells which can differentiate into different types of
blood cells. These stem cells are present in cord blood, adult bone
marrow, and mobilized peripheral blood. Several studies showed
that HSCs could also be a therapeutic delivery vehicle. In 2005, it
was demonstrated that intravenously injected hematopoietic
stem/progenitor cells (HSPC) could home to experimental
intracerebral gliomas, and this process was mediated by a CXC
chemokine ligand (CXCL) 12-dependent pathway (147). When
HSCs were genetically manipulated with lentiviral transduction,
they didn’t become tumorigenic or change their glioma tropism
(148). Another study also demonstrated that when HSPCs were
intravenously administered during ACT, they rapidly migrated
to sites of malignant glioma growth. They also facilitated the
recruitment of tumor-specific lymphocytes into glioma
microenvironment thus enhancing ACT efficacy (149). Follow-
up studies showed that HSPCs differentiated into potent antigen-
presenting dendritic-type cells, led to enhancement of
intertumoral T cell activation, and enhanced the immunologic
rejection of gliomas (150). In a recent study, HSCs were
transduced with a lentiviral vector expressing soluble TGFb
receptor II-Fc fusion protein. When the TGFb-blocking HSC
gene therapy combined with irradiation, it significantly increased
the survival rate in tumor-bearing mice compared with the
control groups (151). This demonstrated the feasibility of using
HSC gene therapy to treat GBM patients in the future.

Pluripotent Stem Cells
Embryonic stem cells (ESCs) are pluripotent stem cells which
can be derived from the inner cell mass of the blastocyst. They
have the capacity to self-renew and to differentiate into any
somatic cell types. Because of these abilities, ESCs are considered
an alternative source to produce downstream differentiated cells
to treat various diseases including cancer. For example, ESCs
could be engineered with human TRAIL and then directed to
differentiate into astrocytes. During in vitro coculture, these ESC-
derived astrocytes significantly increased the apoptotic rate of
human malignant glioma cells (152). When these ESC-derived
TRAIL-expressing astrocytes were injected into a mouse model,
they induced apoptosis in human malignant gliomas xenografts
(153). MSCs could also be differentiated from ESCs (154).
Similar to isolated MSCs, these cells could serve as delivery
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vectors for GBM treatment. They were able to migrate into
human glioma xenografts, and with the expression of a
transduced thymidine kinase gene, they inhibited tumor
growth and prolonged the survival rate of tumor-bearing
mice (154).

In 2006, a new type of artificial stem cell, called an induced
pluripotent stem cell (iPSC) was generated by delivery of a
mixture of reprogramming factors into somatic cells (130).
Similar to ESCs, iPSCs have the capacities for indefinite
proliferation and multilineage differentiation. Using iPSC-
derived cells to treat different human diseases has attracted the
research community (155). Only 16 years after its first discovery,
more than 30 clinical trials have been registered in the NIH
clinical trial database (clinicaltrials.org). In a study published in
2015 (156), Yamazoe and colleagues demonstrated that both
iPSCs and iPSC derived-NSCs had similar in vitro tropism to
glioma-conditioned media. When injected into glioma-cell-
implanted mice, both stem cells could migrate to the tumor
area which suggested iPSCs and their derivatives can be used as
vehicles in glioma therapy (156). When iPSC-derived NSCs were
transduced with the suicide gene, herpes simplex virus thymidine
kinase (HSV-TK) and then transplanted into a GBM mouse
model, tumor growth was dramatically inhibited with
significantly prolonged animal survival rates (157). Besides
NSCs, iPSCs have demonstrated the ability to differentiate into
various immune cells such as T cells (158), NK cells (159, 160),
and macrophages (161, 162). These cells have been widely tested
to treat GBM as summarized in previous sections. With the great
advances in the iPSC field in recent years, it has the potential to
allow the use of stem cell-derived products to treat GBM.
DISCUSSION

Cell Therapy has revolutionized the treatment of multiple
diseases, including several kinds of cancer. In this review, we
introduced various immune cell- and stem cell-derived adoptive
cell therapies in GBM treatment.

Based on each cell type, we can design and develop autologous
or allogeneic cell therapy products. We would like to consider the
allogeneic therapy option if possible. The individualized autologous
cell therapy products pose significant limiting factors for large scale
clinical applications. The off-the-shelf, ready-to-use allogeneic cell
therapy design can enable scaling up, standardization, automation
of the manufacturing process and promote cost reductions. In
particular, allogeneic stem cell therapies provide the possibility of
controllable, continuous and consistent cell therapy production
and significantly reduce the waiting time for GBM patients to
receive the advanced treatment. One critical factor for
consideration in the selection of a cell therapy is that autologous
therapy requires that an initial cell product be generated fromGBM
patients. The various immune cells in GBM patients might already
be imprinted with impaired immune signatures which facilitate
tumor growth. On the contrary, we can strictly select healthy
donors and cells with beneficial anti GBM potential to produce
allogeneic cell therapy products. The feasibility of designing
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allogeneic cell therapy products will need to be evaluated based on
the particular cell type and safety of the regimen.

Innate immune cells have distinct advantages over adaptive
immune T cells as candidates for treating GBM because of GBM’s
high intratumoral and intertumoral heterogeneity and low
mutational burden. Because of GBM’s intracranial location, drug
pharmaceutical developers and physicians must carefully consider
and balance the efficacy of cell therapy and the immune
inflammation induced by the treatment. We should avoid any
severe brain inflammation induced with ACT, in particular
allogeneic ACT. Pharmaceutical developers and physicians must
thoroughly consider and design the most feasible and safe delivery
route (IV, ICT, ICV), treatment regimen, such as frequency of the
treatment, dose of the cell therapy drug, pre-conditioning, possible
dose limited toxicity and treatment to reduce local endogenous
inflammation; minimizing the off-tumor toxicity within CNS and
the peripheral tissues. Strictly controlling the character and
potency of cell therapy products not only can reduce the risk of
severe immune inflammation and immune related adverse events,
but also it can reduce the variables in the treatment that might
contribute to the clinical outcome.

Cell therapy has demonstrated a few successes in GBM
treatment so far. The advance cell therapy trials have primarily
been investigated on relapse and refractory GBM patients rather
than on primary diagnosed GBM patients. We would encourage
more evaluation of advanced cell therapies and/or combined
therapies in the newly diagnosed GBM. This would produce
more efficient therapeutic responses and clinical efficacy. The
combination of the advance cell therapies with other approaches,
such as small molecule inhibitors, immunotherapy reagents, cell
therapies or RNA vaccine might dramatically improve the
outcome of GBM treatments.
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We also strongly urge researchers to consider investigating
biomarkers and mechanisms correlated with the cell therapy
process development, clinical treatment and outcome. Through
extensive investigations we can stratify the GBM patients into the
most efficient treatment regimen at the primary diagnosis stage.
Which in turn will optimize and develop the best cell therapy
products for the safest, most effective treatment of GBM. The
prognosis biomarkers will direct physicians to offer the most
promising treatments for GBM patients to consider. We will save
lives, improve the quality of GBM patients’ life and also save
tremendous resources reducing the health care burden.

The next steps in this journey over the next few years will be
both exciting and daunting at the same time. If we are brave
enough and inspired enough to accept the challenge, new
discoveries will be made that will put an end to the misery
of GBM.

The extensive development of cell therapy will realize the full
potential of ACT for the treatment of GBM. ACT has the
potential to be developed as a routine GBM treatment along
with surgery, radiation, and chemotherapy.
AUTHOR CONTRIBUTIONS

WW and GW designed and wrote this manuscript.
ACKNOWLEDGMENTS

We thank Emily Thompson PhD and Jeffrey Weber MD PhD for
reading and editing the final version of the manuscript.
REFERENCES

1. Ostrom QT, Bauchet L, Davis FG, Deltour I, Fisher JL, Langer CE, et al. The
Epidemiology of Glioma in Adults: A "State of the Science" Review. Neuro
Oncol (2014) 16:896–913. doi: 10.1093/neuonc/nou087

2. StuppR,MasonWP,VanDenBentMJ,WellerM, Fisher B, TaphoornMJ, et al.
Radiotherapy Plus Concomitant and Adjuvant Temozolomide for
Glioblastoma. N Engl J Med (2005) 352:987–96. doi: 10.1056/NEJMoa043330

3. Brown TJ, Brennan MC, Li M, Church EW, Brandmeir NJ, Rakszawski KL,
et al. Association of the Extent of Resection With Survival in Glioblastoma:
A Systematic Review and Meta-Analysis. JAMA Oncol (2016) 2:1460–9. doi:
10.1001/jamaoncol.2016.1373

4. Osuka S, Van Meir EG. Overcoming Therapeutic Resistance in
Glioblastoma: The Way Forward. J Clin Invest (2017) 127:415–26. doi:
10.1172/JCI89587

5. Lan X, Jorg DJ, Cavalli FMG, Richards LM, Nguyen LV, Vanner RJ, et al.
Fate Mapping of Human Glioblastoma Reveals an Invariant Stem Cell
Hierarchy. Nature (2017) 549:227–32. doi: 10.1038/nature23666

6. Attia N, Mashal M, Pemminati S, Omole A, Edmondson C, Jones W, et al.
Cell-Based Therapy for the Treatment of Glioblastoma: An Update From
Preclinical to Clinical Studies. Cells (2021) 11(1): 116. doi: 10.3390/
cells11010116

7. Rolle CE, Sengupta S, Lesniak MS. Mechanisms of Immune Evasion by
Gliomas. Adv Exp Med Biol (2012) 746:53–76. doi: 10.1007/978-1-4614-
3146-6_5

8. Perrin SL, Samuel MS, Koszyca B, Brown MP, Ebert LM, Oksdath M, et al.
Glioblastoma Heterogeneity and the Tumour Microenvironment:
Implications for Preclinical Research and Development of New
Treatments. Biochem Soc Trans (2019) 47:625–38. doi: 10.1042/
BST20180444

9. Medikonda R, Dunn G, Rahman M, Fecci P, Lim M. A Review of
Glioblastoma Immunotherapy. J Neurooncol (2021) 151:41–53. doi:
10.1007/s11060-020-03448-1

10. Bao S, Wu Q, Mclendon RE, Hao Y, Shi Q, Hjelmeland AB, et al. Glioma
Stem Cells Promote Radioresistance by Preferential Activation of the DNA
Damage Response. Nature (2006) 444:756–60. doi: 10.1038/nature05236

11. Guedan S, Ruella M, June CH. Emerging Cellular Therapies for Cancer.
Annu Rev Immunol (2019) 37:145–71. doi: 10.1146/annurev-immunol-
042718-041407

12. Eshhar Z, Waks T, Gross G, Schindler DG. Specific Activation and Targeting
of Cytotoxic Lymphocytes Through Chimeric Single Chains Consisting of
Antibody-Binding Domains and the Gamma or Zeta Subunits of the
Immunoglobulin and T-Cell Receptors. Proc Natl Acad Sci U.S.A. (1993)
90:720–4. doi: 10.1073/pnas.90.2.720

13. Kalos M, Levine BL, Porter DL, Katz S, Grupp SA, Bagg A, et al. T Cells With
Chimeric Antigen Receptors Have Potent Antitumor Effects and can
Establish Memory in Patients With Advanced Leukemia. Sci Transl Med
(2011) 3:95ra73. doi: 10.1126/scitranslmed.3002842

14. Neelapu SS, Locke FL, Bartlett NL, Lekakis LJ, Miklos DB, Jacobson CA, et al.
Axicabtagene Ciloleucel CAR T-Cell Therapy in Refractory Large B-Cell
Lymphoma. N Engl J Med (2017) 377:2531–44. doi: 10.1056/NEJMoa1707447

15. Maude SL, Laetsch TW, Buechner J, Rives S, Boyer M, Bittencourt H, et al.
Tisagenlecleucel in Children and Young Adults With B-Cell Lymphoblastic
Leukemia. N Engl J Med (2018) 378:439–48. doi: 10.1056/NEJMoa1709866
August 2022 | Volume 13 | Article 904133

https://doi.org/10.1093/neuonc/nou087
https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.1001/jamaoncol.2016.1373
https://doi.org/10.1172/JCI89587
https://doi.org/10.1038/nature23666
https://doi.org/10.3390/cells11010116
https://doi.org/10.3390/cells11010116
https://doi.org/10.1007/978-1-4614-3146-6_5
https://doi.org/10.1007/978-1-4614-3146-6_5
https://doi.org/10.1042/BST20180444
https://doi.org/10.1042/BST20180444
https://doi.org/10.1007/s11060-020-03448-1
https://doi.org/10.1038/nature05236
https://doi.org/10.1146/annurev-immunol-042718-041407
https://doi.org/10.1146/annurev-immunol-042718-041407
https://doi.org/10.1073/pnas.90.2.720
https://doi.org/10.1126/scitranslmed.3002842
https://doi.org/10.1056/NEJMoa1707447
https://doi.org/10.1056/NEJMoa1709866
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Wang and Wang Cell Therapies for Glioblastoma
16. Melenhorst JJ, Chen GM, Wang M, Porter DL, Chen C, Collins MA, et al.
Decade-Long Leukaemia Remissions With Persistence of CD4(+) CAR T
Cells. Nature (2022) 602:503–9. doi: 10.1038/s41586-021-04390-6

17. Yip A, Webster RM. The Market for Chimeric Antigen Receptor T Cell
Therapies. Nat Rev Drug Discovery (2018) 17:161–2. doi: 10.1038/
nrd.2017.266

18. Brown CE, Badie B, Barish ME, Weng L, Ostberg JR, Chang WC, et al.
Bioactivity and Safety of IL13Ralpha2-Redirected Chimeric Antigen
Receptor CD8+ T Cells in Patients With Recurrent Glioblastoma. Clin
Cancer Res (2015) 21:4062–72. doi: 10.1158/1078-0432.CCR-15-0428

19. Brown CE, Alizadeh D, Starr R, Weng L, Wagner JR, Naranjo A, et al.
Regression of Glioblastoma After Chimeric Antigen Receptor T-Cell
Therapy. N Engl J Med (2016) 375:2561–9. doi: 10.1056/NEJMoa1610497

20. O'rourke DM, Nasrallah MP, Desai A, Melenhorst JJ, Mansfield K,
Morrissette JJD, et al. A Single Dose of Peripherally Infused EGFRvIII-
Directed CAR T Cells Mediates Antigen Loss and Induces Adaptive
Resistance in Patients With Recurrent Glioblastoma. Sci Transl Med
(2017) 9(399):eaaa0984. doi: 10.1126/scitranslmed.aaa0984

21. Ahmed N, Brawley V, Hegde M, Bielamowicz K, Kalra M, Landi D, et al.
HER2-Specific Chimeric Antigen Receptor-Modified Virus-Specific T Cells
for Progressive Glioblastoma: A Phase 1 Dose-Escalation Trial. JAMA Oncol
(2017) 3:1094–101. doi: 10.1001/jamaoncol.2017.0184

22. Yi Z, Prinzing BL, Cao F, Gottschalk S, Krenciute G. Optimizing EphA2-
CAR T Cells for the Adoptive Immunotherapy of Glioma.Mol Ther Methods
Clin Dev (2018) 9:70–80. doi: 10.1016/j.omtm.2018.01.009

23. Mount CW, Majzner RG, Sundaresh S, Arnold EP, Kadapakkam M, Haile S,
et al. Potent Antitumor Efficacy of Anti-GD2 CAR T Cells in H3-K27M(+)
Diffuse Midline Gliomas. Nat Med (2018) 24:572–9. doi: 10.1038/s41591-
018-0006-x

24. Majzner RG, Theruvath JL, Nellan A, Heitzeneder S, Cui Y, Mount CW, et al.
CAR T Cells Targeting B7-H3, a Pan-Cancer Antigen, Demonstrate Potent
Preclinical Activity Against Pediatric Solid Tumors and Brain Tumors. Clin
Cancer Res (2019) 25:2560–74. doi: 10.1158/1078-0432.CCR-18-0432

25. Nguyen P, Okeke E, Clay M, Haydar D, Justice J, O'reilly C, et al. Route of
41BB/41BBL Costimulation Determines Effector Function of B7-H3-
CAR.CD28zeta T Cells. Mol Ther Oncol (2020) 18:202–14. doi: 10.1016/
j.omto.2020.06.018

26. Wang D, Starr R, Chang WC, Aguilar B, Alizadeh D, Wright SL, et al.
Chlorotoxin-Directed CAR T Cells for Specific and Effective Targeting of
Glioblastoma. Sci Transl Med (2020) 12(533):eaaw2672. doi: 10.1126/
scitranslmed.aaw2672

27. Land CA, Musich PR, Haydar D, Krenciute G, Xie Q. Chimeric Antigen
Receptor T-Cell Therapy in Glioblastoma: Charging the T Cells to Fight.
J Transl Med (2020) 18:428. doi: 10.1186/s12967-020-02598-0

28. Wang QJ, Yu Z, Hanada KI, Patel K, Kleiner D, Restifo NP, et al. Preclinical
Evaluation of Chimeric Antigen Receptors Targeting CD70-Expressing
Cancers. Clin Cancer Res (2017) 23:2267–76. doi: 10.1158/1078-0432.CCR-
16-1421

29. Jin L, Ge H, Long Y, Yang C, Chang YE, Mu L, et al. CD70, a Novel Target of
CAR T-Cell Therapy for Gliomas. Neuro Oncol (2018) 20:55–65. doi:
10.1093/neuonc/nox116

30. Vora P, Venugopal C, Salim SK, Tatari N, Bakhshinyan D, Singh M, et al.
The Rational Development of CD133-Targeting Immunotherapies for
Glioblastoma. Cell Stem Cell (2020) 26:832–844 e836. doi: 10.1016/
j.stem.2020.04.008

31. Johnson J, Ascierto ML, Mittal S, Newsome D, Kang L, Briggs M, et al.
Genomic Profiling of a Hepatocyte Growth Factor-Dependent Signature for
MET-Targeted Therapy in Glioblastoma. J Transl Med (2015) 13:306. doi:
10.1186/s12967-015-0667-x

32. Kou J, Musich PR, Staal B, Kang L, Qin Y, Yao ZQ, et al. Differential
Responses of MET Activations to MET Kinase Inhibitor and Neutralizing
Antibody. J Transl Med (2018) 16:253. doi: 10.1186/s12967-018-1628-y

33. Maggs L, Cattaneo G, Dal AE, Moghaddam AS, Ferrone S. CAR T Cell-
Based Immunotherapy for the Treatment of Glioblastoma. Front Neurosci
(2021) 15:662064. doi: 10.3389/fnins.2021.662064

34. Feldman L, Brown C, Badie B. Chimeric Antigen Receptor T-Cell Therapy:
Updates in Glioblastoma Treatment. Neurosurgery (2021) 88:1056–64. doi:
10.1093/neuros/nyaa584
Frontiers in Immunology | www.frontiersin.org 13
35. Bagley SJ, Desai AS, Linette GP, June CH, O'rourke DM. CAR T-Cell
Therapy for Glioblastoma: Recent Clinical Advances and Future Challenges.
Neuro Oncol (2018) 20:1429–38. doi: 10.1093/neuonc/noy032

36. Goff SL, Morgan RA, Yang JC, Sherry RM, Robbins PF, Restifo NP, et al.
Pilot Trial of Adoptive Transfer of Chimeric Antigen Receptor-Transduced
T Cells Targeting EGFRvIII in Patients With Glioblastoma. J Immunother
(2019) 42:126–35. doi: 10.1097/CJI.0000000000000260

37. Majzner RG, Mackall CL. Tumor Antigen Escape From CAR T-Cell
Therapy. Cancer Discovery (2018) 8:1219–26. doi: 10.1158/2159-8290.CD-
18-0442

38. Woroniecka KI, Rhodin KE, Chongsathidkiet P, Keith KA, Fecci PE. T-Cell
Dysfunction in Glioblastoma: Applying a New Framework. Clin Cancer Res
(2018) 24:3792–802. doi: 10.1158/1078-0432.CCR-18-0047

39. Genssler S, Burger MC, Zhang C, Oelsner S, Mildenberger I, Wagner M,
et al. Dual Targeting of Glioblastoma With Chimeric Antigen Receptor-
Engineered Natural Killer Cells Overcomes Heterogeneity of Target Antigen
Expression and Enhances Antitumor Activity and Survival .
Oncoimmunology (2016) 5:e1119354. doi: 10.1080/2162402X.2015.1119354

40. Bielamowicz K, Fousek K, Byrd TT, Samaha H, Mukherjee M, Aware N,
et al. Trivalent CAR T Cells Overcome Interpatient Antigenic Variability in
Glioblastoma. Neuro Oncol (2018) 20:506–18. doi: 10.1093/neuonc/nox182

41. Hegde M, Mukherjee M, Grada Z, Pignata A, Landi D, Navai SA, et al.
Tandem CAR T Cells Targeting HER2 and IL13Ralpha2 Mitigate Tumor
Antigen Escape. J Clin Invest (2016) 126:3036–52. doi: 10.1172/JCI83416

42. Muhammad N, Wang R, Li W, Zhang Z, Chang Y, Hu Y, et al. A Novel
TanCAR Targeting IL13Ralpha2 and EphA2 for Enhanced Glioblastoma
Therapy.Mol Ther Oncol (2022) 24:729–41. doi: 10.1016/j.omto.2022.02.012

43. Rodriguez-Garcia A, Palazon A, Noguera-Ortega E, Powell DJJr., Guedan S.
CAR-TCellsHit theTumorMicroenvironment: Strategies toOvercomeTumor
Escape. Front Immunol (2020) 11:1109. doi: 10.3389/fimmu.2020.01109

44. Russell SJ, Barber GN. Oncolytic Viruses as Antigen-Agnostic Cancer
Vaccines. Cancer Cell (2018) 33:599–605. doi: 10.1016/j.ccell.2018.03.011

45. Brown CE, Rodriguez A, Palmer J, Ostberg JR, Naranjo A, Wagner J, et al.
Off-The-Shelf, Steroid Resistant, IL13Ralpha2-Specific CAR T Cells for
Treatment of Glioblastoma. Neuro Oncol (2022). doi: 10.1093/neuonc/
noac024

46. Burger MC, Zhang C, Harter PN, Romanski A, Strassheimer F, Senft C, et al.
CAR-Engineered NK Cells for the Treatment of Glioblastoma: Turning
Innate Effectors Into Precision Tools for Cancer Immunotherapy. Front
Immunol (2019) 10:2683. doi: 10.3389/fimmu.2019.02683

47. Vivier E, Tomasello E, Baratin M, Walzer T, Ugolini S. Functions of Natural
Killer Cells. Nat Immunol (2008) 9:503–10. doi: 10.1038/ni1582

48. Guo M, Wu T, Wan L. Cytotoxic Activity of Allogeneic Natural Killer Cells
on U251 Glioma Cells In Vitro.Mol Med Rep (2016) 14:583–9. doi: 10.3892/
mmr.2016.5220

49. TanakaY,NakazawaT,NakamuraM,Nishimura F,MatsudaR,OmotoK, et al.
Ex Vivo-Expanded Highly Purified Natural Killer Cells in Combination With
Temozolomide Induce Antitumor Effects in Human Glioblastoma Cells In
Vitro. PloS One (2019) 14:e0212455. doi: 10.1371/journal.pone.0212455

50. Castriconi R, Daga A, Dondero A, Zona G, Poliani PL, Melotti A, et al. NK
Cells Recognize and Kill Human Glioblastoma Cells With Stem Cell-Like
Properties. J Immunol (2009) 182:3530–9. doi: 10.4049/jimmunol.0802845

51. Weiss T, Weller M, Guckenberger M, Sentman CL, Roth P. NKG2D-Based
CAR T Cells and Radiotherapy Exert Synergistic Efficacy in Glioblastoma.
Cancer Res (2018) 78:1031–43. doi: 10.1158/0008-5472.CAN-17-1788

52. Lim J, Park Y, Ahn JW, Sim J, Kang SJ, Hwang S, et al. Autologous Adoptive
Immune-Cell Therapy Elicited a Durable Response With Enhanced Immune
Reaction Signatures in Patients With Recurrent Glioblastoma: An Open
Label, Phase I/IIa Trial. PloS One (2021) 16:e0247293. doi: 10.1371/
journal.pone.0247293

53. Ishikawa E, Tsuboi K, Saijo K, Harada H, Takano S, Nose T, et al.
Autologous Natural Killer Cell Therapy for Human Recurrent Malignant
Glioma. Anticancer Res (2004) 24:1861–71.

54. Morvan MG, Lanier LL. NK Cells and Cancer: You can Teach Innate Cells
New Tricks. Nat Rev Cancer (2016) 16:7–19. doi: 10.1038/nrc.2015.5

55. Liu E, Marin D, Banerjee P, Macapinlac HA, Thompson P, Basar R, et al. Use
of CAR-Transduced Natural Killer Cells in CD19-Positive Lymphoid
Tumors. N Engl J Med (2020) 382:545–53. doi: 10.1056/NEJMoa1910607
August 2022 | Volume 13 | Article 904133

https://doi.org/10.1038/s41586-021-04390-6
https://doi.org/10.1038/nrd.2017.266
https://doi.org/10.1038/nrd.2017.266
https://doi.org/10.1158/1078-0432.CCR-15-0428
https://doi.org/10.1056/NEJMoa1610497
https://doi.org/10.1126/scitranslmed.aaa0984
https://doi.org/10.1001/jamaoncol.2017.0184
https://doi.org/10.1016/j.omtm.2018.01.009
https://doi.org/10.1038/s41591-018-0006-x
https://doi.org/10.1038/s41591-018-0006-x
https://doi.org/10.1158/1078-0432.CCR-18-0432
https://doi.org/10.1016/j.omto.2020.06.018
https://doi.org/10.1016/j.omto.2020.06.018
https://doi.org/10.1126/scitranslmed.aaw2672
https://doi.org/10.1126/scitranslmed.aaw2672
https://doi.org/10.1186/s12967-020-02598-0
https://doi.org/10.1158/1078-0432.CCR-16-1421
https://doi.org/10.1158/1078-0432.CCR-16-1421
https://doi.org/10.1093/neuonc/nox116
https://doi.org/10.1016/j.stem.2020.04.008
https://doi.org/10.1016/j.stem.2020.04.008
https://doi.org/10.1186/s12967-015-0667-x
https://doi.org/10.1186/s12967-018-1628-y
https://doi.org/10.3389/fnins.2021.662064
https://doi.org/10.1093/neuros/nyaa584
https://doi.org/10.1093/neuonc/noy032
https://doi.org/10.1097/CJI.0000000000000260
https://doi.org/10.1158/2159-8290.CD-18-0442
https://doi.org/10.1158/2159-8290.CD-18-0442
https://doi.org/10.1158/1078-0432.CCR-18-0047
https://doi.org/10.1080/2162402X.2015.1119354
https://doi.org/10.1093/neuonc/nox182
https://doi.org/10.1172/JCI83416
https://doi.org/10.1016/j.omto.2022.02.012
https://doi.org/10.3389/fimmu.2020.01109
https://doi.org/10.1016/j.ccell.2018.03.011
https://doi.org/10.1093/neuonc/noac024
https://doi.org/10.1093/neuonc/noac024
https://doi.org/10.3389/fimmu.2019.02683
https://doi.org/10.1038/ni1582
https://doi.org/10.3892/mmr.2016.5220
https://doi.org/10.3892/mmr.2016.5220
https://doi.org/10.1371/journal.pone.0212455
https://doi.org/10.4049/jimmunol.0802845
https://doi.org/10.1158/0008-5472.CAN-17-1788
https://doi.org/10.1371/journal.pone.0247293
https://doi.org/10.1371/journal.pone.0247293
https://doi.org/10.1038/nrc.2015.5
https://doi.org/10.1056/NEJMoa1910607
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Wang and Wang Cell Therapies for Glioblastoma
56. Haspels HN, Rahman MA, Joseph JV, Gras Navarro A, Chekenya M.
Glioblastoma Stem-Like Cells Are More Susceptible Than Differentiated
Cells to Natural Killer Cell Lysis Mediated Through Killer Immunoglobulin-
Like Receptors-Human Leukocyte Antigen Ligand Mismatch and Activation
Receptor-Ligand Interactions. Front Immunol (2018) 9:1345. doi: 10.3389/
fimmu.2018.01345

57. Chiossone L, Dumas PY, Vienne M, Vivier E. Natural Killer Cells and Other
Innate Lymphoid Cells in Cancer. Nat Rev Immunol (2018) 18:671–88. doi:
10.1038/s41577-018-0061-z

58. Mehta RS, Rezvani K. Chimeric Antigen Receptor Expressing Natural Killer
Cells for the Immunotherapy of Cancer. Front Immunol (2018) 9:283. doi:
10.3389/fimmu.2018.00283

59. Miller JS, Lanier LL. Natural Killer Cells in Cancer Immunotherapy. Annu
Rev Cancer Biol (2019) 3:77–103. doi: 10.1146/annurev-cancerbio-030518-
055653

60. Veluchamy JP, Kok N, van der Vliet HJ, Verheul HMW, De Gruijl TD,
Spanholtz J. The Rise of Allogeneic Natural Killer Cells As a Platform for
Cancer Immunotherapy: Recent Innovations and Future Developments.
Front Immunol (2017) 8:631. doi: 10.3389/fimmu.2017.00631

61. Ramanathan A, Lorimer IAJ. Engineered Cells as Glioblastoma
Therapeutics. Cancer Gene Ther (2022) 29:156–66. doi: 10.1038/s41417-
021-00320-w

62. Ronellenfitsch MW, Luger AL, Steinbach JP. EGFR and mTOR as
Therapeutic Targets in Glioblastoma. Oncotarget (2019) 10:4721–3. doi:
10.18632/oncotarget.27094

63. Ekstrand AJ, Sugawa N, James CD, Collins VP. Amplified and Rearranged
Epidermal Growth Factor Receptor Genes in Human Glioblastomas Reveal
Deletions of Sequences Encoding Portions of the N- and/or C-Terminal Tails.
Proc Natl Acad Sci U.S.A. (1992) 89:4309–13. doi: 10.1073/pnas.89.10.4309

64. Zhang C, Burger MC, Jennewein L, Genssler S, Schonfeld K, Zeiner P, et al.
ErbB2/HER2-Specific NK Cells for Targeted Therapy of Glioblastoma. J Natl
Cancer Inst (2016) 108(5): djv375. doi: 10.1093/jnci/djv375

65. Sanai N, Alvarez-Buylla A, Berger MS. Neural Stem Cells and the Origin of
Gliomas. N Engl J Med (2005) 353:811–22. doi: 10.1056/NEJMra043666

66. Golinelli G, Grisendi G, Prapa M, Bestagno M, Spano C, Rossignoli F, et al.
Targeting GD2-Positive Glioblastoma by Chimeric Antigen Receptor
Empowered Mesenchymal Progenitors. Cancer Gene Ther (2020) 27:558–
70. doi: 10.1038/s41417-018-0062-x

67. Debinski W, Gibo DM, Hulet SW, Connor JR, Gillespie GY. Receptor for
Interleukin 13 is a Marker and Therapeutic Target for Human High-Grade
Gliomas. Clin Cancer Res (1999) 5:985–90.

68. Beier CP, Kumar P, Meyer K, Leukel P, Bruttel V, Aschenbrenner I, et al. The
Cancer Stem Cell Subtype Determines Immune Infiltration of Glioblastoma.
Stem Cells Dev (2012) 21:2753–61. doi: 10.1089/scd.2011.0660

69. Crane CA, Han SJ, Barry JJ, Ahn BJ, Lanier LL, Parsa AT. TGF-Beta
Downregulates the Activating Receptor NKG2D on NK Cells and CD8+ T
Cells in Glioma Patients. Neuro Oncol (2010) 12:7–13. doi: 10.1093/neuonc/
nop009

70. Wastowski IJ, Simoes RT, Yaghi L, Donadi EA, Pancoto JT, Poras I, et al.
Human Leukocyte Antigen-G is Frequently Expressed in Glioblastoma and
may be Induced In Vitro by Combined 5-Aza-2'-Deoxycytidine and
Interferon-Gamma Treatments: Results From a Multicentric Study. Am J
Pathol (2013) 182:540–52. doi: 10.1016/j.ajpath.2012.10.021

71. Liu L, Wang L, Zhao L, He C, Wang G. The Role of HLA-G in Tumor
Escape: Manipulating the Phenotype and Function of Immune Cells. Front
Oncol (2020) 10:597468. doi: 10.3389/fonc.2020.597468

72. Sayitoglu EC, Georgoudaki AM, Chrobok M, Ozkazanc D, Josey BJ, Arif M,
et al. Boosting Natural Killer Cell-Mediated Targeting of Sarcoma Through
DNAM-1 and NKG2D. Front Immunol (2020) 11:40. doi: 10.3389/
fimmu.2020.00040

73. Otegbeye F, Ojo E, Moreton S, Mackowski N, Lee DA, De Lima M, et al.
Inhibiting TGF-Beta Signaling Preserves the Function of Highly Activated,
In Vitro Expanded Natural Killer Cells in AML and Colon Cancer Models.
PloS One (2018) 13:e0191358. doi: 10.1371/journal.pone.0191358

74. Shaim H, Shanley M, Basar R, Daher M, Gumin J, Zamler DB, et al.
Targeting the Alphav Integrin/TGF-Beta Axis Improves Natural Killer
Cell Function Against Glioblastoma Stem Cells. J Clin Invest (2021) 131
(14):e142116. doi: 10.1172/JCI142116
Frontiers in Immunology | www.frontiersin.org 14
75. Hu Z. Tissue Factor as a New Target for CAR-NK Cell Immunotherapy of
Triple-Negative Breast Cancer. Sci Rep (2020) 10:2815. doi: 10.1038/s41598-
020-59736-3

76. Kmiecik J, Gras Navarro A, Poli A, Planaguma JP, Zimmer J, Chekenya M.
Combining NK Cells and Mab9.2.27 to Combat NG2-Dependent and Anti-
Inflammatory Signals in Glioblastoma. Oncoimmunology (2014) 3:e27185.

77. Gras Navarro A, Espedal H, Joseph JV, Trachsel-Moncho L, Bahador M,
Gjertsen BT, et al. Pretreatment of Glioblastoma With Bortezomib
Potentiates Natural Killer Cell Cytotoxicity Through TRAIL/DR5
Mediated Apoptosis and Prolongs Animal Survival. Cancers (Basel) (2019)
11(7):996.

78. Sengupta S. Gamma-Delta T Cells in Glioblastoma Immunotherapy. Glioma
(2019) 2:30–6. doi: 10.4103/glioma.glioma_48_18

79. Parker CM, Groh V, Band H, Porcelli SA, Morita C, Fabbi M, et al. Evidence
for Extrathymic Changes in the T Cell Receptor Gamma/Delta Repertoire.
J Exp Med (1990) 171:1597–612. doi: 10.1084/jem.171.5.1597

80. Fonseca S, Pereira V, Lau C, Teixeira MDA, Bini-Antunes M, Lima M.
Human Peripheral Blood Gamma Delta T Cells: Report on a Series of
Healthy Caucasian Portuguese Adults and Comprehensive Review of the
Literature. Cells (2020) 9:729. doi: 10.3390/cells9030729

81. Dessarthe B, Thedrez A, Latouche JB, Cabillic F, Drouet A, Daniel P, et al.
CRTAM Receptor Engagement by Necl-2 on Tumor Cells Triggers Cell
Death of Activated Vgamma9Vdelta2 T Cells. J Immunol (2013) 190:4868–
76. doi: 10.4049/jimmunol.1202596

82. Ashihara E, Munaka T, Kimura S, Nakagawa S, Nakagawa Y, Kanai M, et al.
Isopentenyl Pyrophosphate Secreted From Zoledronate-Stimulated
Myeloma Cells, Activates the Chemotaxis of gammadeltaT Cells. Biochem
Biophys Res Commun (2015) 463:650–5. doi: 10.1016/j.bbrc.2015.05.118

83. Girardi M, Oppenheim DE, Steele CR, Lewis JM, Glusac E, Filler R, et al.
Regulation of Cutaneous Malignancy by Gammadelta T Cells. Science (2001)
294:605–9. doi: 10.1126/science.1063916

84. Miyashita M, Shimizu T, Ashihara E, Ukimura O. Strategies to Improve the
Antitumor Effect of Gammadelta T Cell Immunotherapy for Clinical
Application. Int J Mol Sci (2021) 22(16):8910. doi: 10.3390/ijms22168910

85. Morandi F, Yazdanifar M, Cocco C, Bertaina A, Airoldi I. Engineering the
Bridge Between Innate and Adaptive Immunity for Cancer Immunotherapy:
Focus on Gammadelta T and NK Cells. Cells (2020) 9(8):1757. doi: 10.3390/
cells9081757

86. Lamb LSJr., Bowersock J, Dasgupta A, Gillespie GY, Su Y, Johnson A, et al.
Engineered Drug Resistant Gammadelta T Cells Kill Glioblastoma Cell Lines
During a Chemotherapy Challenge: A Strategy for Combining Chemo- and
Immunotherapy. PloS One (2013) 8:e51805. doi: 10.1371/journal.pone.0051805

87. Lamb LS, Pereboeva L, Youngblood S, Gillespie GY, Nabors LB, Markert JM,
et al. A Combined Treatment Regimen of MGMT-Modified Gammadelta T
Cells and Temozolomide Chemotherapy is Effective Against Primary High
Grade Gliomas. Sci Rep (2021) 11:21133. doi: 10.1038/s41598-021-00536-8

88. Yu W, Zhang L, Wei Q, Shao A. O6-Methylguanine-DNAMethyltransferase
(MGMT): Challenges and New Opportunities in Glioma Chemotherapy.
Front Oncol (2019) 9:1547. doi: 10.3389/fonc.2019.01547

89. Chitadze G, Lettau M, Luecke S, Wang T, Janssen O, Furst D, et al. NKG2D-
and T-Cell Receptor-Dependent Lysis of Malignant Glioma Cell Lines by
Human Gammadelta T Cells: Modulation by Temozolomide and A
Disintegrin and Metalloproteases 10 and 17 Inhibitors. Oncoimmunology
(2016) 5:e1093276. doi: 10.1080/2162402X.2015.1093276

90. Nabors LB, Lamb LS, Beelen MJ, Pillay T, Haak MT, Youngblood S, et al.
Phase 1 Trial of Drug Resistant Immunotherapy: A First-In-Class
Combination of MGMT-Modified gd T Cells and Temozolomide
Chemotherapy in Newly Diagnosed Glioblastoma. J Clin Oncol (2021)
39:2057–7. doi: 10.1200/JCO.2021.39.15_suppl.2057

91. Har-Noy M, Slavin S. The Anti-Tumor Effect of Allogeneic Bone Marrow/
Stem Cell Transplant Without Graft vs. Host Disease Toxicity andWithout a
Matched Donor Requirement? Med Hypotheses (2008) 70:1186–92. doi:
10.1016/j.mehy.2007.10.008

92. Minculescu L, Marquart HV, Ryder LP, Andersen NS, Schjoedt I, Friis LS,
et al. Improved Overall Survival, Relapse-Free-Survival, and Less Graft-Vs.-
Host-Disease in Patients With High Immune Reconstitution of TCR
Gamma Delta Cells 2 Months After Allogeneic Stem Cell Transplantation.
Front Immunol (2019) 10:1997. doi: 10.3389/fimmu.2019.01997
August 2022 | Volume 13 | Article 904133

https://doi.org/10.3389/fimmu.2018.01345
https://doi.org/10.3389/fimmu.2018.01345
https://doi.org/10.1038/s41577-018-0061-z
https://doi.org/10.3389/fimmu.2018.00283
https://doi.org/10.1146/annurev-cancerbio-030518-055653
https://doi.org/10.1146/annurev-cancerbio-030518-055653
https://doi.org/10.3389/fimmu.2017.00631
https://doi.org/10.1038/s41417-021-00320-w
https://doi.org/10.1038/s41417-021-00320-w
https://doi.org/10.18632/oncotarget.27094
https://doi.org/10.1073/pnas.89.10.4309
https://doi.org/10.1093/jnci/djv375
https://doi.org/10.1056/NEJMra043666
https://doi.org/10.1038/s41417-018-0062-x
https://doi.org/10.1089/scd.2011.0660
https://doi.org/10.1093/neuonc/nop009
https://doi.org/10.1093/neuonc/nop009
https://doi.org/10.1016/j.ajpath.2012.10.021
https://doi.org/10.3389/fonc.2020.597468
https://doi.org/10.3389/fimmu.2020.00040
https://doi.org/10.3389/fimmu.2020.00040
https://doi.org/10.1371/journal.pone.0191358
https://doi.org/10.1172/JCI142116
https://doi.org/10.1038/s41598-020-59736-3
https://doi.org/10.1038/s41598-020-59736-3
https://doi.org/10.4103/glioma.glioma_48_18
https://doi.org/10.1084/jem.171.5.1597
https://doi.org/10.3390/cells9030729
https://doi.org/10.4049/jimmunol.1202596
https://doi.org/10.1016/j.bbrc.2015.05.118
https://doi.org/10.1126/science.1063916
https://doi.org/10.3390/ijms22168910
https://doi.org/10.3390/cells9081757
https://doi.org/10.3390/cells9081757
https://doi.org/10.1371/journal.pone.0051805
https://doi.org/10.1038/s41598-021-00536-8
https://doi.org/10.3389/fonc.2019.01547
https://doi.org/10.1080/2162402X.2015.1093276
https://doi.org/10.1200/JCO.2021.39.15_suppl.2057
https://doi.org/10.1016/j.mehy.2007.10.008
https://doi.org/10.3389/fimmu.2019.01997
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Wang and Wang Cell Therapies for Glioblastoma
93. Wesch D, Glatzel A, Kabelitz D. Differentiation of Resting Human
Peripheral Blood Gamma Delta T Cells Toward Th1- or Th2-Phenotype.
Cell Immunol (2001) 212:110–7. doi: 10.1006/cimm.2001.1850

94. Vermijlen D, Ellis P, Langford C, Klein A, Engel R, Willimann K, et al.
Distinct Cytokine-Driven Responses of Activated Blood Gammadelta T
Cells: Insights Into Unconventional T Cell Pleiotropy. J Immunol (2007)
178:4304–14. doi: 10.4049/jimmunol.178.7.4304

95. Miyashita M, Tomogane M, Nakamura Y, Shimizu T, Fujihara A, Ukimura
O, et al. Sphere-Derived Prostate Cancer Stem Cells Are Resistant to
Gammadelta T Cell Cytotoxicity. Anticancer Res (2020) 40:5481–7. doi:
10.21873/anticanres.14559

96. Montoya CJ, Pollard D, Martinson J, Kumari K, Wasserfall C, Mulder CB,
et al. Characterization of Human Invariant Natural Killer T Subsets in
Health and Disease Using a Novel Invariant Natural Killer T Cell-
Clonotypic Monoclonal Antibody, 6b11. Immunology (2007) 122:1–14.
doi: 10.1111/j.1365-2567.2007.02647.x

97. Godfrey DI, Macdonald HR, Kronenberg M, Smyth MJ, Van Kaer L. NKT
Cells: What's in a Name? Nat Rev Immunol (2004) 4:231–7. doi: 10.1038/
nri1309

98. Crowe NY, Smyth MJ, Godfrey DI. A Critical Role for Natural Killer T Cells
in Immunosurveillance of Methylcholanthrene-Induced Sarcomas. J Exp
Med (2002) 196:119–27. doi: 10.1084/jem.20020092

99. Brettschneider EES, Terabe M. The Role of NKT Cells in Glioblastoma. Cells
(2021) 10(7):1641. doi: 10.3390/cells10071641

100. Hara A, Koyama-Nasu R, Takami M, Toyoda T, Aoki T, Ihara F, et al. CD1d
Expression in Glioblastoma is a Promising Target for NKT Cell-Based
Cancer Immunotherapy. Cancer Immunol Immunother (2021) 70:1239–54.
doi: 10.1007/s00262-020-02742-1

101. Fabris D, Rozman M, Sajko T, Vukelic Z. Aberrant Ganglioside Composition
in Glioblastoma Multiforme and Peritumoral Tissue: A Mass Spectrometry
Characterization. Biochimie (2017) 137:56–68. doi : 10.1016/
j.biochi.2017.03.001

102. Cox D, Fox L, Tian R, BardetW, Skaley M, Mojsilovic D, et al. Determination
of Cellular Lipids Bound to Human CD1d Molecules. PloS One (2009) 4:
e5325. doi: 10.1371/journal.pone.0005325

103. Feng M, Jiang W, Kim BYS, Zhang CC, Fu YX, Weissman IL. Phagocytosis
Checkpoints as New Targets for Cancer Immunotherapy. Nat Rev Cancer
(2019) 19:568–86. doi: 10.1038/s41568-019-0183-z

104. Yang M, Oh IY, Mahanty A, Jin WL, Yoo JS. Immunotherapy for
Glioblastoma: Current State, Challenges, and Future Perspectives. Cancers
(Basel) (2020) 12(9):2334. doi: 10.3390/cancers12092334

105. Geissmann F, Manz MG, Jung S, Sieweke MH, Merad M, Ley K.
Development of Monocytes, Macrophages, and Dendritic Cells. Science
(2010) 327:656–61. doi: 10.1126/science.1178331

106. Wang C, Li K, Li T, Chen Z, Wen Y, Liu X, et al. ). Monocyte-Mediated
Chemotherapy Drug Delivery in Glioblastoma. Nanomed (Lond) (2018)
13:157–78. doi: 10.2217/nnm-2017-0266

107. Matias D, Balca-Silva J, Da Graca GC, Wanjiru CM, Macharia LW,
Nascimento CP, et al. Microglia/Astrocytes-Glioblastoma Crosstalk:
Crucial Molecular Mechanisms and Microenvironmental Factors. Front
Cell Neurosci (2018) 12:235. doi: 10.3389/fncel.2018.00235

108. Aldape K, Brindle KM, Chesler L, Chopra R, Gajjar A, Gilbert MR, et al.
Challenges to Curing Primary Brain Tumours. Nat Rev Clin Oncol (2019)
16:509–20. doi: 10.1038/s41571-019-0177-5

109. Zeiner PS, Preusse C, Blank AE, Zachskorn C, Baumgarten P, Caspary L,
et al. MIF Receptor CD74 is Restricted to Microglia/Macrophages,
Associated With a M1-Polarized Immune Milieu and Prolonged Patient
Survival in Gliomas. Brain Pathol (2015) 25:491–504. doi: 10.1111/bpa.12194

110. Pong WW, Walker J, Wylie T, Magrini V, Luo J, Emnett RJ, et al. F11R is a
Novel Monocyte Prognostic Biomarker for Malignant Glioma. PloS One
(2013) 8:e77571. doi: 10.1371/journal.pone.0077571

111. Hambardzumyan D, Gutmann DH, Kettenmann H. The Role of Microglia
and Macrophages in Glioma Maintenance and Progression. Nat Neurosci
(2016) 19:20–7. doi: 10.1038/nn.4185

112. Klichinsky M, Ruella M, Shestova O, Lu XM, Best A, Zeeman M, et al.
Human Chimeric Antigen Receptor Macrophages for Cancer
Immunotherapy. Nat Biotechnol (2020) 38:947–53. doi: 10.1038/s41587-
020-0462-y
Frontiers in Immunology | www.frontiersin.org 15
113. Powles RL, Russell J, Lister TA, Oliver T, Whitehouse JM, Malpas J, et al.
Immunotherapy for Acute Myelogenous Leukaemia: A Controlled Clinical
Study 2 1/2 Years After Entry of the Last Patient. Br J Cancer (1977) 35:265–
72. doi: 10.1038/bjc.1977.38

114. Wan H, Dupasquier M. Dendritic Cells In Vivo and In Vitro. Cell Mol
Immunol (2005) 2:28–35.

115. Palucka K, Banchereau J. Cancer Immunotherapy via Dendritic Cells. Nat
Rev Cancer (2012) 12:265–77. doi: 10.1038/nrc3258

116. Hickey MJ, Malone CC, Erickson KL, Jadus MR, Prins RM, Liau LM, et al.
Cellular and Vaccine Therapeutic Approaches for Gliomas. J Transl Med
(2010) 8:100. doi: 10.1186/1479-5876-8-100

117. Prins RM, Odesa SK, Liau LM. Immunotherapeutic Targeting of Shared
Melanoma-Associated Antigens in a Murine Glioma Model. Cancer Res
(2003) 63:8487–91. doi: 10.4049/jimmunol.176.1.157

118. Prins RM, Craft N, Bruhn KW, Khan-Farooqi H, Koya RC, Stripecke R, et al.
The TLR-7 Agonist, Imiquimod, Enhances Dendritic Cell Survival and
Promotes Tumor Antigen-Specific T Cell Priming: Relation to Central
Nervous System Antitumor Immunity. J Immunol (2006) 176:157–64. doi:
10.4049/jimmunol.176.1.157

119. Yamanaka R, Homma J, Yajima N, Tsuchiya N, Sano M, Kobayashi T, et al.
Clinical Evaluation of Dendritic Cell Vaccination for Patients With
Recurrent Glioma: Results of a Clinical Phase I/II Trial. Clin Cancer Res
(2005) 11:4160–7. doi: 10.1158/1078-0432.CCR-05-0120

120. Prins RM, Cloughesy TF, Liau LM. Cytomegalovirus Immunity After
Vaccination With Autologous Glioblastoma Lysate. N Engl J Med (2008)
359:539–41. doi: 10.1056/NEJMc0804818

121. Prins RM, Soto H, Konkankit V, Odesa SK, Eskin A, Yong WH, et al. Gene
Expression Profile Correlates With T-Cell Infiltration and Relative
Survival in Glioblastoma Patients Vaccinated With Dendritic Cell
Immunotherapy. Clin Cancer Res (2011) 17:1603–15. doi: 10.1158/1078-
0432.CCR-10-2563

122. Vik-Mo EO, Nyakas M, Mikkelsen BV, Moe MC, Due-Tonnesen P, Suso
EM, et al. Therapeutic Vaccination Against Autologous Cancer Stem Cells
With mRNA-Transfected Dendritic Cells in Patients With Glioblastoma.
Cancer Immunol Immunother (2013) 62:1499–509. doi: 10.1007/s00262-013-
1453-3

123. Phuphanich S, Wheeler CJ, Rudnick JD, Mazer M, Wang H, Nuno MA, et al.
Phase I Trial of a Multi-Epitope-Pulsed Dendritic Cell Vaccine for Patients
With Newly Diagnosed Glioblastoma. Cancer Immunol Immunother (2013)
62:125–35. doi: 10.1186/s12967-017-1202-z

124. Wen PY, Reardon DA, Armstrong TS, Phuphanich S, Aiken RD, Landolfi JC,
et al. A Randomized Double-Blind Placebo-Controlled Phase II Trial of
Dendritic Cell Vaccine ICT-107 in Newly Diagnosed Patients With
Glioblastoma. Clin Cancer Res (2019) 25:5799–807. doi: 10.1158/1078-
0432.CCR-19-0261

125. Inoges S, Tejada S, De Cerio AL, Gallego Perez-Larraya J, Espinos J, Idoate
MA, et al. A Phase II Trial of Autologous Dendritic Cell Vaccination and
Radiochemotherapy Following Fluorescence-Guided Surgery in Newly
Diagnosed Glioblastoma Patients. J Transl Med (2017) 15:104. doi:
10.1186/s12967-017-1202-z

126. Rapp M, Grauer OM, Kamp M, Sevens N, Zotz N, Sabel M, et al. A
Randomized Controlled Phase II Trial of Vaccination With Lysate-Loaded,
Mature Dendritic Cells Integrated Into Standard Radiochemotherapy of
Newly Diagnosed Glioblastoma (GlioVax): Study Protocol for a Randomized
Controlled Trial. Trials (2018) 19:293. doi: 10.1186/s13063-018-2659-7

127. Liau LM, Ashkan K, Tran DD, Campian JL, Trusheim JE, Cobbs CS, et al.
First Results on Survival From a Large Phase 3 Clinical Trial of an
Autologous Dendritic Cell Vaccine in Newly Diagnosed Glioblastoma.
J Transl Med (2018) 16:142. doi: 10.1186/s12967-018-1507-6

128. Schmolke S, Drescher P, Jahn G, Plachter B. Nuclear Targeting of the
Tegument Protein Pp65 (UL83) of Human Cytomegalovirus: An Unusual
Bipartite Nuclear Localization Signal Functions With Other Portions of the
Protein to Mediate its Efficient Nuclear Transport. J Virol (1995) 69:1071–8.
doi: 10.1128/jvi.69.2.1071-1078.1995

129. Batich KA, Reap EA, Archer GE, Sanchez-Perez L, Nair SK, Schmittling RJ,
et al. Long-Term Survival in Glioblastoma With Cytomegalovirus Pp65-
Targeted Vaccination. Clin Cancer Res (2017) 23:1898–909. doi: 10.1158/
1078-0432.CCR-16-2057
August 2022 | Volume 13 | Article 904133

https://doi.org/10.1006/cimm.2001.1850
https://doi.org/10.4049/jimmunol.178.7.4304
https://doi.org/10.21873/anticanres.14559
https://doi.org/10.1111/j.1365-2567.2007.02647.x
https://doi.org/10.1038/nri1309
https://doi.org/10.1038/nri1309
https://doi.org/10.1084/jem.20020092
https://doi.org/10.3390/cells10071641
https://doi.org/10.1007/s00262-020-02742-1
https://doi.org/10.1016/j.biochi.2017.03.001
https://doi.org/10.1016/j.biochi.2017.03.001
https://doi.org/10.1371/journal.pone.0005325
https://doi.org/10.1038/s41568-019-0183-z
https://doi.org/10.3390/cancers12092334
https://doi.org/10.1126/science.1178331
https://doi.org/10.2217/nnm-2017-0266
https://doi.org/10.3389/fncel.2018.00235
https://doi.org/10.1038/s41571-019-0177-5
https://doi.org/10.1111/bpa.12194
https://doi.org/10.1371/journal.pone.0077571
https://doi.org/10.1038/nn.4185
https://doi.org/10.1038/s41587-020-0462-y
https://doi.org/10.1038/s41587-020-0462-y
https://doi.org/10.1038/bjc.1977.38
https://doi.org/10.1038/nrc3258
https://doi.org/10.1186/1479-5876-8-100
https://doi.org/10.4049/jimmunol.176.1.157
https://doi.org/10.4049/jimmunol.176.1.157
https://doi.org/10.1158/1078-0432.CCR-05-0120
https://doi.org/10.1056/NEJMc0804818
https://doi.org/10.1158/1078-0432.CCR-10-2563
https://doi.org/10.1158/1078-0432.CCR-10-2563
https://doi.org/10.1007/s00262-013-1453-3
https://doi.org/10.1007/s00262-013-1453-3
https://doi.org/10.1186/s12967-017-1202-z
https://doi.org/10.1158/1078-0432.CCR-19-0261
https://doi.org/10.1158/1078-0432.CCR-19-0261
https://doi.org/10.1186/s12967-017-1202-z
https://doi.org/10.1186/s13063-018-2659-7
https://doi.org/10.1186/s12967-018-1507-6
https://doi.org/10.1128/jvi.69.2.1071-1078.1995
https://doi.org/10.1158/1078-0432.CCR-16-2057
https://doi.org/10.1158/1078-0432.CCR-16-2057
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Wang and Wang Cell Therapies for Glioblastoma
130. Takahashi K, Yamanaka S. Induction of Pluripotent Stem Cells From Mouse
Embryonic and Adult Fibroblast Cultures by Defined Factors. Cell (2006)
126:663–76. doi: 10.1016/j.cell.2006.07.024

131. Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, et al.
Induction of Pluripotent Stem Cells From Adult Human Fibroblasts by
Defined Factors. Cell (2007) 131:861–72. doi: 10.1016/j.cell.2007.11.019

132. Calinescu AA, Kauss MC, Sultan Z, Al-HolouWN, O'shea SK. Stem Cells for
the Treatment of Glioblastoma: A 20-Year Perspective. CNS Oncol (2021) 10:
CNS73. doi: 10.2217/cns-2020-0026

133. Roy NS, Wang S, Jiang L, Kang J, Benraiss A, Harrison-Restelli C, et al. In
Vitro Neurogenesis by Progenitor Cells Isolated From the Adult Human
Hippocampus. Nat Med (2000) 6:271–7. doi: 10.1038/73119

134. Ahmed AU, Alexiades NG, Lesniak MS. The Use of Neural Stem Cells in
Cancer Gene Therapy: Predicting the Path to the Clinic. Curr Opin Mol Ther
(2010) 12:546–52.

135. Benmelouka AY, Munir M, Sayed A, Attia MS, Ali MM, Negida A, et al.
Neural Stem Cell-Based Therapies and Glioblastoma Management: Current
Evidence and Clinical Challenges. Int J Mol Sci (2021) 22(5):2258. doi:
10.3390/ijms22052258

136. Aboody KS, Brown A, Rainov NG, Bower KA, Liu S, Yang W, et al. Neural
Stem Cells Display Extensive Tropism for Pathology in Adult Brain:
Evidence From Intracranial Gliomas. Proc Natl Acad Sci U.S.A. (2000)
97:12846–51. doi: 10.1073/pnas.97.23.12846

137. Benedetti S, Pirola B, Pollo B, Magrassi L, Bruzzone MG, Rigamonti D, et al.
Gene Therapy of Experimental Brain Tumors Using Neural Progenitor Cells.
Nat Med (2000) 6:447–50. doi: 10.1038/74710

138. Ehtesham M, Kabos P, Kabosova A, Neuman T, Black KL, Yu JS. The Use of
Interleukin 12-Secreting Neural Stem Cells for the Treatment of Intracranial
Glioma. Cancer Res (2002) 62:5657–63.

139. Yuan X, Hu J, Belladonna ML, Black KL, Yu JS. Interleukin-23-Expressing
Bone Marrow-Derived Neural Stem-Like Cells Exhibit Antitumor Activity
Against Intracranial Glioma. Cancer Res (2006) 66:2630–8. doi: 10.1158/
0008-5472.CAN-05-1682

140. Portnow J, Synold TW, Badie B, Tirughana R, Lacey SF, D'apuzzo M, et al.
Neural Stem Cell-Based Anticancer Gene Therapy: A First-In-Human Study
in Recurrent High-Grade Glioma Patients. Clin Cancer Res (2017) 23:2951–
60. doi: 10.1158/1078-0432.CCR-16-1518

141. Abadi B, Ahmadi-Zeidabadi M, Dini L, Vergallo C. Stem Cell-Based Therapy
Treating Glioblastoma Multiforme. Hematol Oncol Stem Cell Ther (2021)
14:1–15. doi: 10.1016/j.hemonc.2020.08.001

142. Altaner C, Altanerova V, Cihova M, Ondicova K, Rychly B, Baciak L, et al.
Complete Regression of Glioblastoma by Mesenchymal Stem Cells Mediated
Prodrug Gene Therapy Simulating Clinical Therapeutic Scenario. Int J
Cancer (2014) 134:1458–65. doi: 10.1002/ijc.28455

143. Griffin MD, Ritter T, Mahon BP. Immunological Aspects of Allogeneic
Mesenchymal Stem Cell Therapies. Hum Gene Ther (2010) 21:1641–55. doi:
10.1089/hum.2010.156

144. Nowak B, Rogujski P, Janowski M, Lukomska B, Andrzejewska A.
Mesenchymal Stem Cells in Glioblastoma Therapy and Progression: How
One Cell Does it All. Biochim Biophys Acta Rev Cancer (2021) 1876:188582.
doi: 10.1016/j.bbcan.2021.188582

145. Nakamizo A, Marini F, Amano T, Khan A, Studeny M, Gumin J, et al. Human
Bone Marrow-Derived Mesenchymal Stem Cells in the Treatment of Gliomas.
Cancer Res (2005) 65:3307–18. doi: 10.1158/0008-5472.CAN-04-1874

146. Kim SM, Jeong CH, Woo JS, Ryu CH, Lee JH, Jeun SS. In VivoNear-Infrared
Imaging for the Tracking of Systemically Delivered Mesenchymal Stem Cells:
Tropism for Brain Tumors and Biodistribution. Int J Nanomed (2016)
11:13–23. doi: 10.2147/IJN.S97073

147. Tabatabai G, Bahr O, Mohle R, Eyupoglu IY, Boehmler AM, Wischhusen J,
et al. Lessons From the Bone Marrow: How Malignant Glioma Cells Attract
Adult Haematopoietic Progenitor Cells. Brain (2005) 128:2200–11. doi:
10.1093/brain/awh563

148. Tabatabai G, Hasenbach K, Herrmann C, Maurer G, Mohle R, Marini P,
et al. Glioma Tropism of Lentivirally Transduced Hematopoietic Progenitor
Cells. Int J Oncol (2010) 36:1409–17. doi: 10.3892/ijo_00000626

149. FloresC,PhamC, SnyderD,YangS, Sanchez-PerezL, SayourE, et al. Novel Role
of Hematopoietic Stem Cells in Immunologic Rejection of Malignant Gliomas.
Oncoimmunology (2015) 4:e994374. doi: 10.4161/2162402X.2014.994374
Frontiers in Immunology | www.frontiersin.org 16
150. Wildes TJ, Grippin A, Dyson KA, Wummer BM, Damiani DJ, Abraham RS,
et al. Cross-Talk Between T Cells and Hematopoietic Stem Cells During
Adoptive Cellular Therapy for Malignant Glioma. Clin Cancer Res (2018)
24:3955–66. doi: 10.1158/1078-0432.CCR-17-3061

151. Andreou T, Williams J, Brownlie RJ, Salmond RJ, Watson E, Shaw G, et al.
Hematopoietic Stem Cell Gene Therapy Targeting TGFbeta Enhances the
Efficacy of Irradiation Therapy in a Preclinical Glioblastoma Model.
J Immunother Cancer (2021) 9(3):e001143. doi: 10.1136/jitc-2020-001143

152. Germano IM, UzzamanM, Benveniste RJ, Zaurova M, Keller G. Apoptosis in
Human Glioblastoma Cells Produced Using Embryonic Stem Cell-Derived
Astrocytes Expressing Tumor Necrosis Factor-Related Apoptosis-Inducing
Ligand. J Neurosurg (2006) 105:88–95. doi: 10.3171/jns.2006.105.1.88

153. Uzzaman M, Keller G, Germano IM. In Vivo Gene Delivery by Embryonic-
Stem-Cell-Derived Astrocytes for Malignant Gliomas. Neuro Oncol (2009)
11:102–8. doi: 10.1215/15228517-2008-056

154. Bak XY, Lam DH, Yang J, Ye K, Wei EL, Lim SK, et al. Human Embryonic
Stem Cell-Derived Mesenchymal Stem Cells as Cellular Delivery Vehicles for
Prodrug Gene Therapy of Glioblastoma. Hum Gene Ther (2011) 22:1365–77.
doi: 10.1089/hum.2010.212

155. Yamanaka S. Pluripotent Stem Cell-Based Cell Therapy-Promise and
Chal lenges . Cel l Stem Cel l (2020) 27 :523–31. doi : 10 .1016/
j.stem.2020.09.014

156. Yamazoe T, Koizumi S, Yamasaki T, Amano S, Tokuyama T, Namba H.
Potent Tumor Tropism of Induced Pluripotent Stem Cells and Induced
Pluripotent Stem Cell-Derived Neural Stem Cells in the Mouse Intracerebral
Glioma Model. Int J Oncol (2015) 46:147–52. doi: 10.3892/ijo.2014.2702

157. Tamura R, Miyoshi H, Morimoto Y, Oishi Y, Sampetrean O, Iwasawa C,
et al. Gene Therapy Using Neural Stem/Progenitor Cells Derived From
Human Induced Pluripotent Stem Cells: Visualization of Migration and
Bystander Killing Effect. Hum Gene Ther (2020) 31:352–66. doi: 10.1089/
hum.2019.326

158. Themeli M, Kloss CC, Ciriello G, Fedorov VD, Perna F, Gonen M, et al.
Generation of Tumor-Targeted Human T Lymphocytes From Induced
Pluripotent Stem Cells for Cancer Therapy. Nat Biotechnol (2013) 31:928–
33. doi: 10.1038/nbt.2678

159. Li Y, Hermanson DL, Moriarity BS, Kaufman DS. Human iPSC-derived
natural killer cells engineered with chimeric antigen receptors enhance anti-
tumor activity. Cell Stem Cell (2018) 23(2):181–92.e5. doi: 10.1016/
j.stem.2018.06.002

160. Hermanson DL, Bendzick L, Pribyl L, McCullar V, Vogel RI, Miller JS, et al.
Induced pluripotent stem cell-derived natural killer cells for treatment of
ovarian cancer. Stem Cells (2016) J34(1):93–101. doi: 10.1002/stem.2230

161. Lachmann N, Ackermann M, Frenzel E, Liebhaber S, Brennig S, Happle C,
et al. Large-Scale Hematopoietic Differentiation of Human Induced
Pluripotent Stem Cells Provides Granulocytes or Macrophages for Cell
Replacement Therapies. Stem Cell Rep (2015) 4:282–96. doi: 10.1016/
j.stemcr.2015.01.005

162. Zhang H, Xue C, Shah R, Bermingham K, Hinkle CC, Li W, et al. Functional
Analysis and Transcriptomic Profiling of iPSC-Derived Macrophages and
Their Application in Modeling Mendelian Disease. Circ Res (2015) 117:17–
28. doi: 10.1161/CIRCRESAHA.117.305860
Conflict of Interest: Author GW is employed by company BlueRock
Therapeutics. Author WW is employed by company Metagenomi.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Wang and Wang. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
August 2022 | Volume 13 | Article 904133

https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1016/j.cell.2007.11.019
https://doi.org/10.2217/cns-2020-0026
https://doi.org/10.1038/73119
https://doi.org/10.3390/ijms22052258
https://doi.org/10.1073/pnas.97.23.12846
https://doi.org/10.1038/74710
https://doi.org/10.1158/0008-5472.CAN-05-1682
https://doi.org/10.1158/0008-5472.CAN-05-1682
https://doi.org/10.1158/1078-0432.CCR-16-1518
https://doi.org/10.1016/j.hemonc.2020.08.001
https://doi.org/10.1002/ijc.28455
https://doi.org/10.1089/hum.2010.156
https://doi.org/10.1016/j.bbcan.2021.188582
https://doi.org/10.1158/0008-5472.CAN-04-1874
https://doi.org/10.2147/IJN.S97073
https://doi.org/10.1093/brain/awh563
https://doi.org/10.3892/ijo_00000626
https://doi.org/10.4161/2162402X.2014.994374
https://doi.org/10.1158/1078-0432.CCR-17-3061
https://doi.org/10.1136/jitc-2020-001143
https://doi.org/10.3171/jns.2006.105.1.88
https://doi.org/10.1215/15228517-2008-056
https://doi.org/10.1089/hum.2010.212
https://doi.org/10.1016/j.stem.2020.09.014
https://doi.org/10.1016/j.stem.2020.09.014
https://doi.org/10.3892/ijo.2014.2702
https://doi.org/10.1089/hum.2019.326
https://doi.org/10.1089/hum.2019.326
https://doi.org/10.1038/nbt.2678
https://doi.org/10.1016/j.stem.2018.06.002
https://doi.org/10.1016/j.stem.2018.06.002
https://doi.org/10.1002/stem.2230
https://doi.org/10.1016/j.stemcr.2015.01.005
https://doi.org/10.1016/j.stemcr.2015.01.005
https://doi.org/10.1161/CIRCRESAHA.117.305860
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Advanced Cell Therapies for Glioblastoma
	Introduction
	Chimeric Antigen Receptor (Car) T Cells
	Natural Killer (Nk) Cells &amp; Car-Nk Cells
	Gamma Delta T (&Gamma;&delta;t) Cells &amp; Engineered &Gamma;&delta;t Cells
	Natural Killer T (Nkt) Cells
	Monocytes, Dendritic Cells (Dcs) &amp; Macrophages – Myeloid Lineage Immune Cells
	Stem Cells
	Adult Stem Cells
	Pluripotent Stem Cells

	Discussion
	Author Contributions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


