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Abstract: Glioblastoma is the most common brain malignant tumor in the adult population, and im-
munotherapy is playing an increasingly central role in the treatment of many cancers. Nevertheless,
the search for effective immunotherapeutic approaches for glioblastoma patients continues. The goal
of immunotherapy is to promote tumor eradication, boost the patient’s innate and adaptive immune
responses, and overcome tumor immune resistance. A range of new, promising immunotherapeutic
strategies has been applied for glioblastoma, including vaccines, oncolytic viruses, immune check-
point inhibitors, and adoptive cell transfer. However, the main challenges of immunotherapy for
glioblastoma are the intracranial location and heterogeneity of the tumor as well as the unique,
immunosuppressive tumor microenvironment. Owing to the lack of appropriate tumor models,
there are discrepancies in the efficiency of various immunotherapeutic strategies between preclinical
studies (with in vitro and animal models) on the one hand and clinical studies (on humans) on the
other hand. In this review, we summarize the glioblastoma characteristics that drive tolerance to im-
munotherapy, the currently used immunotherapeutic approaches against glioblastoma, and the most
suitable tumor models to mimic conditions in glioblastoma patients. These models are improving
and can more precisely predict patients’ responses to immunotherapeutic treatments, either alone or
in combination with standard treatment.

Keywords: glioblastoma; immunotherapy; tumor model; stem cell; organoid; heterogeneity; im-

munosuppression; microenvironment

1. Introduction: Glioblastoma and Its Heterogeneity

The most aggressive and also most common primary brain tumor in adults is glioblas-
toma (Glioblastoma WHO grade IV). Glioblastoma is poorly responsive to therapy, which in-
cludes maximal surgical removal that is followed by chemotherapy and radiation therapy
and has one of the shortest survival rates amongst all cancers [1]. For example, tumor treat-
ing fields treatment together with chemotherapy improved median overall survival of
glioblastoma patients from 16 to 20.9 months [2]. Despite novel modalities in treatment,
which rely on the Stupp protocol from 2005, the 5-year survival rate of patients is less than
5% [3-5]. Glioblastoma has distinct histological characteristics, including a pleomorphic
cell composition, increased mitotic and cellular activity, and significant angiogenesis and
necrosis [6]. The poor response of glioblastoma to treatment and its poor prognosis are
associated with diffused invasion patterns within the central nervous system (CNS) [7].
Furthermore, the blood-brain barrier (BBB) presents both a physical and biochemical barrier
to the CNS for large molecules [8,9]. Lymphatic vessels have been found in the meninges of
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humans and mice [10-12], causing the notion of the CNS as an immune-privileged system
to be reconsidered. Brain-resident macrophages, i.e., microglia, are also now broadly recog-
nized as antigen-presenting cells of the CNS. Although the brain is an immunologically
distinct site, the brain microenvironment is capable of generating robust immune responses
and offers adequate opportunities for the implementation of brain tumor immunother-
apy [13]. In addition, the BBB can be disrupted in brain tumor patients, which increases
the infiltration of immune cells into the tumor area. However, most GBM patients have
variable regions of disrupted BBB, meaning that tumor regions with disrupted BBB and
tumor regions with intact BBB exist [14].

The successful treatment of glioblastoma remains one of the most difficult challenges
in brain cancer therapy. This is due to (1) the small population of therapy-resistant glioblas-
toma stem cells (GSCs) [15-18] and (2) inter- and intra-tumor heterogeneity that consists of
a variety of different subtypes of glioblastoma [19] and stromal cells in the tumor microen-
vironment (TME) [20,21]. Glioblastomas have been genetically categorized by The Cancer
Genome Atlas into three subtypes: proneural, classical, and mesenchymal. Each of these
subtypes is characterized by mutations causing platelet-derived growth factor receptor
alpha activation, epidermal growth factor receptor (EGFR) activation, and neurofibromin
1 deletions, respectively. Glioblastoma subtypes differ in their prognostic value, with mes-
enchymal and proneural subtypes exhibiting the shortest and longest overall survival rates,
respectively [19]. Moreover, the composition of the TME is linked to the molecular subtypes
of glioblastoma. Mesenchymal tumors contain abundant gene expression signatures for
macrophages, CD4" T cells, and neutrophils [22]; this is also associated with a higher
glioma grade [19]. An increase in macrophages and microglia cells occurs upon disease
recurrence and is associated with shorter relapse time after therapy [22].

GSCs are largely responsible for glioblastoma recurrence and therapy resistance due
to their DNA repair and multi-drug resistance mechanisms as well as their ability to evade
the immune response [15,23,24]. GSCs are maintained in hypoxic and peri-arteriolar GSC
niches [25,26] and are more abundant in more aggressive, high-grade tumors with worse
prognoses [27,28]. The glioblastoma TME regulates and determines the cellular state and
drives GSC plasticity [29], which leads to the therapeutic resistance of tumors [30].

The predominant immune cells in the brain are macrophages, more specifically, tissue-
resident macrophages known as microglia [31]. In brain cancer or other brain inflammatory
conditions, additional peripheral monocytes are recruited from bone marrow and are
differentiated in the brain into macrophages that are phenotypically distinct from mi-
croglia [32,33]. Immune cells are recruited and phenotypically changed by glioblastoma
cells; this supports tumor growth and an immunosuppressive TME [34] through the re-
lease of cytokines, extracellular vesicles, and connecting nanotubes [35]. Chemoattraction
between cells is mediated by members of a large family of chemokines [36,37]. For ex-
ample, in glioblastoma, the chemokine (C-C motif) ligand 5 (CCL5) and its receptor C-C
chemokine receptor type 5 (CCR5) are involved in autocrine and paracrine cross-talk be-
tween glioblastoma cells and the TME, contributing to stromal and immune cell tumor
infiltration and glioblastoma cell invasion [38,39]. The attraction between endothelial and
glioblastoma cells in GSC niches is predominantly maintained by the binding of C-X-C
motif chemokine 12 (CXCL12, also known as stromal cell-derived factor 1« (SDF-1)) to
the C-X-C chemokine receptor type 4 (CXCR4) in GSCs [26].

2. The Immunosuppressive Microenvironment of Glioblastoma

Multi-layered immunosuppression exists in glioblastoma, both at the systemic and
local level [40]. Systemic immunosuppression in glioblastoma patients is, to a large extent,
induced by standard treatment including radiotherapy, temozolomide, and corticosteroids,
which weakens the adaptive and innate immune responses [41]. Moreover, defects in
antitumor responses arise from defective T cell mobilization from the periphery due to T
cell entrapment in the bone marrow, which is caused by the loss of the surface sphingosine-
1-phosphate receptor 1 (51P1) [42,43] that binds the lipid second messenger sphingosine-1-



Cells 2021, 10, 265

30f22

phosphate (S1P) [44]. The S1P-S1P1 axis plays a role in governing lymphocyte trafficking.
Naive T cell egress from bone marrow or secondary lymphoid organs cannot occur without
functional S1P1 on the cell surface, as S1P1 is essential for lymphocyte recirculation [42,45].

The glioblastoma microenvironment is extremely immunosuppressive due to its low
immunogenicity, the immunosuppressive properties of many cells (including cancer cells,
cancer stem cells (CSCs), and tumor-infiltrating immunosuppressive immune cells, e.g.,
myeloid cells and T regulatory cells (Tregs)), and the lack of antigen-presenting potential
and costimulatory antigens, leading to tumor resistance to immunotherapy.

Glioblastoma cells and GSCs employ several mechanisms to evade the immune re-
sponse. These include their intrinsic resistance to the induction of cell death, modulation of
tumor antigens and cell surface molecules (which are important for the recognition and
destruction of immune effector and antigen-presenting cells), and secretion of extracellular
vehicles, cytokines, and growth factors. For example, glioblastoma cells express the pro-
grammed cell death receptor 1 ligand (PD-L1) that inhibits the cytotoxicity of cytotoxic T
cells and downregulates major histocompatibility complex (MHC) class I, resulting in defi-
cient T cell cytotoxicity [40]. Moreover, glioblastoma cells may increase the expression of
natural killer (NK) cell inhibitory ligands and decrease the expression of NK cell-activating
NK group 2 member D (NKG2D) ligands, leading to inhibited NK cell-mediated lysis [46].

Glioblastoma is immunologically a cold tumor with low NK and T cell infiltration
compared to other solid tumors. In glioblastoma, T and NK cells become dysfunctional.
T cells are senescent, tolerant, exhausted, and anergic due to the immunosuppressive
glioblastoma TME [40,47]. NK cells are important as immune effectors of the first line of
defense against tumor cells and have been shown to control metastasis by eliminating
circulating cancer cells [48]. The proposed mechanisms for the functional inactivation
of tumor-associated NK cells are the overexpression of Fas ligand, the loss of mRNA for
granzyme B [49], and the decrease of CD16 and its associated zeta chain [50-52]. T and NK
cell dysfunction is also caused by co-expression of multiple co-inhibitory receptors, includ-
ing programmed cell death protein 1 (PD-1), T cell immunoglobulin and mucin-domain
containing-3 (TIM3), lymphocyte activation gene 3 protein (LAG3), cytotoxic T lymphocyte-
associated protein 4 (CTLA-4), and T cell immunoreceptor with immunoglobulin and ITIM
domains (TIGIT) [53].

Glioblastoma immunosuppressive TME is driven by tumor-intrinsic factors and brain
(host) tissue responses to tumor antigens, such as overexpression of the indoleamine
2,3-dioxygenase (IDO) enzyme [54,55] and oncogene transforming growth factor-beta
(TGF-B), respectively. IDO is a tryptophan catabolic enzyme overexpressed in several
tumor types that creates an immunosuppressive microenvironment via the suppression
of cytotoxic (CD8") T cell proliferation and effector function [56] and the promotion of
Treg generation via an aryl hydrocarbon receptor-dependent mechanism [56]. Cytokines,
such as IL-10 and TGF-§3, within the glioblastoma TME cause microglia to lose MHC
expression [57,58]. TGF- reduces NK and CD8" T cell activation through inhibiting
NKG2D expression, which is responsible for inducing lysis of NKG2D ligand-bearing cells
that express class | MHC-related proteins, MHC Class I Polypeptide-Related Sequence A
(MICA) and B, and the UL16 binding protein (ULB) 14 protein family [59].

Glioblastoma cells in the TME hijack many different cells to support tumor growth
through the recruitment and suppression of many cells of the innate and adaptive im-
mune responses [20]. For example, Tregs and myeloid-derived suppressive cells that
inhibit the proliferation and activation of effector cells (i.e., T cells and NK cells) and
antigen-presenting cells are recruited. Increased numbers of forkhead box P3 (FOXP3)*
Tregs were found in glioblastoma [60,61]; however, their correlation with patient survival
was modest [60,62,63]. Microglia and tumor-infiltrating macrophages influence immuno-
suppression by secreting the cytokine IL-10, TGF-f3, and extracellular vesicles [64,65].
These complex interactions open new therapeutic windows for glioblastoma treatment.
Colony-stimulating factor 1 (CSF-1) is a potent chemoattractant that regulates the differen-
tiation of monocytes into tumor-associated macrophages (TAMs), and its overexpression
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correlates with increased TAM infiltration and poor clinical outcomes [66]. Inhibition of the
CSF-1 receptor (CSF-1R) enhanced sensitivity to irradiation by altering both the recruitment
and the phenotype of myeloid-derived cells recruited to the irradiated glioblastoma [67].
TAMs also express high levels of PD-L1 [41]. Moreover, hypoxic conditions in the glioblas-
toma TME, through increased hypoxia-inducible factor (HIF) transcription factors and
vascular endothelial growth factor (VEGEF), increase TAM tumor infiltration [40].

3. Immunotherapeutic Strategies for Glioblastoma

The goal of immunotherapy is to stimulate patient antitumor immunity and eliminate
glioblastoma cells, specifically the therapy-resistant fraction of glioblastoma cells. Sev-
eral immunotherapeutic approaches, including vaccines, oncolytic viruses, checkpoint in-
hibitors, and adoptive cellular transfer (chimeric antigen receptor (CAR) T and NK cells),
alone or in combination with standard glioblastoma therapy, have been tested against
glioblastoma in preclinical and clinical studies [13,41,68-71].

3.1. Vaccines

The main goal of the vaccine-based approach is to strengthen the adoptive immune
response in the brain against glioblastoma cells. Several vaccines with peptides, mim-
icking neoantigens in glioblastoma cells, have been developed to trigger an antitumor
immune response in patients. Vaccination of glioblastoma patients with a peptide mim-
icking the EGFR variant III (EGFRVIII) in glioblastoma cells, together with standard temo-
zolomide chemotherapy or the anti-angiogenic agent bevacizumab, showed promising
anti-glioblastoma effects in clinical trials. As only 25-30% of patients express EGFRVIII,
and its expression is heterogeneous in tumors and unstable through the course of the
disease, the efficiency of these vaccines is limited [72,73]. Moreover, a randomized, double-
blind, and international phase 3 trial, which assessed the efficacy of the vaccine, based on
EGFRvlII-specific peptide (CDX-110), with temozolomide did not show a survival benefit
for newly diagnosed glioblastoma patients with EGFRVIII mutation [74]. To overcome
glioblastoma cell heterogeneity, multi-peptide vaccines based on the administration of
a combination of tumor-associated peptides overexpressed in glioblastoma cells were
developed; however, the overall survival of glioblastoma patients was not significantly
improved [41,75]. The advantages of dendritic cell-based therapies are the induction
of antitumor T cell responses and enhancement of tumor immunogenicity due to their
antigen-presenting functions and ability to link innate immunity with adoptive immunity.
This is extremely important, especially in low immunological tumors such as glioblas-
toma. Vaccines based on autologous dendritic cells, which can be primed ex vivo using
patient-derived tumor lysates, CSCs, or glioblastoma-associated antigens, have been tested
in several clinical trials together with temozolomide as standard treatment [69,76,77].
Based on those findings, vaccination induces immune responses, even antitumor T cell
responses have been observed; however, immune stimulation seems to be insufficient
to translate into clinical benefit, and thus the efficacy of vaccine immunotherapy is lim-
ited [41,77,78]. Recent clinical studies are utilizing personalized vaccines that target a
patient’s unique tumor-associated neoantigens [41].

3.2. Oncolytic Viruses

Virus-based anticancer therapies are based on viruses that selectively infect or repli-
cate in tumor cells, leading to the lysis of infected tumor cells (direct effect) and the
activation of immunogenic tumor cell death pathways that can stimulate antigen pre-
sentation and the adaptive antitumor immune response (indirect effects). Additionally,
oncolytic viruses activate the innate immune system through pattern recognition recep-
tors and pathogen-associated molecular patterns [79]. Current oncolytic viral approaches
utilize replication-competent viruses, such as retroviruses, adenoviruses, herpes simplex
viruses, polioviruses, and measles viruses [13,41]. Such viral approaches also include
oncolytic viruses that are armed with immunoregulatory inserts, such as interleukin 12 and
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OX40 ligand, further boosting innate and adoptive antitumor immune responses [70,80].
Adenoviruses can be modified to become tumoricidal gene delivery vectors, such as the ade-
noviral vector AdV-tk. This vector contains the herpes simplex virus thymidine kinase gene,
which converts the toxic nucleotide analog, the prodrug ganciclovir or valacyclovir that
kill fast-growing tumor cells. Moreover, induced cell death of tumor cells elicits immune
effects. In phase II of clinical trials for newly diagnosed malignant gliomas, local delivery
of AdV-tk plus valacyclovir together with standard treatment improved progression-free
and overall survival by a few months [81]. A non-lytic, replicating retrovirus encoding
cytosine deaminase has been used in clinical trials in combination with the prodrug 5-
fluorocytosine, which is converted in virus-infected tumor cells into the antimetabolite
5-fluorouracil by exogenous cytosine deaminase, which is not otherwise expressed in
human cells. This combined viral treatment prolonged the survival of patients with pri-
mary and recurrent high-grade gliomas in phase I clinical trials, increased immunogenicity
within the TME, and activated the adoptive immune response [41,82]. Oncolytic viral im-
munotherapy can sensitize cancer patients to other active immunotherapeutic approaches;
however, the marginal increases in overall survival have not yet achieved clinical transla-
tion. Namely, viruses and viral vectors show low transfection rates and limited penetration
of brain tumors [83]. The combined approach with other immunotherapies, including im-
mune checkpoint inhibitors and adoptive cell therapy, is currently the main focus aiming
to prolong oncolytic virus-initiated clinical responses [79,84].

3.3. Immune Checkpoint Inhibitors

Immune checkpoint inhibitors are antibodies, which reduce the activity of endoge-
nous negative regulatory pathways that limit T cell activation. Antibodies that block the
inhibitory immune checkpoint proteins CTLA-4, PD-1, and its ligand PD-L1 have shown
major improvements in the outcome of cancer patients in the past decade and are widely
used. CTLA-4 and PD-1 are expressed on T cells, whereas PD-L1 is expressed on certain sub-
sets of immune cells, including TAMs, and is aberrantly expressed on tumor cells. PD-L1
expression has been found in glioblastoma cells; however, not all glioblastomas express
PD-L1 and its expression changes during the course of the disease [85]. Although there
were several encouraging preclinical data on the use of immune checkpoint inhibitors (anti-
PD-1 and anti-CTLA-4 antibodies, alone or in combination) for glioblastoma, clinical trials
have been disappointing, with no patient survival improvement [41,85]. Several reasons
for the poor efficacy of immune checkpoint inhibitors in glioblastoma have been identified,
including the timing of delivery (neoadjuvant or adjuvant therapy), BBB, low infiltration
of T cells into the tumor, predominant myeloid infiltrate, and multi-layered immunosup-
pression in the TME [84-88]. A subgroup of glioblastoma patients have benefited from
immune checkpoint inhibitor treatment and have exhibited prolonged survival. The tu-
mors of these patients have enriched alterations in the mitogen-activated protein kinase
(MAPK) pathway (mutationally activated protein tyrosine phosphatase non-receptor type
11 (PTP11) and B-raf murine sarcoma (BRAF)) [41]. In the same study, non-responders to
immune-checkpoint inhibitors exhibited phosphatase and tensin homolog (PTEN) muta-
tions that were associated with immunosuppressive expression signatures [41]. A recent
study by Cloughesy et al. have shown that patients with recurrent glioblastoma received
neoadjuvant treatment with pembrolizumab (anti-PD-1), with continued adjuvant therapy
following surgery, had significantly improved overall survival compared to that receiving
only adjuvant post-surgical treatment with pembrolizumab. Neoadjuvant administration
of pembrolizumab enhanced local and systemic immune responses in patients [89]. Cur-
rently, clinical trials with combinatorial therapy, in which immune checkpoint inhibition is
combined with other immunostimulatory approaches, are in progress [84-88].

3.4. Adoptive Cell Therapies: CAR T and NK Therapy

Genetically modified T cells that express CARs consist of an extracellular tumor-
specific antigen-recognition domain and a T cell activation domain. A great advantage of
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CART cells is that they can recognize specific antigens and trigger cell lysis independently
of major MHC I presentation. After autologous or allogeneic T cells are engineered in
the laboratory, they are adoptively transferred into the patient to activate the antitumor
immune response. In the case of brain tumors, CAR T cells can be applied intravenously,
intracranially, or into the tumor [90]. CAR T cells can target glioblastoma-specific antigens,
including interleukin-13 receptor subunit alpha-2 (IL-13R«2), EGFR wt, and EGFRVIII,
and are thus effective against glioblastoma in preclinical models [13,91,92]. In addition,
glioblastoma patients who received IL-13R«2- and EGFRvIII-targeting CAR T cells showed
clinical responses in early clinical studies. CAR T cells can infiltrate the glioblastoma, be-
come activated within the glioblastoma microenvironment, and activate various adoptive
cell responses in patients. However, CAR T cells must be combined with other thera-
pies or with CAR T cells targeting multiple different antigens because of glioblastoma
heterogeneity, tumor antigen loss during tumor progression, CAR T exhaustion in the
TME, activation of compensatory adoptive resistance mechanisms, and upregulation of
immunosuppressive factors and cells (e.g., IDO1, PD-L1, and Tregs) in the TME that are
triggered after CAR T cell application. Trivalent CART T cells co-targeting human epider-
mal growth factor receptor 2 (HER2), IL-13R«2, and EPH receptor A2 (EphA2) have been
demonstrated to be more efficacious in preclinical studies than bivalent or monovalent
CARTT cells [13,90,93]. CART cells targeting tumor-initiating cells through the surface
receptor CD133 in glioblastoma have been developed recently. CD133 (prominin 1) has
been identified as a surface biomarker of tumor-initiating and therapy-resistant GSCs [94].
Intracranial injection of CD133-specific CAR T cells reduced tumor burden and prolonged
survival of glioblastoma-bearing mice. This treatment is considered safe in mice, as it
did not incur acute toxicity in normal hematopoietic stem and progenitor cells that also
express CD133 [95].

NK cells are the only immune effectors known to recognize and kill GSCs without
requiring approaches that generate immunogenic antigens and enable cell priming with
appropriate costimulatory signals, as are required for potential T or dendritic cell-based
immunotherapies. NK cells preferentially recognize and lyse GSCs in a non-MHC re-
stricted manner [96]. NK cells are the main mediators of antibody-dependent cellular
cytotoxicity [46,68]. The use of allogeneic NK cells is preferred because the inhibitory
killer-cell immunoglobulin-like receptors (KIR) receptors on the surface of donor NK cells
cannot recognize self-MHC class I molecules on the tumor cells of the patient. Conse-
quently, the absence of inhibitory signals allows NK cell activation [46,96]. As NK cells
have been shown to preferentially kill GSCs [97,98] and penetrate the BBB [99] in preclinical
in vitro and animal models when administered systematically, patients with glioblastoma
and high-grade gliomas are now undergoing allogeneic and autologous NK cell admin-
istration in clinical trials or are undergoing recruitment (NCT04489420, NCT04254419:
ClinicalTrials.gov). To increase natural NK cytotoxicity and attack towards tumors with a
heterogeneous expression of CAR target antigens, NK cells can be genetically engineered
to express CARs. CAR NK cells targeting the glioblastoma cell-specific antigens EGFR,
EGFRvIII, and HER2 have been generated from NK cells derived from the following:
the peripheral blood of healthy donors, umbilical cord blood, induced pluripotent stem
cells, and the NK-92 cell line, which all display features of activated primary NK cells.
CAR NK cells exhibited GSC and differentiated glioblastoma cell cytotoxicity increased
levels of interferon-gamma (IFN-y), and prolonged survival of glioblastoma-bearing mice
in preclinical studies [68,100,101]. Currently, glioblastoma patients are being recruited for
clinical trials using HER-2-specific CAR NK cells (NCT03383978: ClinicalTrials.gov).

3.5. Resistance to Immunotherapy and Combinatorial Approaches

As single immunotherapeutic approaches have shown some promising results but
are not sufficiently successful in prolonging the survival of glioblastoma patients, com-
binatorial immunotherapeutic approaches that can synergize together are now under
investigation. The reasons for the poor response to single immunotherapeutic approaches
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are adoptive tumor resistance compensatory mechanisms due to multi-layered immuno-
suppression, local immune cell dysfunction, and glioblastoma tumor heterogeneity [91].
Specific efforts to facilitate the antitumor immune response are focused on targeting the
immunosuppressive myeloid compartment, reducing the activity of immunosuppressive
molecules (e.g., IDO and CSF-1R), and activating antitumor functions of other immune cells,
NK cells, and dendritic cells [41]. Anti-IDO in combination with anti-PD-1 and anti-CTLA-4
approaches are more potent than monotherapy and decrease the accumulation of Tregs in
a glioblastoma murine model [86]. The synergistic effects of combining adenovirus-based
therapy and anti-PD-1 result in prolonged survival in experimental models of glioblas-
toma [13,80]. Although CSF-1R inhibitors showed promising results in preclinical stud-
ies, the clinical trials with orally administered CSF-1R inhibitor PLX-3397 were negative,
with minimal clinical efficacy in patients with recurrent glioblastoma. Microenvironment-
driven resistance to CSF-1R inhibitor is mediated through phosphatidylinositol 3-kinase
(PI3K) pathway, which was elevated and driven by insulin-like growth factor-1 (IGF-1) and
tumor cell IGF-1 receptor (IGF-1R) [102,103]. The use of anti-CSF-1R agents with anti-PD-1
therapy is now in clinical trials [13]. Moreover, CAR T therapy (anti-HER2, anti-IL-13R«2,
and anti-EGFRVIII) in combination with CTLA-4 or PD-1 inhibition has improved the
effects in preclinical models and is now in clinical trials [90].

Current standard-of-care treatment for glioblastoma includes maximal surgical tumor
resection, hyperfractionated radiotherapy, and temozolomide, which, in combination with
commonly used corticosteroids, systemically weakens the immune system, increases im-
munosuppression, and hinders the immunotherapeutic strategy [41]. It has also been
shown that a standard dose of temozolomide induces immunosuppression and abrogates
the effect of anti-PD-1 therapy [104] and oncolytic virus-based immunotherapy [105].
Conversely, localized treatment, which increases the availability of tumor antigens, syn-
ergizes with immunotherapy. It has been shown that radiation increases the mutational
burden of tumors and triggers tumor necrosis and antigen release, leading to increased
antigen presentation and immunogenicity [106]. The high mutational burden is associated
with response to immunotherapy in several types of cancer, but not in gliomas. For ex-
ample, gliomas with a high mutational burden and mismatch repair gene deficiency are
less responsive to PD-1 blockage [107]. Low mutation burden in recurrent glioblastoma
patients was recently associated with longer survival after immunotherapy, implicating
that tumor mutational burden itself may not be a causative driver of response to im-
munotherapy, but may reflect the immunological status of tumor or some other co-related
feature, among them time to recurrence, TP53 mutation and any differences in the clinical
care between patients with high vs. low mutational burden [108]. The combination of
immunotherapy with hypofractionated stereotactic radiosurgery can probably improve the
efficacy of immunotherapy as stereotactic radiosurgery does not trigger systemic immuno-
suppression [13]. Metronomic dosing of temozolomide or local chemotherapy are preferred
when combining temozolomide with immunotherapy [104]. However, additional studies
are needed to elucidate the efficiency of these combinatorial approaches.

4. Advanced In Vitro and Animal Tumor Models for Testing
Immunotherapeutic Approaches

Glioblastomas are very heterogeneous in their cellular composition, gene expression,
and phenotypic properties [109]. In addition, glioblastoma contains a unique and complex
immune TME. Based on studies on preclinical tumor models and clinical stages, we con-
clude that the currently used glioblastoma tumor models do not sufficiently reflect the con-
ditions in humans, as several immunotherapeutic strategies that were efficient in preclinical
studies failed to demonstrate sufficient clinical significance. The ability to comprehensively
understand glioblastoma phenotypes and mimic their specific therapeutic responses to
enable personalized therapy requires the creation of clinically relevant models that reliably
reflect the complexity of the tumor in humans. For example, current patient-derived tumor
models lack clinically relevant recapitulation of immune compartments [110]. To address all
these challenges, different tumor models have been developed, including CSCs, organoids,
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patient-derived xenografts, genetically engineered mice models, and humanized mice.
Comparisons of various tumor models to explore immunotherapeutic approaches and
their advantages and disadvantages are listed in Table 1.

Table 1. A comparison of different glioblastoma tumor models for studying immunotherapy.

Tumor Model Description Advantages Disadvantages References
In Vitro
+ rapid expansion clonal selection in cell
established tumor low costs cultures based on
cell lines, grown + long tradition media selection
Tumor cell lines as monolayersin easy genetic manipulation lack of clonal diversity [111]
serum-containing 4 well-characterized and heterogeneity
media + simple lack of TME and ECM
patient-derived + reflect stem-like features
tumor cells grown and therapeutic resistance
inserum-freeand  ,  preserve the tumor’s lack of TME and ECM
Cancer stem cells growth factor- genetic background clonal selection (112]
supplemented + phenotypic heterogeneity
media as + 3D model
tumorspheres
2D or 3D
co-cultures of + heterotypic cellular
tumor and interactions lack of complex TME and
Cell co-cultures non-tumor cells, + simple architecture [113]
such as immune + mechanistic studies of
cells and stromal cellular cross-talk in TME
cells
+ recapitulate TME
+ preserve
precision-cut inter-intra-tumoral
slices of tumor heterogeneity and limited by the availability
tissue, mounted heterotypic cellular of fresh patient samples
onto porous interactions short lifespan
Organotypic tissue membranes for + clinically relevant cryopreservation method is [114,115]
slice cultures mechanical therapeutic response not optimized ’
support, and + platform for studying the not adapted for high
cultured in a tumor immune cell throughput analysis
controlled environment
conditions + tumor cell invasion model
system
+ preserve
inter-intra-tumoral
heterogeneity and
heterotypic cellular variable ability to maintain
3D in vitro tissue interactions over very long periods
constructs + preserve the tumor’s limited by the availability
composed of genetic background of fresh patient samples
Patient-derived multiple cell + recapitulate TME limited immune [116,117]
organoids types, +  pre-clinical applications component ’
patient-based + 3D model lack of model optimization
from + high through-put do not recapitulate tumor
resected tumors + clinically relevant initiation
therapeutic response
+ feasibility of co-culture

with immune cells
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Table 1. Cont.
Tumor Model Description Advantages Disadvantages References
In Vitro
3D in vitro tissue 4 3D model
constructs created d ducibili
good reproducibility .
by + clinically relevant ) poorly recapltulat.e TME
Genetically- using genetic therapeutic response ) the tumor’s genetic
engineered cerebral manipulations to enable to study early background is not [118,119]
organoids induce phases of tumorigenesis preserv'ed
tumorigenesis in and tumor progression - lack of immune component
cerebral + brain tissue architecture
organoids
In Vivo
+ immune system and - limited tumor cell
response heterogeneity and clonal
derived by + present TME diversity with implanted
transplanting + simple with a long tumor cell line
Syngeneic mouse mouse tumor cell tradition ) - high costs .
model lines or CSCs into * allows genetic - laborious, time-consuming [110,120]
strain-matched modifications - lack of human
mice + tumor cell heterogeneity tumor-immune cell
and clonal diversity with interactions
implanted CSCs - TME is of rodent origin
+ allows genetic
created by modifications 1 ber of animal
introducing + tumor cell heterogeneity ) atge IUMBEL of anima’s
) genetic and clonal diversit - laborious, time-consuming
Genetically e Y - oor inter-animal
. modifications that tumor-immune cell p
engineered mouse . comparabilit [121]
result in interactions if P Y
tumor model - high costs
spontaneous immunocompetent mice . .
tumor are used - TME is of rodent origin
development + present TME
+ tumor cell heterogeneity ) hich costs
and clonal diversity & .
derived by . present TME - fail to develop a functional
transplanting + reflect tumors in human fmmune system
Patient-derived human tumor + little graft-versus-host lack of human [90,122]
xenografts explants into rejection for adoptive cell fumor-immune cell '
immunodeficient therapy (CART) Interactions
i , - laborious, time-consuming
mice + preserve the tumor’s . ..
genetic background - TME is of rodent origin
+ tumor heterogeneity and
clonal diversity
generated by the present TME
engraftment of +  human immune cells
human cancer cell 4 mimicking human tumor - long-lasting establishment
Humanized mouse lines or huma.m and immune system - high costs [110,123,
tumor model P]?X tumors into interactions - laborious, time-consuming 124]
mice W}th a + realistic representation of - slow tumor growth
reconstl.tuted immunotherapy safety and
human immune clinical response
response + preserves the tumor’s

CSC: cancer stem cell; ECM: extracellular matrix; PDX: patient-derived xenografts; TME: tumor microenvironment.
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4.1. CSCs

Considering the importance of targeting therapy-resistant and tumorigenic CSCs,
3D models of CSCs incorporate the cellular heterogeneity of tumors, improve drug re-
sponse predictability, and represent better models for discovering new targets for anticancer
drugs compared to traditional 2D tumor cell lines [125]. GSC tumorspheres represent mod-
els generated by the symmetric and asymmetric division of patient-derived GSCs in a
defined medium supplemented with growth factors, i.e., epidermal growth factor (EGF),
fibroblast growth factor (FGF)-2, and neuronal viability supplement B27 [112]. These fac-
tors and the absence of serum are needed to maintain self-renewal and proliferation and
to preserve the genetic characteristics observed in patients” samples. Tumorspheres are
characterized by an external proliferating zone, intermediate quiescent zone, and an inner
necrotic core [126], observed at a certain distance from the presence of nutrients, metabo-
lites, and oxygen, resembling the necrotic areas of in vivo glioblastoma [127]. Tumor cells
within tumorspheres closely interact with each other, thus reproducing the physical com-
munication and signaling pathways that affect proliferation, survival, and response to
therapy in vivo [128] and forming a physical barrier that prevents and limits the trans-
port of drugs into the tumorsphere mass [129]. Although a better model than monolayer
cultures, tumorspheres represent random aggregations of cells that do not organize into
tissue-like structures and also lack extracellular matrix [130]. The greater limitation of these
models is the lack of neighboring non-tumor cells, i.e., stromal cells, including astrocytes,
neurons, endothelial cells, mesenchymal stem cells, brain-resident microglia, and infil-
trated peripheral immune cells; this altogether prevents studying their interactions with
GSCs in vitro. Tumorspheres can be optimized by co-culturing cancer and stromal cells in
so-called heterotypic spheroids, especially for testing cancer immunotherapeutic agents.
For example, GSC tumorspheres were used to evaluate the penetration and cytotoxicity of
highly cytotoxic super-charged NK cells (Figure 1, our results), grown in the presence of
osteoclasts and probiotic bacteria to stimulate their cytotoxic potential towards CSCs [113].
In the study of Cheema et al. [131], the authors used a murine GSC model in syngeneic
immunocompetent mice to test a genetically engineered oncolytic herpes simplex virus
that is armed with the cytokine interleukin 12 (G47A-mIL12). In addition to targeting GSCs,
oncolytic virus treatment increased IFN-y release, inhibited angiogenesis, and reduced the
number of Tregs in the tumor.

GSC + NK

GSCNK PI

Figure 1. Super-charged natural killer (NK; blue) cell treatment decreased the number of glioblastoma
stem cells (GSCs; green) and increased the number of dead cells (PI, red) in 3D tumorsphere models.
NK cells were added to GSC tumorspheres at a NK:GSC ratio of 10:1, and images were acquired
using an inverted fluorescence microscope 4 h later. Propidium Iodide (PI) staining was used to
detect dead cells (red). Scale bars: 100 um.
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4.2. Organotypic Tissue Slices

Organotypic tissue slice model of glioblastoma represents precision-cut slices of tumor
tissue, in which the original inter and intra-tumor heterogeneity and the architecture of the
tumor are maintained. Slices of the tumor are prepared with an automated vibratome and
transferred onto membrane culture inserts for mechanical support in a specific cultivation
medium [114]. This technique is relatively fast, it does not involve selective outgrowth of
tumor cells, and therefore can be used for personalized treatment. Organotypic cultures
have been used to study the invasive properties of glioblastoma and the patient-specific
effect of anti-invasive drugs [115]. Recently an organotypic slice culture technique was
developed from fresh pancreatic ductal adenocarcinoma to study the immune response
after immunotherapy treatment [132] and can be applied to a variety of solid tumors,
including glioblastoma. A disadvantage of this model is its relatively low throughput.
The technique is laborious and requires specialized analysis tools.

4.3. Organoids

Organoids are 3D constructs composed of multiple cell types with the ability to self-
organize and recapitulate the architecture and functionality of the original organ [110,133].
Different approaches for organoid generation have been applied, including using patient-
derived adult stem cells and resected tumor tissues, as first described by Sato et al. [134].
Another approach involves the use of pluripotent stem cells, i.e., pluripotent embry-
onic stem cells and induced pluripotent stem cells [135]. The term “organotypic tumor
spheroid” was initially used at the beginning of organoid development but was later
replaced by the term “tumor organoid” [110]. Compared with traditional models, differ-
ent tumor organoids, including liver [136], pancreatic [137], gastric [138,139], bladder [140],
breast [141], and ovarian [142], show a vast potential for basic cancer research, drug screen-
ing, and personalized medicine and may bridge the gap between in vitro and in vivo
cancer models. Until recently, it was unclear whether various methods for organoid prepa-
ration can be adapted for organoids from non-epithelial tumors. In 2016, Hubert et al.
generated patient-derived glioblastoma organoids to study the heterogeneity and hypoxic
gradient of tumors using a submerged culture system [116]. In this protocol, finely minced
tumor specimens are embedded in a solid gel of extracellular matrix (Matrigel) to form
3—4 mm large organoids in the tissue culture medium, supplemented with EGF, FGF,
and B27. These organoids formed in 2 months and could be cultured for over a year.
Glioblastoma organoids are characterized by rapidly proliferating cells on the edge of the
organoid and highly resistant quiescent CSCs in the hypoxic core with different molecular
profiles. Although this is a very promising model of glioblastoma that closely resem-
bles tumor sensitivity in vitro, its genetic and molecular features remain unclear. In 2018,
Ogawa et al. constructed cerebral organoids using induced pluripotent stem cells and
embryonic stem cells and induced glioma carcinogenesis by CRISPR/Cas9 technology
to disrupt the TP53 tumor suppressor and express oncogenic HRas%'?V [110]. Moreover,
neoplastic cerebral organoids were established by Bian et al. [118] via recapitulating brain
tumorigenesis by introducing oncogenic mutations or amplifications in cerebral organoids
using transposon-mediated gene insertion and CRISPR/Cas9 technology. These organoids
developed CDKN2A~/~ /CDKN2B~/~ /EGFROF /EGFRuIII°F, NF1~/~/PTEN~/~/TP53~/~,
and EGFRoIIIF /CDKN2A~/~ /PTEN~/~ genotypes, which are commonly found in glioblas-
toma. In contrast to the aforementioned technique, induced pluripotent stem cells and
embryonic stem cell organoids represent 3D human tissues generated by directed differen-
tiation, self-morphogenesis, and intrinsically driven self-assembly of cells, recapitulating
human organogenesis in vitro [143]. This type of organoid can contain multiple tissue cell
types, including stroma and vasculature, unlike organoids developed from tissue-specific
stem cells [144]. A novel approach using hESC-derived cerebral organoids and patient-
derived GSCs to model tumor cell invasion was recently developed, i.e., a glioma cerebral
organoid model. This system was shown to recapitulate the cellular behavior of glioblas-
toma and to maintain genetic aberrations found in the original tumor [145]. In a very recent
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study, Jacob et al. [117,146] established patient-derived glioblastoma organoids that accu-
rately recapitulate the molecular, genetic, and cell-type heterogeneity of parental tumors.
Compared to other previous protocols of glioblastoma organoids [116,118,119], the authors
dissected tumor tissues into approximately 1 mm fragments without the addition of ex-
tracellular matrix or EGF and bFGF and cultured them on an orbital shaker for 1-2 weeks
to generate 3D structures. These organoids contain heterogeneous populations of cellular
subtypes and recapitulate tumor cell phenotypes, as confirmed by histopathology, single-
cell RNA sequencing, and molecular profiling analysis. Moreover, glioblastoma organoids
develop a hypoxic gradient and retain vasculature and TME composition, which mimics
the main features of glioblastoma [117].

Organoids are becoming a very useful platform for cancer research, especially in the
field of immuno-oncology; however, organoid establishment and its (pre)clinical applica-
tions are still immature. To date, co-cultures of epithelial tumor organoids and additional
cellular components have been used to include the interactions between tumor and immune
cells and have thus established a better preclinical model for immunotherapy. Immunocom-
petent organoids can be achieved by adding pre-treated autologous or allogeneic peripheral
blood mononuclear cells (PBMCs) or specific immune cell populations, such as TAMs and
tumor-infiltrating lymphocytes [110]. For example, in a recent study, Dijkstra et al. [147]
enriched tumor-reactive T cells by co-culturing PBMCs and tumor organoids from col-
orectal and non-small-cell lung cancer and demonstrated that these T cells can be used to
assess the efficiency of killing tumor organoids. In another study, gamma delta 2 (y562)* T
cells were co-cultured with organoids from human breast epithelia, and these lymphocytes
effectively eliminated triple-negative breast cancer cells [148]. These and other studies
demonstrate that T cells can be obtained and activated by organoids for adoptive T cell
therapy. Using the air-liquid interface technique, Neal et al. [149] generated patient-derived
organoids from different surgically resected primary and metastatic tumors with native
embedded immune cells (CD8" and CD4* T cells, B cells, NK cells, and macrophages). This
demonstrated the potential of organoids as tools to predict clinical responses to immune
checkpoint therapies. For this method, tumor tissue fragments are embedded in a type I
collagen matrix on an inner Transwell insert. Culture medium with different supplements
is added to the outer dish to diffuse via the permeable membrane. The collagen layer is
exposed to air to ensure oxygen supplies for the long-term preservation of organoids [150].
The latter approach is very promising and can also be applied for future glioblastoma
research. In a recent study, the specific oncolytic activity of Zika virus against GSCs in
glioblastoma cerebral organoids was demonstrated. The authors showed that SOX2 and
integrin oy 35 represent key markers for Zika virus infection in association with suppres-
sion of immune response genes. Thus, Zika virus infection provides the possibility for
brain tumor therapy [151]. The organoids established by Jacob et al. [117] are the first
that, besides tumor cells, also include the TME. As CAR T cells represent a powerful new
approach to treat glioblastoma, these glioblastoma organoids, which preserve the immune
microenvironment and other stromal cells, were used as a model. The authors demon-
strated that this rapid protocol for organoid generation provides a platform to test and
optimize CAR T therapies for tumors of non-epithelial origin and enables a personalized
treatment approach. We also showed that organoids established by this protocol after
4 weeks in culture included GSCs, differentiated glioblastoma cells, tumor vasculature,
and immune cells, such as macrophages, microglia, and T cells (Figure 2, our results).
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SOX2 DAP CD31 DAPI
—_

Ibal DAPI DAPI

Figure 2. Glioblastoma organoids after 4 weeks in culture preserve specific elements of the tumor
microenvironment. (A) Phase-contrast image of glioblastoma organoids in culture. Scale bar: 500 pum.
(B) Immunofluorescence staining of paraffin-embedded glioblastoma organoids for glioblastoma
stem cell marker (5OX2), differentiated glioblastoma cell and astrocyte marker (GFAP), endothelial
cell marker (CD31), macrophage marker (CD68), microglia marker (Ibal), and T cell marker (CD3).
Cell nuclei were stained with DAPI (blue). Scale bars: 50 um.

4.4. Animal Models

Syngeneic mouse models represent one of the oldest preclinical models for investigat-
ing antitumor therapies, in which spontaneous or chemically /virus-induced tumor cell lines
from inbred mice are expanded in vitro and then inoculated into the same inbred mouse
strain with an intact immune system [152]. The advantages of these models are their ease of
use, rapid and reproducible expansion, and the possibility of genetic manipulation [120], es-
pecially to evaluate the efficacy of immunotherapeutic agents. However, these models, if im-
planted with tumor cell lines, lack genomic and microenvironmental heterogeneity due to
the limited availability of CSCs that evolve genetic and epigenetic alterations that allow them
to differentiate into multiple tumor cell types [153]. The GL261 syngeneic murine model rep-
resents one of the best characterized syngeneic, immunocompetent models in glioblastoma
immunotherapy preclinical research [152]. Reardon et al. showed that blockade of CTLA-4,
PD-1, or PD-L1 alone can eradicate glioblastoma growth in GL261 syngeneic murine mod-
els [154]. CAR T cells were shown to inhibit GL261/EGFRVIII tumor growth [155], and the
potential of ErbB2-specific CAR-NK (NK-92/5.28) cells was demonstrated for adoptive
immunotherapy of glioblastoma [100]. However, further studies are needed to determine
whether these murine glioma models faithfully reflect human glioblastoma.

Several syngeneic rat glioma models are currently available for preclinical studies.
However, rat glioma models, such as C6, showed immunological instability, since im-
planted tumor cells that should be syngeneic, triggered allogeneic immune response and
lack of tumor growth because C6 glioma cells arose from an outbred strain of Winstar rat.
Thus, these models are not useful for evaluating the efficacy of immunotherapy [156].

Genetically engineered mouse tumor models are generated through the introductions
of genetic mutations specific to particular human cancers. Genetically engineered mouse
tumor models of glioblastoma require gene expression manipulation using Tet regula-
tion, Cre-inducible gene alleles [157], or the replication-competent avian leukosis virus
splice-acceptor /avian tumor virus receptor A (RCAS/TVA) system, which uses retroviral
or adenoviral vectors to deliver Cre recombinase for somatic cell gene transfers [158].
These models reflect the histology and biology of human glioblastoma; however, the dif-
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ferences in the TME and immune system between mice and humans reduce the clinical
relevance of such cancer immunotherapy studies [121].

An alternative model system, patient-derived xenografts (PDXs), is also used in
cancer research. PDX models of glioblastoma are based on subcutaneous or intracranial
transplantation of patient-derived tumor cells, organoids, or tissues into immunodeficient
NSG (NOD scid gamma) mice. This model better recapitulates the heterogeneity and
complexity of the tumor and represents a valuable tool to investigate the characteristics
of glioblastoma [110,122]. Furthermore, PDXs are commonly used to study the CAR T
immunotherapeutic response [90] due to the lower chance of graft-versus-host rejection.
One of the major limitations of these models is the need to use immunodeficient host strains
for tumor engraftment and propagation. Because of the absence of functional elements of
the immune system, such as NK cells, macrophages, and Tregs, the current PDX models
are also unable to accurately assess the effects of different immunotherapies [90].

Humanized mice tumor models are generated by the engraftment of human tumor
cell lines, CSCs, or human PDX tumors into immunodeficient NSG mice with an HLA-
matched human immune system, which is initiated by the transplantation of human
PBMCs, isolated from human adult blood, or CD34* hematopoietic stem cells (HSCs).
Transplanted CD34* HSCs in immunocompromised mice differentiate into human helper
T cells, cytotoxic T cells, B cells, monocytes, NK cells, and dendritic cells [123]; after tumor
implantation, these mice can survive several months with a relatively stable percent of hu-
man cells in the blood. Human microglia/macrophage-like cells have also been developed
in the brain of CD34* HSC humanized mice [159]. This model is mostly used to evaluate
treatment with anti-PD-1 and anti-CTLA-4 antibodies [160]. For example, in the study
by Capasso et al. [161], nivolumab (anti-PD-1 antibody) inhibited MDA-MB-231 triple-
negative breast cancer cells and CRC172 colorectal cancer cells in the humanized umbilical
cord blood-derived HSC mouse models. Furthermore, the therapeutic antitumor potential
of highly cytotoxic allogeneic super-charged NK cells was confirmed using an alternative
humanized BLT (bone marrow, liver, thymus) mice model that was implanted with oral
CSCs. The BLT model improves the functionality of T and NK cells via co-transplantation
of fetal liver and thymus [113,162]. The main difficulty of HSC mouse models is their
long-term establishment, and thus PBMCs from adult donors can be used to quickly restore
the autologous human immune system [124]. However, the lifespan of PBMCs in mice
is very short, i.e., only 3 weeks. As such, the timeframe to evaluate immunotherapies is
reduced. These models are also likely to generate stable graft-versus-host reactions [163].
Moreover, the human CD45" fraction in peripheral blood is composed mainly of T cells,
limiting the investigation of other immune cells, such as monocytes and NK cells [110].
Different studies demonstrated that humanized mice with PBMCs can be successfully used
for the evaluation of monoclonal antibodies, cytokine therapy (IL-2), immune checkpoint
inhibitors, and dendritic cell-based vaccines [124,164,165]. For example, the efficacy of
the anti-PD-1 antibody was evaluated using humanized NOG-dKO mice, in which hu-
man PBMCs and the glioblastoma cell line U87 were transplanted [166]. There are both
advantages and disadvantages to this model; however, the humanized mouse platform
is being improved in a way that the investigation of immunotherapeutics may become
more predictive. Currently, the use of humanized mice models in glioblastoma preclinical
and clinical studies is limited due to the lack of knowledge and remaining unanswered
questions, including whether humanized mice models recapitulate the clinical features of
glioblastoma patients.

5. Conclusions

We have summarized the recent findings on the progress of glioblastoma immunother-
apy, the unique properties of glioblastoma that affect immunotherapy resistance, and tumor
models that can facilitate our understanding of the fundamental immunobiology of glioblas-
toma and test potential novel immunotherapeutic approaches. Inmunotherapy to fight
glioblastoma holds great promise; however, there are many challenges, including (1) inter-
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and intra-tumor heterogeneity, (2) high immunosuppression in the TME, (3) a poor un-
derstanding of the mechanisms of immune cell activation in intracranial compartments,
(4) the presence of tumor-initiating and therapy-refractory CSCs, and (5) the lack of appro-
priate tumor models to study combinatorial approaches with standard treatments and to
predict treatment responses. Recent improvements in the establishment of glioblastoma
organoids that exhibit tumor heterogeneity and include immune compartments as well as
immuno-geno(pheno)typing of patient tumors hold great promise to help us resolve the
complex immunobiology of brain tumors and to increase the efficiency of immunotherapy.

Author Contributions: Conceptualization, B.B., M.N., and B.M.; writing—original draft preparation,
B.M., M.N,, and B.B.; writing—review and editing, B.M., M.N., N.K.-]., A.]., and B.B.; visualization,
B.M.; project administration, B.B., M.N., and A.].; funding acquisition, B.B. and A.]J. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by the Slovenian Research Agency (Grant program P1-0245,
Postdoctoral project Z3-1870, Young researcher grant and Bilateral project BI-US/19-21-021) and by
the European Program of Cross-Border Cooperation for Slovenia-Italy Interreg TRANS-GLIOMA.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the National Medical Ethics Committee of the Republic of
Slovenia (#0120-190/2018/4 and #0120-190/2018/23) and Institutional Review Board of University
of California Los Angeles (IRB#11-000781).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: No datasets were generated during the current study.

Acknowledgments: We would like to thank Tamara Lah Turnsek and Eva Lasi¢ for critically reading
the manuscript

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

References

1.

10.

11.

12.

Louis, D.N.; Perry, A.; Reifenberger, G.; von Deimling, A.; Figarella-Branger, D.; Cavenee, W.K.; Ohgaki, H.; Wiestler, O.D.;
Kleihues, P; Ellison, D.W. The 2016 World Health Organization Classification of Tumors of the Central Nervous System: A
summary. Acta Neuropathol. 2016, 131, 803-820. [CrossRef] [PubMed]

Stupp, R; Taillibert, S.; Kanner, A.; Read, W.; Steinberg, D.M.; Lhermitte, B.; Toms, S.; Idbaih, A.; Ahluwalia, M.S.; Fink, K.; et al.
Effect of tumor-treating fields plus maintenance temozolomide vs maintenance temozolomide alone on survival in patients with
glioblastoma a randomized clinical trial. JAMA-]. Am. Med. Assoc. 2017, 318, 2306-2316. [CrossRef] [PubMed]

Noch, E.K.; Ramakrishna, R.; Magge, R. Challenges in the Treatment of Glioblastoma: Multisystem Mechanisms of Therapeutic
Resistance. World Neurosurg. 2018, 116, 505-517. [CrossRef]

Thomas, A.A.; Brennan, C.W.; DeAngelis, L.M.; Omuro, A.M. Emerging therapies for glioblastoma. JAMA Neurol. 2014, 71,
1437-1444. [CrossRef]

Stupp, R.; Mason, W.P.; Van Den Bent, M.].; Weller, M.; Fisher, B.; Taphoorn, M.].B.; Belanger, K.; Brandes, A.A.; Marosi, C.;
Bogdahn, U.; et al. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N. Engl. . Med. 2005, 352,
987-996. [CrossRef]

Louis, D.N.; Ohgaki, H.; Wiestler, O.D.; Cavenee, W.K.; Burger, P.C.; Jouvet, A.; Scheithauer, B.W.; Kleihues, P. The 2007 WHO
classification of tumours of the central nervous system. Acta Neuropathol. 2007, 114, 97-109. [CrossRef] [PubMed]

Omuro, A.; DeAngelis, L.M. Glioblastoma and other malignant gliomas: A clinical review. JAMA-]. Am. Med. Assoc. 2013, 310,
1842-1850. [CrossRef]

Theodorakis, PE.; Miiller, E.A.; Craster, R.V.; Matar, O.K. Physical insights into the blood-brain barrier translocation mechanisms.
Phys. Biol. 2017, 14, 041001. [CrossRef]

Fokas, E.; Steinbach, J.P; Rodel, C. Biology of brain metastases and novel targeted therapies: Time to translate the research.
Biochim. Biophys. Acta-Rev. Cancer 2013, 1835, 61-75. [CrossRef]

Herisson, F; Frodermann, V.; Courties, G.; Rohde, D.; Sun, Y.; Vandoorne, K.; Wojtkiewicz, G.R.; Masson, G.S.; Vinegoni, C.;
Kim, J.; et al. Direct vascular channels connect skull bone marrow and the brain surface enabling myeloid cell migration. Nat.
Neurosci. 2018, 21, 1209-1217. [CrossRef]

Louveau, A.; Smirnov, I.; Keyes, T.].; Eccles, ].D.; Rouhani, S.J.; Peske, ].D.; Derecki, N.C.; Castle, D.; Mandell, ].W.; Lee, K.S,; et al.
Structural and functional features of central nervous system lymphatic vessels. Nature 2015, 523, 337-341. [CrossRef] [PubMed]
Aspelund, A.; Antila, S.; Proulx, S.T.; Karlsen, T.V.; Karaman, S.; Detmar, M.; Wiig, H.; Alitalo, K. A dural lymphatic vascular
system that drains brain interstitial fluid and macromolecules. . Exp. Med. 2015, 212, 991-999. [CrossRef] [PubMed]


http://doi.org/10.1007/s00401-016-1545-1
http://www.ncbi.nlm.nih.gov/pubmed/27157931
http://doi.org/10.1001/jama.2017.18718
http://www.ncbi.nlm.nih.gov/pubmed/29260225
http://doi.org/10.1016/j.wneu.2018.04.022
http://doi.org/10.1001/jamaneurol.2014.1701
http://doi.org/10.1056/NEJMoa043330
http://doi.org/10.1007/s00401-007-0243-4
http://www.ncbi.nlm.nih.gov/pubmed/17618441
http://doi.org/10.1001/jama.2013.280319
http://doi.org/10.1088/1478-3975/aa708a
http://doi.org/10.1016/j.bbcan.2012.10.005
http://doi.org/10.1038/s41593-018-0213-2
http://doi.org/10.1038/nature14432
http://www.ncbi.nlm.nih.gov/pubmed/26030524
http://doi.org/10.1084/jem.20142290
http://www.ncbi.nlm.nih.gov/pubmed/26077718

Cells 2021, 10, 265 16 of 22

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Medikonda, R.; Dunn, G.; Rahman, M.; Fecci, P; Lim, M. A review of glioblastoma immunotherapy. J. Neurooncol. 2020. [CrossRef]
Oberoi, R.K,; Parrish, K.E.; Sio, T.T.; Mittapalli, R.K.; ElImquist, W.F,; Sarkaria, ].N. Strategies to improve delivery of anticancer
drugs across the blood-brain barrier to treat glioblastoma. Newuro. Oncol. 2016, 18, 27-36. [CrossRef] [PubMed]

Lathia, J.D.; Mack, S.C.; Mulkearns-hubert, E.E.; Valentim, C.L.L.; Rich, ].N. Cancer stem cells in glioblastoma. Genes Dev. 2015,
1203-1217. [CrossRef]

Chen, J.; Li, Y;; Yu, T.S.; McKay, RM.; Burns, D.K.; Kernie, S.G.; Parada, L.F. A restricted cell population propagates glioblastoma
growth after chemotherapy. Nature 2012, 488, 522-526. [CrossRef]

Galli, R.; Binda, E.; Orfanelli, U.; Cipelletti, B.; Gritti, A.; De Vitis, S.; Fiocco, R.; Foroni, C.; Dimeco, E.; Vescovi, A. Isolation
and characterization of tumorigenic, stem-like neural precursors from human glioblastoma. Carncer Res. 2004, 64, 7011-7021.
[CrossRef]

Osuka, S.; Van Meir, E.G. Overcoming therapeutic resistance in glioblastoma: The way forward. |. Clin. Investig. 2017, 127,
415-426. [CrossRef]

Verhaak, R.G.W.; Hoadley, K.A.; Purdom, E.; Wang, V.; Qi, Y.; Wilkerson, M.D.; Miller, C.R.; Ding, L.; Golub, T.; Mesirov, ].P,; et al.
Integrated genomic analysis identifies clinically relevant subtypes of glioblastoma characterized by abnormalities in PDGFRA,
IDH1, EGFR, and NF1. Cancer Cell 2010, 17, 98-110. [CrossRef]

Broekman, M.L.; Maas, S.L.N.; Abels, E.R.; Mempel, T.R.; Krichevsky, A.M.; Breakefield, X.O. Multidimensional communication
in the microenvirons of glioblastoma. Nat. Rev. Neurol. 2018. [CrossRef]

Teng, J.; Da Hora, C.C.; Kantar, R.S.; Nakano, I.; Wakimoto, H.; Batchelor, T.T.; Antonio Chiocca, E.; Badr, C.E.; Tannous, B.A.
Dissecting inherent intratumor heterogeneity in patient-derived glioblastoma culture models. Neuro. Oncol. 2017, 19, 820-832.
[CrossRef] [PubMed]

Wang, Q.; Hu, B.; Hu, X.; Kim, H.; Squatrito, M.; Scarpace, L.; de Carvalho, A.C.; Lyu, S.; Li, P,; Li, Y.; et al. Tumor Evolution of
Glioma-Intrinsic Gene Expression Subtypes Associates with Immunological Changes in the Microenvironment. Cancer Cell 2017,
32, 42-56.e6. [CrossRef] [PubMed]

Otvos, B.; Silver, D.J.; Mulkearns-Hubert, E.E.; Alvarado, A.G.; Turaga, S.M.; Sorensen, M.D.; Rayman, P.; Flavahan, W.A.; Hale,
J.S.; Stoltz, K.; et al. Cancer Stem Cell-Secreted Macrophage Migration Inhibitory Factor Stimulates Myeloid Derived Suppressor
Cell Function and Facilitates Glioblastoma Immune Evasion. Stem Cells 2016. [CrossRef] [PubMed]

Alvarado, A.G.; Thiagarajan, P.S.; Mulkearns-Hubert, E.E.; Silver, D.J.; Hale, ].S.; Alban, T.J.; Turaga, S.M.; Jarrar, A.; Reizes, O.;
Longworth, M.S,; et al. Glioblastoma Cancer Stem Cells Evade Innate Inmune Suppression of Self-Renewal through Reduced
TLR4 Expression. Cell Stem Cell 2017. [CrossRef] [PubMed]

Hira, V.V.V,; Aderetti, D.A.; van Noorden, C.J.F. Glioma Stem Cell Niches in Human Glioblastoma Are Periarteriolar. |. Histochem.
Cytochem. 2018, 66, 349-358. [CrossRef]

Hira, V.V.V,; Breznik, B.; Vittori, M.; Loncq de Jong, A.; Mlakar, J.; Oostra, R.J.; Khurshed, M.; Molenaar, R.J.; Lah, T.; Van Noorden,
C.J.F. Similarities Between Stem Cell Niches in Glioblastoma and Bone Marrow: Rays of Hope for Novel Treatment Strategies. J.
Histochem. Cytochem. 2019, 68. [CrossRef]

Ardebili, S.; Zajc, I.; Gole, B.; Campos, B.; Herold-Mende, C.; Drmota, S.; Lah, T. CD133/promininl is prognostic for GBM
patient’s survival, but inversely correlated with cysteine cathepsins’ expression in glioblastoma derived spheroids. Radiol. Oncol.
2011, 45, 1-13. [CrossRef]

Zeppernick, E; Ahmadi, R.; Campos, B.; Dictus, C.; Helmke, B.M.; Becker, N.; Lichter, P.; Unterberg, A.; Radlwimmer, B.;
Herold-Mende, C.C. Stem cell marker CD133 affects clinical outcome in glioma patients. Clin. Cancer Res. 2008, 14, 123-129.
[CrossRef]

Dirkse, A.; Golebiewska, A.; Buder, T.; Nazarov, P.V,; Muller, A.; Poovathingal, S.; Brons, N.H.C.; Leite, S.; Sauvageot, N.;
Sarkisjan, D.; et al. Stem cell-associated heterogeneity in Glioblastoma results from intrinsic tumor plasticity shaped by the
microenvironment. Nat. Commun. 2019, 10, 1-16. [CrossRef]

Perus, L.].M.; Walsh, L.A. Microenvironmental Heterogeneity in Brain Malignancies. Front. Immunol. 2019, 10, 2294.

Ajami, B.; Bennett, J.L.; Krieger, C.; Tetzlaff, W.; Rossi, EM.V. Local self-renewal can sustain CNS microglia maintenance and
function throughout adult life. Nat. Neurosci. 2007, 10, 1538-1543. [CrossRef] [PubMed]

Lund, H.; Pieber, M.; Parsa, R.; Han, J.; Grommisch, D.; Ewing, E.; Kular, L.; Needhamsen, M.; Espinosa, A.; Nilsson, E.; et al.
Competitive repopulation of an empty microglial niche yields functionally distinct subsets of microglia-like cells. Nat. Commun.
2018, 9, 1-13. [CrossRef] [PubMed]

Mildner, A.; Schmidt, H.; Nitsche, M.; Merkler, D.; Hanisch, U.K.; Mack, M.; Heikenwalder, M.; Briick, W.; Priller, J.; Prinz, M.
Microglia in the adult brain arise from Ly-6ChiCCR2+ monocytes only under defined host conditions. Nat. Neurosci. 2007, 10,
1544-1553. [CrossRef]

Thorsson, V.; Gibbs, D.L.; Brown, S.D.; Wolf, D.; Bortone, D.S.; Ou Yang, T.H.; Porta-Pardo, E.; Gao, G.F,; Plaisier, C.L.; Eddy, ].A.;
et al. The Immune Landscape of Cancer. Immunity 2018, 48, 812-830.e14. [CrossRef] [PubMed]

Matias, D.; Balga-Silva, J.; da Graga, G.C.; Wanjiru, C.M.; Macharia, L.W.; Nascimento, C.P.; Roque, N.R.; Coelho-Aguiar,
J.M.; Pereira, C.M.; Dos Santos, M.E; et al. Microglia/astrocytes—glioblastoma crosstalk: Crucial molecular mechanisms and
microenvironmental factors. Front. Cell. Neurosci. 2018, 12, 235. [CrossRef]

Breznik, B.; Motaln, H.; Turnsek, T.L. Proteases and cytokines as mediators of interactions between cancer and stromal cells in
tumours. Biol. Chem. 2016, 398, 709-719. [CrossRef]


http://doi.org/10.1007/s11060-020-03448-1
http://doi.org/10.1093/neuonc/nov164
http://www.ncbi.nlm.nih.gov/pubmed/26359209
http://doi.org/10.1101/gad.261982.115.tumors
http://doi.org/10.1038/nature11287
http://doi.org/10.1158/0008-5472.CAN-04-1364
http://doi.org/10.1172/JCI89587
http://doi.org/10.1016/j.ccr.2009.12.020
http://doi.org/10.1038/s41582-018-0025-8
http://doi.org/10.1093/neuonc/now253
http://www.ncbi.nlm.nih.gov/pubmed/28062830
http://doi.org/10.1016/j.ccell.2017.06.003
http://www.ncbi.nlm.nih.gov/pubmed/28697342
http://doi.org/10.1002/stem.2393
http://www.ncbi.nlm.nih.gov/pubmed/27145382
http://doi.org/10.1016/j.stem.2016.12.001
http://www.ncbi.nlm.nih.gov/pubmed/28089910
http://doi.org/10.1369/0022155417752676
http://doi.org/10.1369/0022155419878416
http://doi.org/10.2478/v10019-011-0015-6
http://doi.org/10.1158/1078-0432.CCR-07-0932
http://doi.org/10.1038/s41467-019-09853-z
http://doi.org/10.1038/nn2014
http://www.ncbi.nlm.nih.gov/pubmed/18026097
http://doi.org/10.1038/s41467-018-07295-7
http://www.ncbi.nlm.nih.gov/pubmed/30451869
http://doi.org/10.1038/nn2015
http://doi.org/10.1016/j.immuni.2018.03.023
http://www.ncbi.nlm.nih.gov/pubmed/29628290
http://doi.org/10.3389/fncel.2018.00235
http://doi.org/10.1515/hsz-2016-0283

Cells 2021, 10, 265 17 of 22

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

O’Hayre, M.; Salanga, C.L.; Handel, T.M.; Allen, S.]. Chemokines and cancer: Migration, intracellular signalling and intercellular
communication in the microenvironment. Biochem. J. 2008, 409, 635-649. [CrossRef]

Novak, M.; Koprivnikar Krajnc, M.; Hrastar, B.; Breznik, B.; Majc, B.; Mlinar, M.; Rotter, A.; Por¢nik, A.; Mlakar, J.; Stare, K.; et al.
CCR5-Mediated Signaling Is Involved in Invasion of Glioblastoma Cells in Its Microenvironment. Int. . Mol. Sci. 2020, 21, 4199.
[CrossRef]

Kranjc, M.K.; Novak, M.; Pestell, R.G.; Lah, T.T. Cytokine CCL5 and receptor CCR5 axis in glioblastoma multiforme. Radiol.
Oncol. 2019, 53, 397—-406. [CrossRef]

Grabowski, M.M.; Sankey, E.W.; Ryan, K.J.; Chongsathidkiet, P; Lorrey, S.J.; Wilkinson, D.S.; Fecci, P.E. Immune suppression in
gliomas. J. Neurooncol. 2020. [CrossRef]

Lim, M.; Xia, Y.; Bettegowda, C.; Weller, M. Current state of immunotherapy for glioblastoma. Nat. Rev. Clin. Oncol. 2018, 15,
422-442. [CrossRef] [PubMed]

Chongsathidkiet, P; Jackson, C.; Koyama, S.; Loebel, E; Cui, X.; Farber, S.H.; Woroniecka, K.; Elsamadicy, A.A.; Dechant, C.A;
Kemeny, H.R; et al. Sequestration of T cells in bone marrow in the setting of glioblastoma and other intracranial tumors. Nat.
Med. 2018, 24, 1459-1468. [CrossRef] [PubMed]

Antunes, A.R.P; Scheyltjens, I.; Duerinck, J.; Neyns, B.; Movahedi, K.; Van Ginderachter, J.A. Understanding the glioblastoma
immune microenvironment as basis for the development of new immunotherapeutic strategies. Elife 2020, 9. [CrossRef]

Garris, C.S; Blaho, V.A.; Hla, T.; Han, M.H. Sphingosine-1-phosphate receptor 1 signalling in T cells: Trafficking and beyond.
Immunology 2014, 142, 347-353. [CrossRef]

Matloubian, M.; Lo, C.G.; Cinamon, G.; Lesneski, M.].; Xu, Y.; Brinkmann, V.; Allende, M.L.; Proia, R.L.; Cyster, ].G. Lymphocyte
egress from thymus and peripheral lymphoid organs is dependent on S1P receptor 1. Nature 2004, 427, 355-360. [CrossRef]
Golan, I.; De La Fuente, L.R.; Costoya, J.A. NK cell-based glioblastoma immunotherapy. Cancers 2018, 10, 522. [CrossRef]
Adhikaree, J.; Moreno-Vicente, J.; Kaur, A.P,; Jackson, A.M.; Patel, PM. Resistance Mechanisms and Barriers to Successful
Immunotherapy for Treating Glioblastoma. Cells 2020, 9, 263. [CrossRef]

Lo, H.C,; Xu, Z; Kim, 1.S.; Pingel, B.; Aguirre, S.; Kodali, S.; Liu, J.; Zhang, W.; Muscarella, A.M.; Hein, S.M.; et al. Resistance
to natural killer cell immunosurveillance confers a selective advantage to polyclonal metastasis. Nat. Cancer 2020, 1, 709-722.
[CrossRef]

Mulder, WM.C,; Bloemena, E.; Stukart, M.].; Kummer, J.A.; Wagstaff, ].; Scheper, R.]. T cell receptor-( and granzyme B expression
in mononuclear cell infiltrates in normal colon mucosa and colon carcinoma. Gut 1997, 40, 113-119. [CrossRef]

Nakagomi, H.; Petersson, M.; Magnusson, L; Juhlin, C.; Matsuda, M.; Mellstedt, H.; Vivier, ].L.T.; Anderson, P.; Kiessling, R.
Decreased Expression of the Signal-transducing ¢ Chains in Tumor-infiltrating T-Cells and NK Cells of Patients with Colorectal
Carcinoma. Cancer Res. 1993, 53, 5610-5612.

Romee, R.; Foley, B.; Lenvik, T.; Wang, Y.; Zhang, B.; Ankarlo, D.; Luo, X.; Cooley, S.; Verneris, M.; Walcheck, B.; et al. NK cell
CD16 surface expression and function is regulated by a disintegrin and metalloprotease-17 (ADAM17). Blood 2013, 121, 3599-3608.
[CrossRef] [PubMed]

Pellegatta, S.; Eoli, M.; Frigerio, S.; Antozzi, C.; Bruzzone, M.G.; Cantini, G.; Nava, S.; Anghileri, E.; Cuppini, L.; Cuccarini, V.;
et al. The natural killer cell response and tumor debulking are associated with prolonged survival in recurrent glioblastoma
patients receiving dendritic cells loaded with autologous tumor lysates. Oncoimmunology 2013, 2. [CrossRef] [PubMed]

Wherry, E.J.; Kurachi, M. Molecular and cellular insights into T cell exhaustion. Nat. Rev. Immunol. 2015, 15, 486-499. [CrossRef]
[PubMed]

Zhou, W.; Ke, 5.Q.; Huang, Z.; Flavahan, W.; Fang, X.; Paul, J.; Wu, L,; Sloan, A.E.; McLendon, R.E.; Li, X; et al. Periostin secreted
by glioblastoma stem cells recruits M2 tumour-associated macrophages and promotes malignant growth. Nat. Cell Biol. 2015, 17,
170-182. [CrossRef] [PubMed]

Komohara, Y.; Jinushi, M.; Takeya, M. Clinical significance of macrophage heterogeneity in human malignant tumors. Cancer Sci.
2014, 105, 1-8. [CrossRef]

Sheridan, C. IDO inhibitors move center stage in immuno-oncology. Nat. Biotechnol. 2015, 33, 321-322. [CrossRef] [PubMed]
Razavi, S.M.; Lee, K.E,; Jin, B.E.; Aujla, P.S.; Gholamin, S.; Li, G. Immune Evasion Strategies of Glioblastoma. Front. Surg. 2016, 3.
[CrossRef]

Roy, L.-O.; Poirier, M.-B.; Fortin, D. Transforming growth factor-beta and its implication in the malignancy of gliomas. Target.
Oncol. 2015, 10, 1-14. [CrossRef]

Crane, C.A.; Han, S.J; Barry, J.J.; Ahn, B.J.; Lanier, L.L.; Parsa, A.T. TGF-f3 downregulates the activating receptor NKG2D on NK
cells and CD8+ T cells in glioma patients. Neuro. Oncol. 2010, 12, 7-13. [CrossRef]

Jacobs, J. EM.; Idema, A.].; Bol, K.F.,; Grotenhuis, J.A.; de Vries, L].M.; Wesseling, P.; Adema, G.J. Prognostic significance and
mechanism of Treg infiltration in human brain tumors. J. Neuroimmunol. 2010, 225, 195-199. [CrossRef]

El Andaloussi, A.; Lesniak, M.S. CD4+CD25+FoxP3+ T-cell infiltration and heme oxygenase-1 expression correlate with tumor
grade in human gliomas. J. Neurooncol. 2007, 83, 145-152. [CrossRef] [PubMed]

Thomas, A.A; Fisher, ].L.; Rahme, G.J.; Hampton, T.H.; Baron, U.; Olek, S.; Schwachula, T.; Rhodes, C.H.; Gui, J.; Tafe, L.].;
et al. Regulatory T cells are not a strong predictor of survival for patients with glioblastoma. Newuro. Oncol. 2015, 17, 801-809.
[CrossRef] [PubMed]


http://doi.org/10.1042/BJ20071493
http://doi.org/10.3390/ijms21124199
http://doi.org/10.2478/raon-2019-0057
http://doi.org/10.1007/s11060-020-03483-y
http://doi.org/10.1038/s41571-018-0003-5
http://www.ncbi.nlm.nih.gov/pubmed/29643471
http://doi.org/10.1038/s41591-018-0135-2
http://www.ncbi.nlm.nih.gov/pubmed/30104766
http://doi.org/10.7554/eLife.52176
http://doi.org/10.1111/imm.12272
http://doi.org/10.1038/nature02284
http://doi.org/10.3390/cancers10120522
http://doi.org/10.3390/cells9020263
http://doi.org/10.1038/s43018-020-0068-9
http://doi.org/10.1136/gut.40.1.113
http://doi.org/10.1182/blood-2012-04-425397
http://www.ncbi.nlm.nih.gov/pubmed/23487023
http://doi.org/10.4161/onci.23401
http://www.ncbi.nlm.nih.gov/pubmed/23802079
http://doi.org/10.1038/nri3862
http://www.ncbi.nlm.nih.gov/pubmed/26205583
http://doi.org/10.1038/ncb3090
http://www.ncbi.nlm.nih.gov/pubmed/25580734
http://doi.org/10.1111/cas.12314
http://doi.org/10.1038/nbt0415-321
http://www.ncbi.nlm.nih.gov/pubmed/25850038
http://doi.org/10.3389/fsurg.2016.00011
http://doi.org/10.1007/s11523-014-0308-y
http://doi.org/10.1093/neuonc/nop009
http://doi.org/10.1016/j.jneuroim.2010.05.020
http://doi.org/10.1007/s11060-006-9314-y
http://www.ncbi.nlm.nih.gov/pubmed/17216339
http://doi.org/10.1093/neuonc/nou363
http://www.ncbi.nlm.nih.gov/pubmed/25618892

Cells 2021, 10, 265 18 of 22

63.

64.

65.

66.
67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Yue, Q.; Zhang, X.; Ye, HX.; Wang, Y.; Du, Z.G.; Yao, Y.; Mao, Y. The prognostic value of Foxp3+ tumor-infiltrating lymphocytes
in patients with glioblastoma. J. Neurooncol. 2014, 116, 251-259. [CrossRef] [PubMed]

Li, W.; Graeber, M.B. The molecular profile of microglia under the influence of glioma. Neuro. Oncol. 2012, 14, 958-978. [CrossRef]
[PubMed]

Van Der Vos, K.E.; Abels, E.R.; Zhang, X.; Lai, C.; Carrizosa, E.; Oakley, D.; Prabhakar, S.; Mardini, O.; Crommentuijn, M.H.-W.;
Skog, J.; et al. Directly visualized glioblastoma-derived extracellular vesicles transfer RNA to microglia/macrophages in the
brain. Neuro. Oncol. 2016, 18, 58-69. [CrossRef]

Pollard, J.W. Trophic macrophages in development and disease. Nat. Rev. Immunol. 2009, 9, 259-270. [CrossRef]

Stafford, J.H.; Hirai, T.; Deng, L.; Chernikova, S.B.; Urata, K.; West, B.L.; Brown, ].M. Colony stimulating factor 1 receptor
inhibition delays recurrence of glioblastoma after radiation by altering myeloid cell recruitment and polarization. Neuro. Oncol.
2016, 18, 797-806. [CrossRef]

Burger, M.C.; Zhang, C.; Harter, PN.; Romanski, A ; Strassheimer, F; Senft, C.; Tonn, T.; Steinbach, J.P.; Wels, W.S. CAR-Engineered
NK Cells for the Treatment of Glioblastoma: Turning Innate Effectors Into Precision Tools for Cancer Immunotherapy. Front.
Immunol. 2019, 10, 1-16. [CrossRef]

Do, A.SM.S.; Amano, T.; Edwards, L.A.; Zhang, L.; De Peralta-Venturina, M.; Yu, J.S5. CD133 mRNA-Loaded Dendritic Cell
Vaccination Abrogates Glioma Stem Cell Propagation in Humanized Glioblastoma Mouse Model. Mol. Ther. Oncolytics 2020, 18,
295-303. [CrossRef]

Martikainen, M.; Essand, M. Virus-based immunotherapy of glioblastoma. Cancers 2019, 11, 186. [CrossRef]

Dunn, G.P; Cloughesy, T.F.; Maus, M.V,; Prins, RM.; Reardon, D.A.; Sonabend, A.M. Emerging immunotherapies for malignant
glioma: From immunogenomics to cell therapy. Neuro. Oncol. 2020. [CrossRef] [PubMed]

Sampson, ].H.; Heimberger, A.B.; Archer, G.E.; Aldape, K.D.; Friedman, A.H.; Friedman, H.S.; Gilbert, M.R.; Herndon, J.E.;
McLendon, R.E.; Mitchell, D.A.; et al. Inmunologic escape after prolonged progression-free survival with epidermal growth
factor receptor variant III peptide vaccination in patients with newly diagnosed glioblastoma. J. Clin. Oncol. 2010, 28, 4722-4729.
[CrossRef]

Lynes, ].P.; Nwankwo, A K.; Sur, H.P,; Sanchez, V.E.; Sarpong, K.A.; Ariyo, O.1.; Dominah, G.A.; Nduom, E.K. Biomarkers for
immunotherapy for treatment of glioblastoma. J. Immunother. Cancer 2020, 8. [CrossRef]

Weller, M.; Butowski, N.; Tran, D.D.; Recht, L.D.; Lim, M.; Hirte, H.; Ashby, L.; Mechtler, L.; Goldlust, S.A.; Iwamoto, F;
et al. Rindopepimut with temozolomide for patients with newly diagnosed, EGFRvIII-expressing glioblastoma (ACT IV): A
randomised, double-blind, international phase 3 trial. Lancet Oncol. 2017, 18, 1373-1385. [CrossRef]

Rampling, R.; Peoples, S.; Mulholland, PJ.; James, A.; Al-Salihi, O.; Twelves, C.J.; McBain, C.; Jefferies, S.; Jackson, A.; Stewart, W,;
et al. A cancer research UK first time in human phase i trial of IMA950 (novel multipeptide therapeutic vaccine) in patients with
newly diagnosed glioblastoma. Clin. Cancer Res. 2016, 22, 4776-4785. [CrossRef] [PubMed]

Liau, L.M.; Ashkan, K,; Tran, D.D.; Campian, J.L.; Trusheim, ].E.; Cobbs, C.S.; Heth, J.A.; Salacz, M.; Taylor, S.; D’Andre, S.D.; 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, 1. [CrossRef]

Eoli, M.; Corbetta, C.; Anghileri, E.; Di Ianni, N.; Milani, M.; Cuccarini, V.; Musio, S.; Paterra, R.; Frigerio, S.; Nava, S.; et al.
Expansion of effector and memory T cells is associated with increased survival in recurrent glioblastomas treated with dendritic
cell immunotherapy. Neuro-Oncol. Adv. 2019, 1, 1-13. [CrossRef]

Srivastava, S.; Jackson, C.; Kim, T.; Choi, J.; Lim, M. A characterization of dendritic cells and their role in immunotherapy in
glioblastoma: From preclinical studies to clinical trials. Cancers 2019, 11, 537. [CrossRef]

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

Jiang, H.; Rivera-Molina, Y.; Gomez-Manzano, C.; Clise-Dwyer, K.; Bover, L.; Vence, L.M.; Yuan, Y.; Lang, EF.; Toniatti, C.; Hossain,
M.B,; et al. Oncolytic adenovirus and tumor-targeting immune modulatory therapy improve autologous cancer vaccination.
Cancer Res. 2017, 77, 3894-3907. [CrossRef]

Wheeler, L.A.; Manzanera, A.G.; Bell, S.D.; Cavaliere, R.; McGregor, ].M.; Grecula, ].C.; Newton, H.B.; Lo, S.S.; Badie, B.; Portnow,
J.; et al. Phase II multicenter study of gene-mediated cytotoxic immunotherapy as adjuvant to surgical resection for newly
diagnosed malignant glioma. Neuro. Oncol. 2016, 18, 1137-1145. [CrossRef]

Cloughesy, T.E.; Landolfi, ].; Vogelbaum, M.A; Ostertag, D.; Elder, J.B.; Bloomfield, S.; Carter, B.; Chen, C.C.; Kalkanis, S.N.;
Kesari, S.; et al. Durable complete responses in some recurrent high-grade glioma patients treated with Toca 511 + Toca FC. Neuro.
Oncol. 2018, 20, 1383-1392. [CrossRef]

Caffery, B.; Lee, ].S.; Alexander-Bryant, A.A. Vectors for glioblastoma gene therapy: Viral & non-viral delivery strategies.
Nanomaterials 2019, 9, 105. [CrossRef]

Passaro, C.; Alayo, Q.; De Laura, I.; McNulty, J.; Grauwet, K.; Ito, H.; Bhaskaran, V.; Mineo, M.; Lawler, S.E.; Shah, K.; et al.
Arming an oncolytic herpes simplex virus type 1 with a single-chain fragment variable antibody against PD-1 for experimental
glioblastoma therapy. Clin. Cancer Res. 2019, 25, 290-299. [CrossRef]

Sanders, S.; Debinski, W. Challenges to successful implementation of the immune checkpoint inhibitors for treatment of
glioblastoma. Int. J. Mol. Sci. 2020, 21, 2759. [CrossRef]


http://doi.org/10.1007/s11060-013-1314-0
http://www.ncbi.nlm.nih.gov/pubmed/24276989
http://doi.org/10.1093/neuonc/nos116
http://www.ncbi.nlm.nih.gov/pubmed/22573310
http://doi.org/10.1093/neuonc/nov244
http://doi.org/10.1038/nri2528
http://doi.org/10.1093/neuonc/nov272.00
http://doi.org/10.3389/fimmu.2019.02683
http://doi.org/10.1016/j.omto.2020.06.019
http://doi.org/10.3390/cancers11020186
http://doi.org/10.1093/neuonc/noaa154
http://www.ncbi.nlm.nih.gov/pubmed/32615600
http://doi.org/10.1200/JCO.2010.28.6963
http://doi.org/10.1136/jitc-2019-000348
http://doi.org/10.1016/S1470-2045(17)30517-X
http://doi.org/10.1158/1078-0432.CCR-16-0506
http://www.ncbi.nlm.nih.gov/pubmed/27225692
http://doi.org/10.1186/s12967-018-1507-6
http://doi.org/10.1093/noajnl/vdz022
http://doi.org/10.3390/cancers11040537
http://doi.org/10.1038/nrc3770
http://doi.org/10.1158/0008-5472.CAN-17-0468
http://doi.org/10.1093/neuonc/now002
http://doi.org/10.1093/neuonc/noy075
http://doi.org/10.3390/nano9010105
http://doi.org/10.1158/1078-0432.CCR-18-2311
http://doi.org/10.3390/ijms21082759

Cells 2021, 10, 265 19 of 22

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Wainwright, D.A.; Chang, A.L.; Dey, M.; Balyasnikova, I.V.; Kim, C.K,; Tobias, A.; Cheng, Y.; Kim, ].W.; Qiao, J.; Zhang, L.; et al.
Durable Therapeutic Ef fi cacy Utilizing Combinatorial Blockade against IDO, CTLA-4, and PD-L1 in Mice with Brain Tumors.
Clin. Cancer Res. 2014, 20. [CrossRef]

Schalper, K.A.; Rodriguez-Ruiz, M.E.; Diez-Valle, R.; Lépez-Janeiro, A.; Porciuncula, A.; Idoate, M.A.; Inogés, S.; de Andrea, C.;
Loépez-Diaz de Cerio, A.; Tejada, S.; et al. Neoadjuvant nivolumab modifies the tumor immune microenvironment in resectable
glioblastoma. Nat. Med. 2019, 25, 470-476. [CrossRef]

Khasraw, M.; Reardon, D.A.; Weller, M.; Sampson, ].H. PD-1 Inhibitors: Do they have a Future in the Treatment of Glioblastoma?
Clin. Cancer Res. 2020, 26, 5287-5296. [CrossRef]

Cloughesy, T.E; Mochizuki, A.Y.; Orpilla, ].R.; Hugo, W.; Lee, A.H.; Davidson, T.B.; Wang, A.C.; Ellingson, B.M.; Rytlewski,
J.A.; Sanders, C.M.; et al. Neoadjuvant anti-PD-1 immunotherapy promotes a survival benefit with intratumoral and systemic
immune responses in recurrent glioblastoma. Nat. Med. 2019, 25, 477-486. [CrossRef]

Salinas, R.D.; Durgin, J.S. Rourke, Potential of Glioblastoma—Targeted Chimeric Antigen Receptor (CAR) CAR T Therapy. CNS
Drugs. 2020, 34, 127-145. [CrossRef]

O’Rourke, D.M.; Nasrallah, M.P,; Desai, A.; Melenhorst, J.J.; Mansfield, K.; Morrissette, J.J.D.; Martinez-Lage, M.; Brem, S.;
Maloney, E.; Shen, A.; 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. [CrossRef]

Choi, B.D.; Yu, X.; Castano, A.P.; Bouffard, A.A.; Schmidts, A.; Larson, R.C.; Bailey, S.R.; Boroughs, A.C.; Frigault, M.].; Leick,
M.B.; et al. CAR-T cells secreting BiTEs circumvent antigen escape without detectable toxicity. Nat. Biotechnol. 2019, 37, 1049-1058.
[CrossRef]

Bielamowicz, K.; Fousek, K.; Byrd, T.T.; Samaha, H.; Mukherjee, M.; Aware, N.; Wu, M.F; Orange, ].S.; Sumazin, P.; Man, TK; et al.
Trivalent CAR T cells overcome interpatient antigenic variability in glioblastoma. Neuro. Oncol. 2018, 20, 506-518. [CrossRef]
Singh, S.K.; Hawkins, C.; Clarke, I.D.; Squire, ].A.; Bayani, J.; Hide, T.; Henkelman, R.M.; Cusimano, M.D.; Dirks, P.B. Identification
of human brain tumour initiating cells. Nature 2004, 432, 396—401. [CrossRef]

Vora, P.; Venugopal, C.; Salim, S.K.; Tatari, N.; Bakhshinyan, D.; Singh, M.; Seyfrid, M.; Upreti, D.; Rentas, S.; Wong, N.; et al. The
Rational Development of CD133-Targeting Immunotherapies for Glioblastoma. Cell Stem Cell 2020, 26, 832—-844.e6. [CrossRef]
Jewett, A.; Kos, J.; Kaur, K.; Turnsek, T.L.; Breznik, B.; Senjor, E.; Wong, P.; Nguyen, K.Y.; Ko, M.-W. Multiple defects of Natural
Killer cells in cancer patients; Anarchy and dysregulated systemic immunity and immunosuppression in metastatic cancer.
Crit. Rev. Immunol. 2020, 40, 93-133. [CrossRef]

Kozlowska, A.K,; Tseng, H.C.; Kaur, K.; Topchyan, P.; Inagaki, A.; Bui, V.T.; Kasahara, N.; Cacalano, N.; Jewett, A. Resistance to
cytotoxicity and sustained release of interleukin-6 and interleukin-8 in the presence of decreased interferon-y after differentiation
of glioblastoma by human natural killer cells. Cancer Immunol. Immunother. 2016, 65, 1085-1097. [CrossRef]

Guillerey, C.; Huntington, N.D.; Smyth, M.]. Targeting natural killer cells in cancer immunotherapy. Nat. Immunol. 2016, 17,
1025-1036. [CrossRef]

Sharifzad, F.; Mardpour, S.; Mardpour, S.; Fakharian, E.; Taghikhani, A.; Sharifzad, A.; Kiani, S.; Heydarian, Y.; Los, M.].; Azizi,
Z.; et al. HSP70/IL-2 treated NK cells effectively cross the blood brain barrier and target tumor cells in a rat model of induced
glioblastoma multiforme (GBM). Int. |. Mol. Sci. 2020, 21, 2263. [CrossRef]

Zhang, C.; Burger, M.C.; Jennewein, L.; Genfler, S.; Schonfeld, K.; Zeiner, P.; Hattingen, E.; Harter, PN.; Mittelbronn, M.; Tonn, T.;
et al. ErbB2/HER2-Specific NK Cells for Targeted Therapy of Glioblastoma. J. Natl. Cancer Inst. 2016. [CrossRef]

Han, J.; Chu, J.; Keung Chan, W.; Zhang, J.; Wang, Y.; Cohen, ].B.; Victor, A.; Meisen, W.H.; Kim, S.H.; Grandi, P,; et al. CAR-
engineered NK cells targeting wild-type EGFR and EGFRVIII enhance killing of glioblastoma and patient-derived glioblastoma
stem cells. Sci. Rep. 2015. [CrossRef]

Quail, D.F; Bowman, R.L.; Akkari, L.; Quick, M.L.; Schuhmacher, A.J.; Huse, ].T.; Holland, E.C.; Sutton, J.C.; Joyce, J.A. The tumor
microenvironment underlies acquired resistance to CSF-1R inhibition in gliomas. Science 2016, 352, aad3018. [CrossRef]
Butowski, N.; Colman, H.; De Groot, ].F.; Omuro, A.M.; Nayak, L.; Wen, P.Y.; Cloughesy, T.F,; Marimuthu, A.; Haidar, S.; Perry, A.;
et al. Orally administered colony stimulating factor 1 receptor inhibitor PLX3397 in recurrent glioblastoma: An Ivy Foundation
Early Phase Clinical Trials Consortium phase II study. Neuro. Oncol. 2016, 18, 557-564. [CrossRef]

Karachi, A.; Yang, C.; Dastmalchi, F,; Sayour, E.].; Huang, ].; Azari, H.; Long, Y.; Flores, C.; Mitchell, D.A.; Rahman, M. Neuro-
Oncology Modulation of temozolomide dose differentially affects T-cell response to immune checkpoint inhibition. Neuro Oncol.
2019, 21, 730-741. [CrossRef]

Saha, D.; Rabkin, S.D.; Martuza, R.L. Temozolomide antagonizes oncolytic immunovirotherapy in glioblastoma. J. Immunother.
Cancer 2020, 8, 1-8. [CrossRef]

Reits, E.A.; Hodge, ].W.; Herberts, C.A.; Groothuis, T.A.; Chakraborty, M.; Wansley, E.K.; Camphausen, K.; Luiten, R.M.; de Ru,
A.H.; Neijssen, J.; et al. Radiation modulates the peptide repertoire, enhances MHC class I expression, and induces successful
antitumor immunotherapy. J. Cell Biol. 2006. [CrossRef]

Touat, M.; Li, Y.Y.; Boynton, A.N.; Spurr, L.E; Iorgulescu, ].B.; Bohrson, C.L.; Cortes-Ciriano, I.; Birzu, C.; Geduldig, ]J.E.; Pelton,
K.; et al. Mechanisms and therapeutic implications of hypermutation in gliomas. Nature 2020, 580, 517-523. [CrossRef]
Gromeier, M.; Brown, M.C.; Zhang, G.; Lin, X.; Chen, Y.; Wei, Z.; Beaubier, N.; Yan, H.; He, Y.; Desjardins, A.; et al. Very low
mutation burden is a feature of inflamed recurrent glioblastomas responsive to cancer immunotherapy. Nat. Commun. 2021, 12,
352. [CrossRef]


http://doi.org/10.1158/1078-0432.CCR-14-0514
http://doi.org/10.1038/s41591-018-0339-5
http://doi.org/10.1158/1078-0432.CCR-20-1135
http://doi.org/10.1038/s41591-018-0337-7
http://doi.org/10.1007/s40263-019-00687-3
http://doi.org/10.1126/scitranslmed.aaa0984
http://doi.org/10.1038/s41587-019-0192-1
http://doi.org/10.1093/neuonc/nox182
http://doi.org/10.1038/nature03128
http://doi.org/10.1016/j.stem.2020.04.008
http://doi.org/10.1615/CritRevImmunol.2020033391
http://doi.org/10.1007/s00262-016-1866-x
http://doi.org/10.1038/ni.3518
http://doi.org/10.3390/ijms21072263
http://doi.org/10.1093/jnci/djv375
http://doi.org/10.1038/srep11483
http://doi.org/10.1126/science.aad3018
http://doi.org/10.1093/neuonc/nov245
http://doi.org/10.1093/neuonc/noz015
http://doi.org/10.1136/jitc-2019-000345
http://doi.org/10.1083/JCB1734OIA6
http://doi.org/10.1038/s41586-020-2209-9
http://doi.org/10.1038/s41467-020-20469-6

Cells 2021, 10, 265 20 of 22

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.
128.

129.

130.

131.

132.

Marusyk, A.; Polyak, K. Tumor heterogeneity: Causes and consequences. Biochim. Biophys. Acta-Rev. Cancer 2010, 1805, 105-117.
[CrossRef]

Klein, E.; Hau, A.; Oudin, A.; Golebiewska, A. Glioblastoma Organoids: Pre-Clinical Applications and Challenges in the Context
of Immunotherapy Glioblastoma Organoids: Pre-Clinical Applications and Challenges in the Context of Inmunotherapy. Front.
Oncol. 2020. [CrossRef]

Goodspeed, A.; Heiser, L.M.; Gray, ].W.; Costello, ].C. Tumor-derived cell lines as molecular models of cancer pharmacogenomics.
Mol. Cancer Res. 2016, 14, 3-13. [CrossRef] [PubMed]

Lee, J.; Kotliarova, S.; Kotliarov, Y.; Li, A.; Su, Q.; Donin, N.M.; Pastorino, S.; Purow, B.W.; Christopher, N.; Zhang, W.; et al. Tumor
stem cells derived from glioblastomas cultured in bFGF and EGF more closely mirror the phenotype and genotype of primary
tumors than do serum-cultured cell lines. Cancer Cell 2006, 9, 391-403. [CrossRef] [PubMed]

Kaur, K; Topchyan, P.; Kozlowska, A.K.; Ohanian, N.; Chiang, J.; Maung, P.O.; Park, S.H.; Ko, M.W,; Fang, C.; Nishimura, I; et al.
Super-charged NK cells inhibit growth and progression of stem-like/poorly differentiated oral tumors in vivo in humanized BLT
mice; effect on tumor differentiation and response to chemotherapeutic drugs. Oncoimmunology 2018, 7, €1426518. [CrossRef]
[PubMed]

Merz, F; Gaunitz, F; Dehghani, F.; Renner, C.; Meixensberger, ].; Gutenberg, A.; Giese, A.; Schopow, K.; Hellwig, C.; Schifer, M.;
et al. Organotypic slice cultures of human glioblastoma reveal different susceptibilities to treatments. Neuro. Oncol. 2013, 15,
670-681. [CrossRef]

Parker, ].].; Lizarraga, M.; Waziri, A.; Foshay, K M. A human glioblastoma organotypic slice culture model for study of tumor cell
migration and patient-specific effects of anti-invasive drugs. J. Vis. Exp. 2017, 2017, 53557. [CrossRef]

Hubert, C.G.; Rivera, M.; Spangler, L.C.; Wu, Q.; Mack, S.C.; Prager, B.C.; Couce, M.; McLendon, R.E,; Sloan, A.E; Rich, ].N. A
three-dimensional organoid culture system derived from human glioblastomas recapitulates the hypoxic gradients and cancer
stem cell heterogeneity of tumors found in vivo. Cancer Res. 2016, 76, 2465-2477. [CrossRef] [PubMed]

Jacob, E; Salinas, R.D.; Zhang, D.Y.; Nguyen, PT.T.; Schnoll, ].G.; Wong, S.Z.H.; Thokala, R.; Sheikh, S.; Saxena, D.; Prokop, S.;
et al. A Patient-Derived Glioblastoma Organoid Model and Biobank Recapitulates Inter- and Intra-tumoral Heterogeneity. Cell
2020, 180, 188-204.e22. [CrossRef]

Bian, S.; Repic, M.; Guo, Z.; Kavirayani, A.; Burkard, T.; Bagley, J.A.; Krauditsch, C.; Knoblich, ].A. Genetically engineered cerebral
organoids model brain tumor formation. Nat. Methods 2018. [CrossRef]

Ogawa, J.; Pao, G.M.; Shokhirev, M.N.; Verma, I.M. Glioblastoma Model Using Human Cerebral Organoids. Cell Rep. 2018, 23,
1220-1229. [CrossRef]

Olson, B.; Li, Y.; Lin, Y.; Liu, E.T.; Patnaik, A. Mouse models for cancer immunotherapy research. Cancer Discov. 2018, 8, 1358-1365.
[CrossRef]

Zhao, Y.; Liu, M,; Chan, X.Y,; Tan, S.Y,; Subramaniam, S.; Fan, Y.; Loh, E.; Chang, K.T.E.; Tan, T.C.; Chen, Q. Uncovering the
mystery of opposite circadian rhythms between mouse and human leukocytes in humanized mice. Blood 2017, 130, 1995-2005.
[CrossRef] [PubMed]

Joo, KM.; Kim, J.; Jin, J.; Kim, M.; Seol, H.].; Muradov, J.; Yang, H.; Choi, Y.L.; Park, W.Y.; Kong, D.S.; et al. Patient-Specific
Orthotopic Glioblastoma Xenograft Models Recapitulate the Histopathology and Biology of Human Glioblastomas In Situ. Cell
Rep. 2013, 3, 260-273. [CrossRef] [PubMed]

Zhao, Y.; Shuen, TW.H.; Toh, T.B.; Chan, X.Y.; Liu, M,; Tan, S.Y.; Fan, Y.; Yang, H.; Lyer, S.G.; Bonney, G.K,; et al. Development of a
new patient-derived xenograft humanised mouse model to study human-specific tumour microenvironment and immunotherapy.
Gut 2018, 67, 1845. [CrossRef] [PubMed]

Lin, S.; Huang, G.; Cheng, L.; Li, Z.; Xiao, Y.; Deng, Q.; Jiang, Y.; Li, B.; Lin, S.; Wang, S.; et al. Establishment of peripheral blood
mononuclear cell-derived humanized lung cancer mouse models for studying efficacy of PD-L1/PD-1 targeted immunotherapy.
MADbs 2018, 10. [CrossRef]

Saygin, C.; Matei, D.; Majeti, R.; Reizes, O.; Lathia, ].D. Targeting Cancer Stemness in the Clinic: From Hype to Hope. Cell Stem
Cell 2019, 24, 25-40. [CrossRef]

Mehta, G.; Hsiao, A.Y.; Ingram, M.; Luker, G.D.; Takayama, S. Opportunities and challenges for use of tumor spheroids as models
to test drug delivery and efficacy. J. Control. Release 2012, 164, 192-204. [CrossRef]

Louis, D.N. Molecular pathology of malignant gliomas. Annu. Rev. Pathol. 2006, 1, 97-117. [CrossRef]

Hanahan, D.; Coussens, L.M. Accessories to the Crime: Functions of Cells Recruited to the Tumor Microenvironment. Cancer Cell
2012, 21, 309-322. [CrossRef]

Tannock, LF.; Lee, C.M.; Tunggal, ].K.; Cowan, D.S.M.; Egorin, M.J. Limited penetration of anticancer drugs through tumor tissue:
A potential cause of resistance of solid tumors to chemotherapy. Clin. Cancer Res. 2002, 8, 878-884.

Torras, N.; Garcia-Diaz, M.; Fernandez-Majada, V.; Martinez, E. Mimicking epithelial tissues in three-dimensional cell culture
models. Front. Bioeng. Biotechnol. 2018, 6, 197. [CrossRef]

Cheema, T.A.; Wakimoto, H.; Fecci, PE.; Ning, J.; Kuroda, T.; Jeyaretna, D.S.; Martuza, R.L.; Rabkin, S.D. Multifaceted oncolytic
virus therapy for glioblastoma in an immunocompetent cancer stem cell model. Proc. Natl. Acad. Sci. USA 2013, 110, 12006-12011.
[CrossRef] [PubMed]

Jiang, X.; Seo, Y.D.; Sullivan, K.M.; Pillarisetty, V.G. Establishment of slice cultures as a tool to study the cancer immune
microenvironment. Methods Mol. Biol. 2019, 1884, 283-295. [CrossRef] [PubMed]


http://doi.org/10.1016/j.bbcan.2009.11.002
http://doi.org/10.3389/fonc.2020.604121
http://doi.org/10.1158/1541-7786.MCR-15-0189
http://www.ncbi.nlm.nih.gov/pubmed/26248648
http://doi.org/10.1016/j.ccr.2006.03.030
http://www.ncbi.nlm.nih.gov/pubmed/16697959
http://doi.org/10.1080/2162402X.2018.1426518
http://www.ncbi.nlm.nih.gov/pubmed/29721395
http://doi.org/10.1093/neuonc/not003
http://doi.org/10.3791/53557
http://doi.org/10.1158/0008-5472.CAN-15-2402
http://www.ncbi.nlm.nih.gov/pubmed/26896279
http://doi.org/10.1016/j.cell.2019.11.036
http://doi.org/10.1038/s41592-018-0070-7
http://doi.org/10.1016/j.celrep.2018.03.105
http://doi.org/10.1158/2159-8290.CD-18-0044
http://doi.org/10.1182/blood-2017-04-778779
http://www.ncbi.nlm.nih.gov/pubmed/28851698
http://doi.org/10.1016/j.celrep.2012.12.013
http://www.ncbi.nlm.nih.gov/pubmed/23333277
http://doi.org/10.1136/gutjnl-2017-315201
http://www.ncbi.nlm.nih.gov/pubmed/29602780
http://doi.org/10.1080/19420862.2018.1518948
http://doi.org/10.1016/j.stem.2018.11.017
http://doi.org/10.1016/j.jconrel.2012.04.045
http://doi.org/10.1146/annurev.pathol.1.110304.100043
http://doi.org/10.1016/j.ccr.2012.02.022
http://doi.org/10.3389/fbioe.2018.00197
http://doi.org/10.1073/pnas.1307935110
http://www.ncbi.nlm.nih.gov/pubmed/23754388
http://doi.org/10.1007/978-1-4939-8885-3_20
http://www.ncbi.nlm.nih.gov/pubmed/30465211

Cells 2021, 10, 265 21 of 22

133.

134.

135.
136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Li, M.; Izpisua Belmonte, J.C. Organoids—Preclinical models of human disease. N. Engl. J. Med. 2019, 380, 569-579. [CrossRef]
[PubMed]

Sato, T.; Stange, D.E.; Ferrante, M.; Vries, R.G.].; Van Es, ]. H.; Van Den Brink, S.; Van Houdt, W.J.; Pronk, A.; Van Gorp, J.; Siersema,
P.D,; et al. Long-term expansion of epithelial organoids from human colon, adenoma, adenocarcinoma, and Barrett’s epithelium.
Gastroenterology 2011, 141, 1762-1772. [CrossRef]

Clevers, H. Modeling Development and Disease with Organoids. Cell 2016, 165, 1586-1597. [CrossRef]

Broutier, L.; Mastrogiovanni, G.; Verstegen, M.M.A.; Francies, H.E.; Gavarrd, L.M.; Bradshaw, C.R.; Allen, G.E.; Arnes-Benito,
R.; Sidorova, O.; Gaspersz, M.P,; et al. Human primary liver cancer-derived organoid cultures for disease modeling and drug
screening. Nat. Med. 2017, 23, 1424-1435. [CrossRef]

Boj, S.F.; Hwang, C.I,; Baker, L.A.; Chio, L1.C.; Engle, D.D.; Corbo, V.; Jager, M.; Ponz-Sarvise, M.; Tiriac, H.; Spector, M.S.; et al.
Organoid models of human and mouse ductal pancreatic cancer. Cell 2015, 160, 324-338. [CrossRef]

Gao, M,; Lin, M,; Rao, M.; Thompson, H.; Hirai, K.; Choi, M.; Georgakis, G.V.; Sasson, A.R.; Bucobo, J.C.; Tzimas, D.; et al.
Development of Patient-Derived Gastric Cancer Organoids from Endoscopic Biopsies and Surgical Tissues. Ann. Surg. Oncol.
2018, 25, 2767-2775. [CrossRef]

Yan, HH.N,; Siu, H.C,; Law, S.; Ho, S.L,; Yue, S.S.K,; Tsui, W.Y,; Chan, D.; Chan, A.S.; Ma, S.; Lam, K.O.; et al. A Comprehensive
Human Gastric Cancer Organoid Biobank Captures Tumor Subtype Heterogeneity and Enables Therapeutic Screening. Cell Stem
Cell 2018, 23, 882-897. [CrossRef]

Lee, S.H.; Hu, W.; Matulay, ].T.; Silva, M.V.; Owczarek, T.B.; Kim, K.; Chua, C.W.; Barlow, L.M.].; Kandoth, C.; Williams, A.B.;
et al. Tumor Evolution and Drug Response in Patient-Derived Organoid Models of Bladder Cancer. Cell 2018, 173, 515-528.e17.
[CrossRef]

Sachs, N.; de Ligt, J.; Kopper, O.; Gogola, E.; Bounova, G.; Weeber, E; Balgobind, A.V.; Wind, K.; Gracanin, A.; Begthel, H.; et al. A
Living Biobank of Breast Cancer Organoids Captures Disease Heterogeneity. Cell 2018, 172, 373-386. [CrossRef] [PubMed]
Kopper, O.; de Witte, C.J.; Lohmussaar, K.; Valle-Inclan, J.E.; Hami, N.; Kester, L.; Balgobind, A.V.; Korving, J.; Proost, N.; Begthel,
H.; et al. An organoid platform for ovarian cancer captures intra- and interpatient heterogeneity. Nat. Med. 2019, 25, 838-849.
[CrossRef] [PubMed]

Papapetrou, E.P. Patient-derived induced pluripotent stem cells in cancer research and precision oncology. Nat. Med. 2016, 22,
1392-1401. [CrossRef] [PubMed]

Passier, R.; Orlova, V.; Mummery, C. Complex Tissue and Disease Modeling using hiPSCs. Cell Stem Cell 2016, 18, 309-321.
[CrossRef]

Linkous, A.; Balamatsias, D.; Snuderl, M.; Edwards, L.; Miyaguchi, K.; Milner, T.; Reich, B.; Cohen-Gould, L.; Storaska, A.;
Nakayama, Y.; et al. Modeling Patient-Derived Glioblastoma with Cerebral Organoids. Cell Rep. 2019, 26, 3203-3211.e5. [CrossRef]
Jacob, E; Ming, G.; Song, H. Generation and biobanking of patient-derived glioblastoma organoids and their application in
CAR-T cell testing. Nat. Protoc. 2020, 15, 4000-4033. [CrossRef]

Dijkstra, K.K.; Cattaneo, C.M.; Weeber, F.; Chalabi, M.; van de Haar, J.; Fanchi, L.F,; Slagter, M.; van der Velden, D.L.; Kaing, S.;
Kelderman, S.; et al. Generation of Tumor-Reactive T Cells by Co-culture of Peripheral Blood Lymphocytes and Tumor Organoids.
Cell 2018, 174, 1586-1598.e12. [CrossRef]

Zumwalde, N.A ; Haag, ].D.; Sharma, D.; Mirrielees, ].A.; Wilke, L.G.; Gould, M.N.; Gumperz, J.E. Analysis of immune cells from
human mammary ductal epithelial organoids reveals V52+ T cells that efficiently target breast carcinoma cells in the presence of
bisphosphonate. Cancer Prev. Res. 2016, 9, 305-316. [CrossRef]

Neal, J.T.; Li, X.; Zhu, J.; Giangarra, V.; Grzeskowiak, C.L.; Ju, J.; Liu, .LH.; Chiou, S.H.; Salahudeen, A.A.; Smith, A.R,; et al.
Organoid Modeling of the Tumor Immune Microenvironment. Cell 2018, 175, 1972-1988. [CrossRef]

Li, X.; Ootani, A.; Kuo, C. An air-liquid interface culture system for 3D organoid culture of diverse primary gastrointestinal
tissues. Methods Mol. Biol. 2016. [CrossRef]

Zhu, Z.; Mesci, P; Bernatchez, J.A.; Gimple, R.C.; Wang, X.; Schafer, S.T.; Wettersten, H.I,; Beck, S.; Clark, A.E.; Wu, Q.; et al.
Zika Virus Targets Glioblastoma Stem Cells through a SOX2-Integrin av35 Axis. Cell Stem Cell 2020, 26, 187-204.e10. [CrossRef]
[PubMed]

Oh, T,; Fakurnejad, S.; Sayegh, E.T.; Clark, A.J,; Ivan, M.LE.; Sun, M.Z.; Safaee, M.; Bloch, O.; James, C.D.; Parsa, A.T. Im-
munocompetent murine models for the study of glioblastoma immunotherapy. J. Transl. Med. 2014, 12, 1-10. [CrossRef]
[PubMed]

Shackleton, M.; Quintana, E.; Fearon, E.R.; Morrison, S.J. Heterogeneity in Cancer: Cancer Stem Cells versus Clonal Evolution.
Cell 2009, 138, 822-829. [CrossRef]

Reardon, D.A.; Gokhale, P.C.; Klein, S.R.; Ligon, K.L.; Rodig, S.J.; Ramkissoon, S.H.; Jones, K.L.; Conway, A.S.; Liao, X;
Zhou, J.; et al. Glioblastoma eradication following immune checkpoint blockade in an orthotopic, immunocompetent model.
Cancer Immunol. Res. 2016, 4, 124-135. [CrossRef]

Chen, M,; Sun, R; Shi, B.; Wang, Y.; Dj, S.; Luo, H.; Sun, Y.; Li, Z.; Zhou, M.; Jiang, H. Antitumor efficacy of chimeric antigen
receptor T cells against EGFRvIII-expressing glioblastoma in C57BL/6 mice. Biomed. Pharmacother. 2019, 113, 108734. [CrossRef]
Lenting, K.; Verhaak, R.; ter Laan, M.; Wesseling, P.; Leenders, W. Glioma: Experimental models and reality. Acta Neuropathol.
2017, 133, 263-282. [CrossRef]


http://doi.org/10.1056/NEJMra1806175
http://www.ncbi.nlm.nih.gov/pubmed/30726695
http://doi.org/10.1053/j.gastro.2011.07.050
http://doi.org/10.1016/j.cell.2016.05.082
http://doi.org/10.1038/nm.4438
http://doi.org/10.1016/j.cell.2014.12.021
http://doi.org/10.1245/s10434-018-6662-8
http://doi.org/10.1016/j.stem.2018.09.016
http://doi.org/10.1016/j.cell.2018.03.017
http://doi.org/10.1016/j.cell.2017.11.010
http://www.ncbi.nlm.nih.gov/pubmed/29224780
http://doi.org/10.1038/s41591-019-0422-6
http://www.ncbi.nlm.nih.gov/pubmed/31011202
http://doi.org/10.1038/nm.4238
http://www.ncbi.nlm.nih.gov/pubmed/27923030
http://doi.org/10.1016/j.stem.2016.02.011
http://doi.org/10.1016/j.celrep.2019.02.063
http://doi.org/10.1038/s41596-020-0402-9
http://doi.org/10.1016/j.cell.2018.07.009
http://doi.org/10.1158/1940-6207.CAPR-15-0370-T
http://doi.org/10.1016/j.cell.2018.11.021
http://doi.org/10.1007/978-1-4939-3603-8_4
http://doi.org/10.1016/j.stem.2019.11.016
http://www.ncbi.nlm.nih.gov/pubmed/31956038
http://doi.org/10.1186/1479-5876-12-107
http://www.ncbi.nlm.nih.gov/pubmed/24779345
http://doi.org/10.1016/j.cell.2009.08.017
http://doi.org/10.1158/2326-6066.CIR-15-0151
http://doi.org/10.1016/j.biopha.2019.108734
http://doi.org/10.1007/s00401-017-1671-4

Cells 2021, 10, 265 22 of 22

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Huszthy, P.C.; Daphu, I.; Niclou, S.P; Stieber, D.; Nigro, ].M.; Sakariassen, P.O.; Miletic, H.; Thorsen, F; Bjerkvig, R. In vivo
models of primary brain tumors: Pitfalls and perspectives. Neuro. Oncol. 2012, 14, 979-993. [CrossRef]

Federspiel, M.].; Bates, P.; Young, ].A.T.; Varmus, H.E.; Hughes, S.H. A system for tissue-specific gene targeting: Transgenic
mice susceptible to subgroup A avian leukosis virus-based retroviral vectors. Proc. Natl. Acad. Sci. USA 1994, 91, 11241-11245.
[CrossRef]

Mathews, S.; Branch Woods, A.; Katano, I.; Makarov, E.; Thomas, M.B.; Gendelman, H.E.; Poluektova, L.Y.; Ito, M.; Gorantla,
S. Human Interleukin-34 facilitates microglia-like cell differentiation and persistent HIV-1 infection in humanized mice. Mol.
Neurodegener. 2019, 14, 1-15. [CrossRef]

Wang, M.; Yao, L.C.; Cheng, M.; Cai, D.; Martinek, J.; Pan, C.X.; Shi, W.; Ma, A.H.; De Vere White, R.W.; Airhart, S.; et al.
Humanized mice in studying efficacy and mechanisms of PD-1-targeted cancer immunotherapy. FASEB ]. 2018. [CrossRef]
Capasso, A.; Lang, J.; Pitts, TM.; Jordan, K.R.; Lieu, C.H.; Davis, S.L.; Diamond, J.R.; Kopetz, S.; Barbee, J.; Peterson, J.; et al.
Characterization of immune responses to anti-PD-1 mono and combination immunotherapy in hematopoietic humanized mice
implanted with tumor xenografts. J. Immunother. Cancer 2019, 7, 1-16. [CrossRef] [PubMed]

Kaur, K.; Kozlowska, A K,; Topchyan, P.; Ko, M.W.; Ohanian, N.; Chiang, J.; Cook, J.; Maung, P.O.; Park, S.H.; Cacalano, N.; et al.
Probiotic-treated super-charged NK cells efficiently clear poorly differentiated pancreatic tumors in Hu-BLT mice. Cancers 2020,
12, 63. [CrossRef] [PubMed]

Ali, N; Flutter, B.; Sanchez Rodriguez, R.; Sharif-Paghaleh, E.; Barber, L.D.; Lombardi, G.; Nestle, FO. Xenogeneic Graft-versus-
Host-Disease in NOD-scid IL-2Rynull Mice Display a T-Effector Memory Phenotype. PLoS ONE 2012, 7, e44219. [CrossRef]
[PubMed]

Spranger, S.; Frankenberger, B.; Schendel, D.J. NOD/scid IL-2Rg nullmice: A preclinical model system to evaluate human
dendritic cell-based vaccine strategies in vivo. J. Transl. Med. 2012, 10, 1-11. [CrossRef] [PubMed]

Pandey, V.; Oyer, ].L.; Igarashi, R.Y.; Gitto, S.B.; Copik, A.].; Altomare, D.A. Anti-ovarian tumor response of donor peripheral
blood mononuclear cells is due to infiltrating cytotoxic NK cells. Oncotarget 2016, 7, 7318. [CrossRef] [PubMed]

Ashizawa, T.; lizuka, A.; Nonomura, C.; Kondou, R.; Maeda, C.; Miyata, H.; Sugino, T.; Mitsuya, K.; Hayashi, N.; Nakasu, Y.; et al.
Antitumor effect of Programmed Death-1 (PD-1) blockade in humanized the NOG-MHC double knockout mouse. Clin. Cancer
Res. 2017, 23, 149-158. [CrossRef] [PubMed]


http://doi.org/10.1093/neuonc/nos135
http://doi.org/10.1073/pnas.91.23.11241
http://doi.org/10.1186/s13024-019-0311-y
http://doi.org/10.1096/fj.201700740R
http://doi.org/10.1186/s40425-019-0518-z
http://www.ncbi.nlm.nih.gov/pubmed/30736857
http://doi.org/10.3390/cancers12010063
http://www.ncbi.nlm.nih.gov/pubmed/31878338
http://doi.org/10.1371/journal.pone.0044219
http://www.ncbi.nlm.nih.gov/pubmed/22937164
http://doi.org/10.1186/1479-5876-10-30
http://www.ncbi.nlm.nih.gov/pubmed/22364226
http://doi.org/10.18632/oncotarget.6939
http://www.ncbi.nlm.nih.gov/pubmed/26802025
http://doi.org/10.1158/1078-0432.CCR-16-0122
http://www.ncbi.nlm.nih.gov/pubmed/27458246

	Introduction: Glioblastoma and Its Heterogeneity 
	The Immunosuppressive Microenvironment of Glioblastoma 
	Immunotherapeutic Strategies for Glioblastoma 
	Vaccines 
	Oncolytic Viruses 
	Immune Checkpoint Inhibitors 
	Adoptive Cell Therapies: CAR T and NK Therapy 
	Resistance to Immunotherapy and Combinatorial Approaches 

	Advanced In Vitro and Animal Tumor Models for Testing Immunotherapeutic Approaches 
	CSCs 
	Organotypic Tissue Slices 
	Organoids 
	Animal Models 

	Conclusions 
	References

