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A B S T R A C T

Glioblastoma is the most common primary malignant brain cancer and is associated with significant mortality 
and resistance to treatment. One of the major barriers to successful treatment of this cancer is the highly 
immunosuppressive tumour microenvironment. This tumour microenvironment is comprised of a complex 
mixture of cancerous cells, neurons, astrocytes, and a variety of immune cells. Microglia, macrophages and 
monocytes make up a significant proportion of the cells present in the glioblastoma tumour microenvironment. 
These innate immune cells normally act to maintain homeostasis, though following exposure to cancer cells are 
signalled to support glioblastoma cancer cell proliferation and treatment resistance. This review provides 
detailed insights into the role of innate immunity on glioblastoma cell proliferation and glioblastoma patho
genesis. It discusses ways of harnessing the anti-tumour potential of innate immune cells and documents the 
current preclinical and clinical trials focusing on innate immunity in glioblastoma. The work presented show
cases how the anti-tumour capacity of innate immune cells could be utilised to provide novel treatment strategies 
to combat glioblastoma.

1. Glioblastoma overview

Glioblastoma (GBM) is the most common type of primary malignant 
brain cancer globally with an incidence rate of 3.23 per 100,000 
(Ostrom et al., 2021; Miller et al., 2021). Importantly, GBM is charac
terised by its incredibly poor survival rate (Ostrom et al., 2021; Miller 
et al., 2021; Xiao et al., 2023; Sharifian et al., 2024), high infiltrative 
capacity and resistance to treatment (Seker-Polat et al., 2022). GBM 
comprises 49.1 % of all malignant brain tumours (Ostrom et al., 2021) 
with a 5 year survival rate of ~6.8 % (Ostrom et al., 2021; Marenco- 
Hillembrand et al., 2020). This survival rate has only improved 
marginally in the last 2 decades, since standard treatment was changed 
to include temozolomide with the existing surgery and cranial radiation 
treatment (Marenco-Hillembrand et al., 2020). This change was shown 
to increase the median survival rate by just 3 months (12.5 to 15.6 
months) (Marenco-Hillembrand et al., 2020). A recent meta-analysis 
further highlights this lack of significant improvement in long term 
survival; it showed 2-year survival increased from 9 % to 18 %, after 

2005, but 5 year survival only improved by 1 % (Poon et al., 2020).
The WHO classification of GBMs has recently undergone several 

changes to reflect improved understanding of not just the disease his
tology but also, genetic and molecular markers (Louis et al., 2021). 
Importantly, following the 2021 updated WHO classifications, the 
grading system for gliomas now refers to expected clinical outcome 
rather than to different tumour types, meaning the same tumour type 
may be given one of multiple different grades depending on disease 
severity (eg. astrocytomas may be designated grade 2, 3 or 4, with grade 
4 being reserved for the most severe cases) (Louis et al., 2021). GBM is 
still solely termed grade 4 to reflect its aggressive malignant nature and 
poor expected clinical outcomes (Louis et al., 2021). Additionally, to be 
considered GBM, cancer cells must be isocitrate dehydrogenase (IDH) 
wild-type. Previously diagnosed IDH-mutant GBMs are now considered 
astrocytomas. This reclassification was chosen to reflect the significant 
improvements in survival rate/outcomes conferred by IDH mutant sta
tus (Louis et al., 2021). This is significant as a study by Tesileanu et al. 
(Tesileanu et al., 2022) found no significant clinical benefit from the 
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addition of temozolomide to the treatment regime of GBM patients with 
IDH-wild type GBM, indicating temozolomide may not confer any 
benefit for GBM under this new classification. Additionally, Tesileanu 
et al. (Tesileanu et al., 2022) reported no significant effect of O6- 
methylguanine-DNA methyltransferase (MGMT) promoter methylation 
status on temozolomide response, though MGMT methylation status 
remained a significant determinant of overall survival. This conflicts 
with previous research which suggested MGMT promoter methylation 
status improved patient survival via promoting response to DNA- 
alkylating agents, such as temozolomide, a relationship extensively 
studied in GBM (Esteller et al., 2000; Hegi et al., 2004; Hegi Monika 
et al., 2005; Kitange et al., 2009; Weller et al., 2015). The recent changes 
in GBM classification may potentially add difficulties in comparing 

historical data to modern research results, but more accurately repre
sents the current scientific understanding and confers more clinically 
relevant information at diagnosis (Wen and Packer, 2021).

The risk factors for GBM include: male sex, increasing age, white 
ethnicity, and inherited predisposition (Ostrom et al., 2021; Miller et al., 
2021; Xiao et al., 2023; Sharifian et al., 2024; Miyakoshi et al., 2024; 
Colopi et al., 2023). Clinically, GBM typically presents with a range of 
neurological symptoms including focal motor deficits, headaches, 
cognitive changes, sensory impairments and seizures (Rasmussen et al., 
2017; Chris et al., 2021). In addition, several systemic symptoms can 
also be present including nausea, lethargy and fatigue (Chris et al., 
2021). These symptoms are largely non-specific and are present in a 
range of other brain tumours and non-tumour related neurological 

Fig. 1. Cells of the glioblastoma tumour microenvironment. The glioblastoma tumour microenvironment includes numerous cell types, with glioblastoma cancer 
cells, immune cells, neurons and astrocytes all present. This is a diverse, complex and dynamic system with glioblastoma cancer cells acting to manipulate and 
aberrantly regulate the normal homeostatic functions of these cell types. Astrocytes and neurons normally present in the central nervous system form unique in
teractions with glioblastoma cancer cells and support their proliferation through the release of growth factors and mitochondria, in addition to numerous other 
mechanisms. Microglia, macrophages and monocytes are particularly abundant in this environment and are signalled by glioblastoma cancer cells to assume a ‘M2- 
like’ phenotype, which is thought to support tumour growth and thus is associated with worsening patient outcomes. Other innate immune cells are also present and 
contribute to either promote or reduce glioblastoma cancer cell proliferation through a variety of mechanisms. Abbreviations used: GBM = glioblastoma, assoc. =
associated, incr. = increased, BDNF = brain derived neurotrophic factor, NLGN3 = neuroligin-3, MDSC = myeloid-derived suppressor cell, NK = natural killer. 
Figure created with BioRender.com.
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conditions (Chris et al., 2021). The standard treatment regimen for GBM 
is maximally safe surgical resection followed by cranial radiotherapy 
with adjuvant chemotherapy utilising temozolomide (Chris et al., 2021; 
Delgado-Martín and Medina, 2020). However, as previously mentioned 
this treatment combination results in only minor improvements in pa
tient survival. GBM represents a significant burden to both the com
munity and individual patients, highlighting the need for further 
research to improve understanding of the factors that govern GBM 
pathogenesis. Of particular interest is the complex GBM tumour 
microenvironment (TME) and the innate immune cells found within. 
Harnessing the functions of these innate immune cells may represent 
important novel therapeutic pathways in the treatment of GBM.

2. Innate immune cells of the tumour microenvironment

2.1. Tumour microenvironment overview

The role of the highly immunosuppressive TME within solid tumours 
has been a recently expanding field of interest in cancer research 
(Bertolaso and Dieli, 2017). Specifically, it seeks to explain the high 
percentage of non-cancerous cells within a solid tumour and how cancer 
cells may exploit the natural functions of innate immune cells to the 
cancer’s benefit (Bertolaso and Dieli, 2017). Within the TME some of the 
most common cells are those of immune origin, constituting up to 70 % 
of cells present (Musca et al., 2023). However, estimates of immune cell 
number vary significantly between patients and cell counting techniques 
with others reporting values as low as 6 % (González-Tablas Pimenta 
et al., 2021). Of the immune cells present, the majority of cells reported 
are macrophages, monocytes, and microglia (Klemm et al., 2020; Friebel 
et al., 2020; Pombo Antunes et al., 2021) (Fig. 1.). Various members of 
the adaptive immune system such as cytotoxic T lymphocytes (CTLs), T 
helper, Tregs and B cells are also found in the GBM TME, though to a 
smaller extent (Klemm et al., 2020). Despite their proportion, and the 
growing body of evidence suggesting the importance of non-cancerous 
immune cells in tumour biology and treatment response, many of the 
specific roles of immune cells within GBM remain elusive. Inherently, 
immune cells perform a positive function in maintaining homeostasis 
with the evolutionary purpose of counteracting disease pathology. In the 
context of GBM, these functions are instead manipulated and aberrantly 
regulated, leading to deleterious effects to the benefit of the cancer. 
Previous research into artificially controlling these non-cancerous im
mune cells led to the discovery of multiple novel cancer immunother
apies. Such discoveries focus on two key factors of cancer biology: 1) The 
immune system’s natural ability to target and kill cancer cells, and 2) the 
propensity for cancer cells to evade this immunological attack by 
generating immunosuppressive signals (Baumeister et al., 2016). Im
munotherapies built upon these understandings have shown significant 
and meaningful results in other malignancies, particularly, metastatic 
melanoma (Schadendorf et al., 2015), Hodgkin’s lymphoma (Ansell 
et al., 2015) and multiple haematological cancers (Pan et al., 2019). In 
these contexts, immunotherapies have harnessed the anti-tumour 
properties of the immune system to reduce tumour cell proliferation. 
Whilst immunotherapies have been trialled in GBM, none have pro
gressed to routine clinical implementation. For example, immune 
checkpoint inhibitors including, nivolumab, pembrolizumab, durvalu
mab and atezolizumab have all been trialled in GBM (Stylli, 2020). 
These specific checkpoint inhibitors act to inhibit either the pro
grammed cell death protein 1 (PD-1) receptor, which may be found on 
CTLs and other cells (Zhao et al., 2019), or its associated ligand which 
may be found on tumour cells (Nduom et al., 2016). Unfortunately, 
whilst these therapeutics have proven effective in other cancer types, 
they have shown limited efficacy in improving patient responses in GBM 
(Zhao et al., 2019). The PD-1/PD-L1 pathway is not the only target of 
immune checkpoint inhibitors however, with Cytotoxic-T-Lymphocyte 
associated protein 4 (CTLA-4) blockade being another alternative goal. 
CTLA-4 may be targeted by the monoclonal antibody ipilimumab, 

though this has had mixed and conflicting results in GBM (Duerinck 
et al., 2021; Omuro et al., 2017; Chen et al., 2023).

In addition to immune cells, common central nervous system (CNS) 
resident cells are also found within the GBM TME, including neurons 
and astrocytes (Broekman et al., 2018). Astrocytes have been shown to 
exhibit a myriad of functions in GBM including, altering transcription in 
the GBM cells and transferring mitochondria to these cells (Kim et al., 
2019; Mega et al., 2020; Watson et al., 2023) (Fig. 1.). Additionally, as 
abundant cells in the CNS, astrocytes constitute a significant proportion 
of the cells present in the GBM TME (Karimi et al., 2023) and may be 
further subdivided into a number of unique subpopulations (John Lin 
et al., 2017). These subpopulations differ in their immunological ac
tions, either promoting or suppressing inflammation following interac
tion with other members of the GBM TME, such as microglia and GBM 
cancer cells (Andersen et al., 2021; Perelroizen et al., 2022; Henrik 
Heiland et al., 2019; Faust Akl et al., 2025). Due to the potential shared 
lineage of astrocytes and GBM tumour cells, it has been suggested that 
GBM cancer cells can transform astrocytes into a tumour-like state 
through the release of various messengers, including extracellular ves
icles and microribonucleic acids (Zeng et al., 2020). These extracellular 
vesicles can be found in the peripheral circulation and, in addition to 
other circulating markers such as circulating tumour cells, are being 
studied for their potential diagnostic and/or prognostic value (Qi et al., 
2023). Furthermore, it has been shown that these extracellular vesicles 
are able to cross the blood-brain barrier (BBB) into the periphery even 
when the BBB remains intact (García-Romero et al., 2017), though the 
BBB is frequently compromised in GBM tumours (Watkins et al., 2014). 
This compromise in the BBB is at least in part due to the extensive 
neovascularisation seen in GBM and the formation of the ‘blood-tumour 
barrier’ (Arvanitis et al., 2020). Control of the vasculature within the 
GBM TME is multifaceted and dynamic, but has been shown to be co
ordinated by GBM cancer cells through changes in the extracellular 
matrix and release of angiogenic factors (Mammoto et al., 2013). Neu
rons are another crucial member of the GBM TME, and have been 
demonstrated to have numerous complex roles (Fig. 1.) (Venkatesh 
Humsa et al., 2015; Venkatesh et al., 2019; Taylor et al., 2023). This 
follows the discovery of the bidirectional cross talk which occurs be
tween neurons and cancer cells (Venkatesh et al., 2019), where GBM 
cells increase the excitability of neurons and the resultant electrical 
stimuli from neurons increases cancer cell proliferation (Venkatesh 
et al., 2019). Additionally, GBM cells have been shown to stimulate the 
release of numerous growth factors from neurons including neuroligin-3 
(NLGL3) (Venkatesh Humsa et al., 2015) and brain-derived neuro
trophic factor (BDNF) (Taylor et al., 2023), which both act to further 
increase tumour cell growth.

2.2. Glioblastoma cancer cells

GBM cancer cells have extensive heterogeneity, are highly plastic 
and are able to adopt varied phenotypes in response to different stimuli 
(Yabo et al., 2021). Despite these barriers many genetic and molecular 
markers of these cancer cells have been identified including: TERT 
promoter region mutations, EGFR amplification and + 7/− 10 chromo
some alterations. Additionally, numerous epigenetic and metabolic al
terations have been associated with GBM that can predispose the cancer 
cells to increased or decreased proliferative capacity (Kozono et al., 
2015; He et al., 2023). The heterogeneity characteristic of GBM cancer 
cells results in the presence of multiple subpopulations with different 
phenotypes and ranging maturity (Schmitt et al., 2021). Previous studies 
have divided GBM cancer cells into 4 main cellular states: neural 
progenitor-like, oligodendrocyte-like, astrocyte-like and mesenchymal- 
like (Neftel et al., 2019). Individual GBM tumours vary in the propor
tion of each of these cell types, though the broader tissue architecture 
appears to be organised around sites of hypoxia and necrosis (Greenwald 
et al., 2024; Lv et al., 2024), and immune cell interactions (Ravi et al., 
2022).

H. McLean et al.                                                                                                                                                                                                                                Journal of Neuroimmunology 407 (2025) 578713 

3 



Novel research is increasingly demonstrating the importance of a 
specific subpopulation of GBM cells termed GBM associated stem cells 
(GSCs), important for both patient outcomes and their role in tumour 
proliferation (Sharifzad et al., 2019; Stoyanov et al., 2018; Vollmann- 
Zwerenz et al., 2020; Alves et al., 2021). These cells are marked by a 
characteristic stemness (high proliferative potential, ability to self- 
renew and pluripotency), which is important for treatment resistance, 
disease initiation, cellular heterogeneity and disease recurrence 
(Sharifzad et al., 2019). These four factors all represent key problems 
impeding the successful treatment of this highly invasive cancer. GSCs 
are identified by the following markers: CD133, CD44, CD15, Sex 
determined region Y-box 2 (SOX2) and L1 cell adhesion molecule 
(L1CAM) (Sharifzad et al., 2019; Rodriguez et al., 2022). Almost all of 
these markers have origins in neural or haematopoietic stem and pro
genitor cells (Rodriguez et al., 2022). The specific origin of GSCs is an 
ongoing area of debate and research. Common hypotheses suggest that 
these cells may either originate from normal mature and differentiated 
neural cells through a process of dedifferentiation, or through onco
genesis in existing neural stem cells (Sharifzad et al., 2019). To add 
further complications to the study of GSCs, distinctions between these 
stem cells and more differentiated cancer cells are not always clear with 
studies reporting GBM tumours containing a spectrum of cells existing 
between the two states (Neftel et al., 2019; Wang et al., 2019). Addi
tionally, the features characteristic of GSCs (high proliferative potential, 
self-renewal and pluripotency) are debatably characteristic of all GBM 
cancer cells. This, coupled with the inherent plasticity of GBM cancer 
cells, makes defining this cell type as a distinct subpopulation in the 
GBM TME difficult. Regardless of their origin or distinction as a unique 
cell type, studies have demonstrated that increasing proportions of 
CD133 positive GBM cancer cells (proposed GSCs) correlate with a 
worsening patient survival rate (Pallini et al., 2008; Zeppernick et al., 
2008).

GSCs are considered significant coordinators of the TME, releasing 
numerous immunomodulatory factors at increased rates compared to 
non-stem cancer cells. These factors include: Wnt-induced signalling 
protein 1, periostin, macrophage colony stimulating factor (M-CSF), 
Transforming growth factor β (TGF-β), macrophage inhibitory cytokine 
1, CCL2, CCL5 and CCL7 (Tao et al., 2020; Zhou et al., 2015; Wu et al., 
2010; Yi et al., 2011). Interestingly, many of these factors have been 
shown to not only recruit monocytes, macrophages and microglia, but 
also instruct these immune cells to release immunosuppressive cytokines 
and support GBM cancer cell growth (Tao et al., 2020; Zhou et al., 2015; 
Wu et al., 2010). Future therapeutic developments will therefore need to 
take into account the activity of the target on GSCs, in addition to 
mature cancer cells.

2.3. Microglia and macrophages

Microglia were first conceptualised by Pio del Rio-Hortega in 1932 
(Kettenmann et al., 2011) and, as the CNS-resident ‘macrophages’, have 
since been proposed to be involved in the development of both neuronal 
and non-neuronal cells (Andoh and Koyama, 2021; Li and Barres, 2018; 
Touil et al., 2023; Lloyd et al., 2019; Parkhurst Christopher et al., 2013; 
Frost and Schafer, 2016), along with an extensive variety of CNS pa
thology (Lier et al., 2021). Of note, these cells are distinct from the 
embryonically-derived tissue-resident macrophages found at the bor
ders of the CNS which represent a unique population (Mrdjen et al., 
2018; Goldmann et al., 2016). Following their discovery, several distinct 
microglial phenotypes have been identified. These phenotypes include: 
resting or ramified, activated, amoeboid and dystrophic (Lier et al., 
2021). Ramified microglia, are defined by long complex branching 
processes, small soma (Jinno et al., 2007) and a highly dynamic nature 
(Kamei and Okabe, 2023). Ramified microglia use these processes to 
survey the microenvironment and assist with maintenance of neuronal 
and synaptic integrity (Li et al., 2023). In contrast, activated microglia 
have a larger cell body, with the presence of lamellipodia (Lier et al., 

2021; Vidal-Itriago et al., 2022). Once activated, microglia and macro
phages may be further characterised on the gradient of ‘activation 
states’ which lies between the ‘M1’ and ‘M2’ poles (Guo et al., 2022). 
This activation gradient is similarly observed in both blood-derived 
macrophages and monocytes (Jurga et al., 2020). It is important to 
note that the terms ‘M1’ and ‘M2’ are antiquated and suggest binary 
activation states rather than the gradient of activation states and plas
ticity seen in vivo. In order to better capture this increasing complexity, 
this review will refer to these activation states as either ‘M1-like’ or ‘M2- 
like’.

The ‘M1-like’ state or classical activation is marked, for example, by 
the expression of major histocompatibility complex (MHC) II, inducible 
nitric oxide synthase, CD11b and CD11c, and costimulatory molecules 
such as CD36 and Fc receptors (Guo et al., 2022; Jurga et al., 2020; 
Ghosh et al., 2016; Lisi et al., 2017). Furthermore, it is typically referred 
to as being highly ‘pro-inflammatory’ and is associated with cytokines 
such as IL-1β and tumour necrosis factor α (TNFα), as well as production 
of reactive oxidative species (ROS) and nitric oxide (Ghosh et al., 2016). 
The exact effects of ‘M1-like’ polarized macrophages/microglia on GBM 
growth are complex and incompletely defined, however, are typically 
expected to reduce tumour growth and increase patient survival, as seen 
in other tumours (Honkanen et al., 2019). This hypothesis would be in 
line with a recent study which found that blocking the PD-1 axis both 
promoted an ‘M1-like’ phenotype in microglia and blocked the growth 
of a glioma cell line (Wang et al., 2024). There are a number of different 
stimuli which may promote the maturation of ramified microglia or 
macrophages into an ‘M1-like’ polarized state, including: granulocyte- 
macrophage colony-stimulating factor (GM-CSF) (Kim and Son, 2021), 
TNFα and interferon-γ (IFNγ) (Guo et al., 2022; Jurga et al., 2020; Ghosh 
et al., 2016; Kim and Son, 2021). Use of these stimuli to promote ‘M1- 
like’ polarisation in GBM or other cancers may prove beneficial for the 
reasons outlined above but this is yet to be definitively determined 
(Lazarus et al., 2021). However, whilst evidence from other cancer types 
suggests that ‘M1-like’ microglia/macrophages could have potent anti- 
tumour activity, in the context of GBM, many of the inflammatory cy
tokines released by these microglia/macrophages have been associated 
with tumour growth. These include TNFα and IL-6, cytokines which are 
tightly linked with the ‘M1-like’ activation state, yet have been shown to 
support GBM tumour growth and proliferation (Strizova et al., 2023; 
Zhang et al., 2020a; Wei et al., 2021; Saidi et al., 2009).

The ‘M2-like’ state or alternative activation is considered to be 
characteristically ‘anti-inflammatory’ and associated primarily with 
tissue repair (Jurga et al., 2020). The identification of this subtype of 
activated microglia/macrophages is typically done using, for example: 
Arg-1, CD163 (Ghosh et al., 2016; Lisi et al., 2017), IL-10 and CD206 
expression (Laffer et al., 2019). The conversion of microglia from a 
primarily inflammatory state to this primarily ‘anti-inflammatory’ 
reparative state is the subject of intense interest within the neuro
immunology community (Cui et al., 2020; Li et al., 2021; He et al., 2020; 
Du et al., 2018). Better understanding of mechanisms controlling ‘M2- 
like’ conversion may represent opportunities to not only halt 
inflammation-induced tissue damage but potentially promote repair. In 
the context of GBM specifically, increased numbers of ‘M2-like’ micro
glia likely contribute to increased tumour growth, highlighted by the 
association of poorer prognosis in GBM patients with increased expres
sion of ‘M2-like’ microglia/macrophages (Xiao et al., 2022). The ‘anti- 
inflammatory’ and neuroprotective actions characteristic of this acti
vation state are mediated by the expression of a number of key cytokines 
and growth factors, such as nerve growth factor (NGF), BDNF, IL-10 and 
TGF-β (Jurga et al., 2020). These factors are likely important contribu
tors to the characteristically immunosuppressive GBM TME though also 
likely protect against overly injurious neuroinflammation. Importantly, 
‘M2-like’ polarisation may be achieved through exposure to IL-4, IL-13, 
IL-10 (Kim and Son, 2021) or M-CSF, which are all commonly found in 
the GBM TME (Chen et al., 2021). However, many of the stimulators of 
the ‘M1-like’ polarisation state discussed above are also up-regulated in 
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GBM (Jarmuzek et al., 2023a). Ultimately, just as there is no true ‘M1- 
M2’ dichotomy seen in vivo, these activation states should be considered 
with nuance and as neither purely beneficial nor deleterious in GBM. 
Therefore, an optimal therapeutic strategy is likely less associated with 
promoting specific activation states (‘M1-like’ vs ‘M2-like’) but rather 
should focus on promoting specific anti-tumour actions in microglia and 
macrophages, e.g. reducing antigen presentation by tumour associated 
macrophages, which could reduce T cell exhaustion and improve 
response to immunotherapy (Polania et al., 2025).

2.4. Monocytes

Another key immune cell type which regulates and influences the 
TME are monocytes. These cells may act directly, or indirectly, via dif
ferentiation into blood-derived macrophages. In humans, 3 monocyte 
phenotypes have been defined, including: classical (marked by 
CD14+CD16+), non-classical (CD14DimCD16+) and intermediate 
monocytes (intermediate for CD14 and CD16) (Kapellos et al., 2019). 
The functional distinctions between these phenotypes are less well 
defined when compared to ‘M1-like’ and ‘M2-like’ macrophages; how
ever nonclassical monocytes are marked by a reduction in inflammatory 
markers (Gjelstrup et al., 2018). It was initially proposed that non- 
classical monocytes specifically gave rise to ‘M2-like’ polarized macro
phages, while the same was true for classical monocytes and ‘M1-like’ 
macrophages; however this relationship remains uncertain (Orekhov 
et al., 2019). The capacity of monocytes to differentiate into ‘M2-like’ 
macrophages appears to be exploited by GBM cancer cells, which have 
been shown to signal for this differentiation by the release of factors such 
as extracellular vesicles (de Vrij et al., 2015). The importance of 
monocytes and their conversion to ‘M2-like’ macrophages is further 
highlighted by their putative prognostic value, where increases in 
monocytes or ‘M2-like’ macrophages is associated with worsening gli
oma patient survival (Zhang et al., 2021).

2.5. Neutrophils

Neutrophils, or polymorphonuclear cells, are the most common 
circulating immune cells in humans and are quickly recruited to sites of 
infection or tumours (Lin et al., 2021). Research has both shown their 
potential prognostic/predictive value and explored their effects within 
the GBM TME. While absolute neutrophil counts have not been found to 
be predictive of GBM prognosis (Lopes et al., 2018), the ratio of 
neutrophils-to-lymphocytes has been found to be predictive of overall 
survival, where increases in this ratio is associated with a worsening 
prognosis (Jarmuzek et al., 2023b). This ratio has also been associated 
with response to novel treatment modalities such as longer overall 
survival seen in low neutrophil-to-lymphocyte ratio patients treated 
with a combination of bevacizumab and irinotecan (Haksoyler et al., 
2021). Similarly, an increased proportion of neutrophils in the brain has 
been associated with IDH wild-type gliomas compared to IDH mutant 
(Maas et al., 2023). ‘Pro-tumour’ neutrophils are known to contribute to 
immune suppression and angiogenesis whilst ‘anti-tumour’ neutrophils 
can induce apoptosis and cytotoxicity in GBM cancer cells (Khan et al., 
2020). However, neutrophils associated with the GBM TME typically 
assume a pro-tumour phenotype with reduced ROS production, pro
longed survival, increased immunosuppression and increased promotion 
of angiogenesis (Maas et al., 2023). These phenotypic changes were 
induced following interactions with the myeloid cells of the GBM TME 
(Maas et al., 2023). Conversely, following exposure to GBM cancer cells, 
neutrophils have been shown to adopt an antigen presenting cell-like 
appearance, involving an upregulation of MHC II (Lad et al., 2024). 
This change was shown to result in an increase in T cell recruitment to 
the tumour and decrease in tumour growth in a GBM mouse model (Lad 
et al., 2024).

2.6. Myeloid-derived suppressor cells

Myeloid-derived suppressor cells (MDSCs) are a recently defined cell 
type divided into either the monocytic and polymorphonuclear subsets, 
depending on the cell lineage from which they were derived (Veglia 
et al., 2021). It has been hypothesised that these cell types develop 
following the pathological activation of the myeloid component of the 
bone marrow, where there is chronic expression of myeloid growth 
factors and inflammatory signals (Veglia et al., 2021). This mechanism 
likely explains the notable increase in MDSCs seen in the cancer setting, 
as increased expression of these growth factors and inflammatory signals 
are a common feature of tumour development (Umansky et al., 2016). 
Importantly, distinguishing between these cells and other poly
morphonuclear/monocytic cells is difficult, with no single marker being 
sufficient (Damuzzo et al., 2015). The main feature which separates 
these MDSCS is their potent immunosuppressive actions (Khan et al., 
2020; Veglia et al., 2021). MDSCs produce factors such as IL-10 and have 
increased expression of immune checkpoint proteins, such as Pro
grammed death ligand 1 (PD-L1) and Fas ligand (FasL) to inhibit the 
actions of T cells and NK cells (Krishnamoorthy et al., 2021). Impor
tantly, both polymorphonuclear and monocytic MDSC subsets have been 
found to be increased in the periphery of GBM patients compared to 
lower grade gliomas and healthy controls (Alban et al., 2018; Gielen 
et al., 2016), and are associated with worsening overall survival (Alban 
et al., 2018). In addition to their immunosuppressive actions, MDSCs 
have been shown to play other complex pro-tumour roles including 
promoting angiogenesis, through the release of vascular endothelial 
growth factor (VEGF) (Yang et al., 2004), and promoting invasion, 
through the release of matrix metalloproteinases (Du et al., 2008). A 
final recently suggested role of MDSCs is the production of growth fac
tors to support the growth of GSCs. In a recent publication, Jackson et al. 
(Jackson et al., 2025) identifies a unique subset of MDSCs termed early 
MDSCs, which is strongly associated with GBM. This compares to other 
glioma types including grade 4 IDH-mutant astrocytomas, where very 
few early MDSCs were present (Jackson et al., 2025). These early MDSCs 
were shown to be recruited to, and cluster around, GSCs (Jackson et al., 
2025). Once recruited, early MDSCs likely support the growth of the 
GSCs leading to the dramatic reduction in overall survival reported in 
patients with high early MDSC expression (Jackson et al., 2025).

2.7. Natural killer cells

Natural killer (NK) cells are cytotoxic innate lymphoid cells that act 
with a similar function to CTLs, releasing pro-inflammatory cytokines 
and chemokines and releasing lytic vesicles (containing perforin and 
granzyme) to specifically lyse virally infected or cancerous cells (Wolf 
et al., 2023). Unlike CTLs, which are activated by specific antigens 
presented on MHC I, NK cells are coordinated by a complex series of 
activating and inhibitory signals expressed by host cells (Wolf et al., 
2023). These activating signals are upregulated during times of cellular 
stress such as during the transformation into a cancer cell, making NK 
cells a potent defence against tumour development (Wolf et al., 2023). A 
notable inhibitory signal for NK cells is the MHC I molecule which is 
frequently downregulated on cancer cells (Cornel et al., 2020), enabling 
removal of cancer cells which may otherwise evade CTL detection. Due 
to these actions, the increased presence of NK cells have been positively 
associated with overall survival in a range of cancer types, such as 
colorectal cancer (Tang et al., 2020), hepatocellular carcinoma, and a 
range of other solid tumour types (Zhang et al., 2020b). However, the 
prognostic value of NK cell presence has not been shown in gliomas 
(Zhang et al., 2020b). NK cells have been shown to have a strong pro
tective effect against systemic GBM metastases, which are rarely seen 
without NK cell suppression (Lee et al., 2015). Importantly, extracranial 
metastases in GBM are very uncommon, constituting just 0.2–2 % of 
GBM cases (Wu et al., 2021). One possible explanation for this is the 
difference between tumour associated NK cells and peripheral NK cells. 
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Shaim et al. (Shaim et al., 2021) have shown healthy allogeneic NK cells 
to specifically target GBM cancer cells over astrocytes. This lytic func
tion was reduced in tumour associated NK cells compared to their pe
ripheral or healthy allogeneic counterparts (Shaim et al., 2021). Certain 
NK cell-related gene signatures have also been associated with favour
able GBM prognosis, such as low expression of ULBP1 (Li et al., 2022a) 
and CD73 (Wang and Matosevic, 2019). These associations suggest that 
NK cells alone may not be sufficient to significantly impact GBM tumour 
development but with optimisation (limiting inhibitory signals and 
increasing activating signals) they may represent crucial therapeutic 
targets in GBM.

2.8. Dendritic cells

Dendritic cells (DCs) represent the bridge between the innate and 
adaptive immune system, specialising in antigen presentation and 
priming of naïve T lymphocytes (Del Prete et al., 2023). These cells can 
be largely divided into three subgroups: conventional DC1s (cDC1s), 
cDC2s and plasmacytoid DCs (pDCs) (Del Prete et al., 2023). Specif
ically, cDC1s specialise in promoting CTL responses (by presenting an
tigens on MHC I) while cDC2s specialise in promoting CD4+ T responses 
(by presenting antigens on MHC II), though both are capable of pre
senting to either CD4+ or CD8+ T cells (Del Prete et al., 2023). pDCs are 
known to be the major producers of type I interferons (Del Prete et al., 
2023). Type I interferons are especially notable in cancer due to their 
key functions in reducing tumour cell proliferation and increasing im
mune responses (e.g. increasing NK cell and DC activation whilst 
decreasing MDSC activity) (Yu et al., 2022; Lim et al., 2023). In the 
context of GBM, type I interferons have been shown to decrease the 
proliferation of both mature GBM cancer cells and GSCs (Du et al., 
2017). cDC1s represent a potentially key immune cell type in cancer due 

to their promotion of CTL and Th1 type responses and recruitment of 
these T cell types to the tumour location (Srivastava et al., 2019). 
Decreased cDC1 numbers has consequently been associated with 
decreased overall survival in a number of cancer types, including breast 
cancer and head and neck squamous cell carcinoma (Broz Miranda et al., 
2014). Similarly, knock out of cDC1s has been associated with an 
inability to reject transplanted tumours in mouse models (Spranger 
et al., 2017). Expansion of cDC1s has also been shown to improve the 
efficacy of immunotherapies, such as anti-PD-L1, in promoting anti- 
tumour responses (Salmon et al., 2016). Promotion of cDC1s may 
therefore represent a novel therapeutic strategy to act as an adjuvant 
with existing immunotherapies in GBM. cDC2s, in contrast, are less well 
characterised in cancer and GBM more specifically (Srivastava et al., 
2019; Hu et al., 2023), though have been shown to be more numerous in 
GBM tumours compared to cDC1s (Friedrich et al., 2022).

3. Harnessing innate immune cells for GBM treatment

The many roles innate immune cells have been shown to play in the 
GBM discussed above, highlight the incredible potential of targeting 
these cell types for the treatment of GBM. The potential importance of 
targeting innate immune cells is further highlighted by the lack of suc
cess in treating GBM with immunotherapies which target the adaptive 
immune system more directly, eg. anti-CTLA4 and anti-PD-L1. In line 
with this a number of new techniques and drug targets have come under 
investigation (Fig. 2.). These novel therapies have investigated modi
fying the innate immune system at every step of its activity, including 
targeting: innate immune cytokines, cell surface and endosomal re
ceptors, biochemical pathways, and exogenously modifying the cells 
themselves.

Fig. 2. Techniques for harnessing the innate immune system to treat glioblastoma. Numerous techniques for harnessing the innate immune system of the glio
blastoma tumour microenvironment are under investigation. These include DC vaccines which prime CTLs enabling killing of tumour cells, CAR-NK cells which 
express chimeric antigen receptors (CARs) to recognise tumour cells, and finally TLR agonists and STING pathway activators which both stimulate the production of 
type I interferon and promote immune cell activation. The outcomes of harnessing innate immune cells with these therapies are highlighted, including: inducing 
cytotoxicity downstream of a number of different recognition pathways (TCR, CAR and NKG2D) and suppressing growth via actions of type I interferons. TLRs may 
also be found on glioblastoma cancer cells and as such TLR agonists may inadvertently promote cancer cell growth. Abbreviations used: GBM = glioblastoma, 
Cytotox. = cytotoxicity, DC = dendritic cells, NK cells = natural killer cells, CTLs = cytotoxic T lymphocytes, TCR = T cell receptor, CAR = chimeric antigen receptor, 
IFN = interferon, TLR = toll-like receptor, IRF3 = interferon regulating factor 3, NKG2D = natural killer group 2D, cGAS = cyclic GMP-AMP synthase, cGAMP = 2′3’ 
cyclic GMP-AMP, and STING = stimulator of interferon genes. Figure created with BioRender.com.
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3.1. Targeting cytokines, growth factors and cell signalling molecules

Targeting the various cytokines and growth factors produced by the 
cancer cells and immune cells present within the TME represents a 
promising therapeutic strategy. Their inhibition may result in dual 
synergistic effects by both limiting their growth promoting effects on 
cancer cells and the influence they exert on the immune cells of the TME. 
One already approved drug for treatment of GBM is bevacizumab, a 
monoclonal antibody which targets and inhibits VEGF leading to 
reduced angiogenesis and cerebral oedema (Narita, 2015). This has been 
shown to lead to a significant reduction in GBM growth rate in murine 
models with high VEGF expressing GBM tumours (García-Romero et al., 
2020). Importantly, bevacizumab was not been shown to have a cyto
toxic effect on GBM cancer cell lines in vitro (Simon et al., 2014), sug
gesting the reduced growth seen in vivo in GBM mouse models is a 
downstream effect of reduced angiogenesis rather than direct cytotoxic 
effects. In GBM patients, the use of bevacizumab is only associated with 
increased progression-free survival and is not significantly associated 
with increased overall patient survival (Kaka et al., 2019). Despite the 
successful translation of this antibody, others have failed to translate 
into clinical practice. Numerous antibodies have been shown to cross the 
BBB and enter the tumour (Mariani et al., 1997; Rades et al., 2010; 
Ulaner et al., 2018), though this penetrance may not be sufficient to 
produce a therapeutic effect. Therefore, a number of small molecule 
inhibitors are being investigated in the hope that these have a further 
improved penetrance and biodistribution. These small molecule in
hibitors include galunisertib, a small molecule inhibitor of TGF-β re
ceptor I, which was shown to be well tolerated but did not lead to 
significant improvements in overall survival in a phase II clinical trial 
(Brandes et al., 2016). This failure comes despite previous studies 
showing inhibition of TGF-β signalling with galunisertib increased NK 
cell activity and overall survival in a GBM mouse model (Shaim et al., 
2021).

Colony stimulating factor 1 receptor (CSF1R), which is important for 
macrophage and microglia survival and activity (Chitu et al., 2016), is 
another target of interest. Interestingly, despite its role in macrophage 
survival, inhibition of the CSF1R in a transgenic GBM mouse model was 
not shown to reduce macrophage numbers (Pyonteck et al., 2013). 
Instead, inhibition of CSF1R was shown to ‘re-educate’ macrophages, 
where a reduction in ‘M2-like’ polarisation and promotion of ‘M1-like’ 
polarisation was identified (Pyonteck et al., 2013). Additionally, inhi
bition of the CSF1R was shown to reduce tumour size in both transgenic 
and xenograft preclinical mouse models (Pyonteck et al., 2013). How
ever, these successes have not been replicated in clinical trials where 
small molecule inhibitors of CSF1R, such as pexidartinib, have been well 
tolerated but are yet to demonstrate improvements in patient’s 
progression-free survival or overall survival (Butowski et al., 2014; 
Colman et al., 2018). Another molecule of interest is GM-CSF, which has 
complex roles in promoting GBM cancer cell growth and coordinating 
immune response (Curran et al., 2011). GM-CSF has previously been 
utilised as an adjuvant for vaccines in other cancer types, where it has 
been shown to promote inflammation and immune responses (Soiffer 
et al., 1998). Similarly, a number of ongoing clinical trials have begun 
investigating the use of GM-CSF as an adjuvant in combination with 
dendritic cell vaccines for the treatment of GBM (NCT01480479, 
NCT03615404, NCT02078648). However, in the context of GBM TMEs, 
GM-CSF is frequently upregulated and has been demonstrated to pro
mote the immunosuppressive activity of MDSCs (Kohanbash et al., 
2013). Additionally, GM-CSF produced by GBM cancer cells has been 
shown to promote eosinophil activity and viability (Curran et al., 2011). 
These eosinophils in turn release growth factors to support GBM cancer 
cell growth (Curran et al., 2011).

3.2. Toll-like receptor agonists

An important first step in the immune response against almost any 

pathogen or tumour cell is the activation of pattern recognition re
ceptors (PRRs) on innate immune cells by pathogen-associated molec
ular patterns (PAMPs) or damage-associated molecular patterns 
(DAMPs) (Li and Wu, 2021). PAMPs are molecular patterns which are 
generally only produced by pathogens and foreign bodies and therefore 
aid the body in distinguishing ‘self’ from ‘non-self’ (Li and Wu, 2021). 
Conversely, DAMPs are proteins and metabolites naturally produced and 
released by host cells during times of stress, inflammation, cellular 
damage or cell death (Li and Wu, 2021). These factors are strongly 
associated with tumour development and therefore highlight the 
importance of DAMPs and PRRs in initiating and propagating anti- 
tumour immune responses. Toll-like receptors (TLRs) represent some 
of the first discovered PRRs (Li and Wu, 2021) and have since been 
extensively studied in the context of cancer. TLRs are widely expressed 
on both innate and adaptive immune cells, including monocytes, mac
rophages, microglia, neutrophils, DCs, NK cells and T cells (Iwasaki and 
Medzhitov, 2004; Fiebich et al., 2018; Prince et al., 2011). Their acti
vation can promote multiple anti-tumour responses in these cell types, 
depending on the specific TLR activated (Gillard et al., 2024). These 
anti-tumour responses include: activation of the NF-κB pathway, leading 
to increased survival, proliferation and production of pro-inflammatory 
cytokines in these immune cells; increases in the expression of co- 
stimulatory molecules necessary for activation of T cells; and type I 
interferon production, in the case of TLR3 and TLR4 activation 
(Kaczanowska et al., 2013). Activation of these anti-tumour mechanisms 
highlights the potential of TLR agonists as a novel therapeutic strategy, 
either to be used alone or concomitantly with other treatments.

Several recent trials have investigated the potential of TLR agonists 
in the treatment of GBM. Due to the wide expression of TLRs and highly 
immunogenic nature of TLR agonists, these drugs are frequently inves
tigated as an adjuvant in combination with cancer vaccines. Here TLR 
agonists can work synergistically with cancer vaccines by increasing the 
immunogenicity, whilst the cancer vaccine can improve the specificity 
of the response. In orthotopic GL261/CT-2A murine glioma models this 
combination (of glioma antigens and intracranially injected TLR ago
nists) led to the promotion of tertiary lymphoid structures in the tumour 
and increased animal survival (Shen et al., 2024). Similarly, a phase II 
clinical trial found the addition of TLR agonists significantly improved 
interferon response to a DC vaccine and led to improved progression- 
free survival in GBM and improved overall survival in grade III glioma 
patients (Everson et al., 2024). Conversely, expression of multiple TLR 
subtypes has also been reported on glioma and GBM cancer cells (Xun 
et al., 2021), with increased expression of TLR9 being associated with 
worsening patient prognosis (Mu et al., 2017). Similarly, TLR4 knock 
out in a U-87 MG xenograft GBM mouse model significantly reduced 
tumour volume and increased cellular apoptosis (Casili et al., 2018). 
This study utilised an immunodeficient mouse model however, meaning 
it does not include the potential effects TLR4 knock out may have on 
immune cells in the GBM TME. In line with this, increased TLR4 
expression has also been associated with increased median survival in 
GBM patients (Alvarado et al., 2017). This suggests that TLR agonists 
should be carefully investigated to ensure accurate TLR subtype acti
vation is achieved.

3.3. STING/cGAS pathway activators

The cyclic GMP-AMP synthase (cGAS)/stimulator of interferon genes 
(STING) pathway represents another important PRR in the recognition 
of cancer (Decout et al., 2021). cGAS recognises double stranded DNA 
(dsDNA), leading to the formation of 2′3’ cyclic GMP-AMP (cGAMP), 
which in turn binds to STING leading to increased production type I 
interferons and pro-inflammatory mediators (Decout et al., 2021). 
Recognition of dsDNA in the cytosol represents an important defence 
against viral infection but also enables the early detection of cancer, 
where extensive DNA damage leads to dsDNA accumulation in the 
cytosol of tumour cells and leakage during tumour cell turnover and 
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death (Gan et al., 2021). This extracellular dsDNA is then taken up by 
innate immune cells, notably macrophages and DCs, leading to their 
activation, initiation of an anti-tumour response, and presentation of 
tumour antigens to adaptive immune cells (Gan et al., 2021). Missense 
mutations in the STING gene in a GL261 mouse model of glioma have 
been associated with reductions in interferon production and CTL 
number (Ohkuri et al., 2014). Additionally, increases in the number of 
MDSCs and Tregs was observed, which (when combined with the de
creases in interferon production and CTL number) may explain the 
decrease in overall survival observed in this model (Ohkuri et al., 2014). 
Conversely, STING agonism (with c-di-GMP, a cyclic dinucleotide and 
STING agonist) led to significant reductions in tumour volume and in
creases in brain infiltrating CD8+ CTLs (Ohkuri et al., 2014). STING 
agonism with ADU-S100, a cyclic dinucleotide and STING agonist, has 
been shown to significantly increase NK cell infiltration in a CT-2A 
mouse model of glioma and improve survival in an NK cell dependent 
manner (Berger et al., 2022). Despite the preclinical efficacy, when 
translating these studies into human clinical trials, only a small subset of 
cancer patients were shown to respond (Low et al., 2024). It’s possible 
that this limited response is due to the relatively short half-life of STING 
agonists. For example, ADU-S100 demonstrated a half-life of just 24 min 
in a recent phase I clinical trial (Meric-Bernstam et al., 2022). Similarly, 
rapid tumour extravasation of the cyclic dinucleotides used as STING 
agonists may also contribute to limited translatability (Jang et al., 
2021). With pharmacodynamic and pharmacokinetic optimisation, 
STING agonists may represent potent novel therapies for the treatment 
of GBM.

3.4. Dendritic cell vaccines and cell-derived antigens

DCs are a critical link between the innate and adaptive immune 
systems, and are significant activators of T cell responses. DC vaccines 
seek to specifically amplify this pathway in the cancer setting. To pro
duce DC vaccines, DCs are derived from a patient’s own monocytes and 
are exposed to tumour associated antigens, and are then infused back 
into the patient (Datsi and Sorg, 2021). These infused DCs then migrate 
to the lymph nodes with the goal of driving a specific anti-tumour 
response and immunological memory (Datsi and Sorg, 2021). This 
technique has proven highly effective in animal models, providing sus
tained protection against primary glioma tumours and tumour rechal
lenges up to 50 days later (Heimberger et al., 2000). Additionally, a 
recent meta-analysis into phase II clinical trials found DC vaccines, in 
combinational with convention therapy, was well tolerated and led to a 
significant increase in overall survival (Lv et al., 2020). Despite these 
promising outcomes, phase III studies have historically been met with 
mixed results (Li et al., 2022b). Liau et al. (Liau et al., 2023) published a 
recent phase III study into both recurrent and newly diagnosed GBM 
patients which is perhaps the first study of its kind to report significant 
improvements in overall survival (~2.8 month improvement in median 
overall survival in newly diagnosed GBM patients compared to control 
groups and ~ 5.4 month improvement in median overall survival in 
recurrent GBM patients). Further, this DC vaccine was well tolerated, 
with only 5 serious adverse events being reported by the 296 total pa
tients which received a vaccine dose (Liau et al., 2023).

However, this study has been criticised for its methodological design 
including selection bias, a change in primary end-point, cross-over 
design and the use of historical or external control groups (Gatto et al., 
2023). Beyond these methodological challenges are also barriers 
intrinsic to basic GBM biology, namely: a highly immunosuppressive 
microenvironment and the relatively low mutation rate of GBM 
compared to other cancer types (Datsi and Sorg, 2021). This low mu
tation rate results in only a small number of neoantigens being produced 
for T cells to be effectively primed against (Nejo et al., 2019), potentially 
explaining the variable responses previously reported. However, thera
pies that are targeting the immunosuppressive microenvironment 
characteristic of GBM are also in development. For example, the 

combination of DC vaccines with TLR agonists or STING/cGAS pathway 
activators could lead to improved efficacy. Such combinations have led 
to promising phase II results in both GBM (Everson et al., 2024) and 
other cancer types (Wilgenhof et al., 2016), though to our knowledge 
have not been reported in phase III trials thus far.

3.5. Chimeric antigen receptor NK cells

Recently, there has been several successes in the use of chimeric 
antigen receptor (CAR) T cells for the treatment of haematological 
cancers, with several now approved for use by the Federal Drug 
Administration (Sengsayadeth et al., 2022). CAR-T cells are developed 
by adding a synthetically developed antigen receptor which can direct 
patient’s own T cells towards a specific clinical target (eg. CD19 in B cell 
malignancies) (Sterner and Sterner, 2021). In the setting of GBM, CAR-T 
cells have produced promising pre-clinical results (Prapa et al., 2021; 
Choe et al., 2021), however, clinical trial results have been limited 
(Maggs et al., 2021). These limited results may in part be explained by 
the GBM cellular heterogeneity and antigenic shift (Sterner and Sterner, 
2021). CAR-NK cells are a recent development which seek to alleviate 
these limitations. Notably, CAR-NK cells have multiple mechanisms for 
activating cellular cytotoxicity, via both the CAR and the normal 
mechanisms of NK cell activation. This is especially relevant in GBM 
where the characteristic heterogeneity and cellular plasticity add diffi
culties in CAR target selection. CAR-T cells are also associated with high 
rates of cytokine release syndrome (Xie et al., 2020), neurotoxicity and 
acquired resistance to therapy (Maggs et al., 2021). In comparison CAR- 
NK cells are thought to have less side effects, due to NK cells having a 
less inflammatory cytokine profile compared to CTLs (Xie et al., 2020). 
CAR-NK cells have the additional benefit of potential ‘off-the-shelf’ ap
plications (Xie et al., 2020), where less strict HLA matching is required 
to avoid graft-versus-host disease (Siegler et al., 2018). Research into 
CAR-NK cells for treatment of cancer and GBM more specifically is still 
in its infancy, though current preclinical, phase I and phase II results are 
promising. Injection of EGFRvIII targeting CAR-NK cells resulted in a 
significant improvement in survival in an immunocompetent GBM 
mouse model compared to mice injected with NK cells lacking the CAR 
(Ma et al., 2021). This improvement in survival was further increased 
when CAR-NK cells were co-administered with an oncolytic virus 
expressing the IL-15 cytokine (Ma et al., 2021). Other preclinical studies 
on CAR-NK cells targeting either HER2 or B7-H3 have reported similar 
increases in survival compared to placebo mice (Tachi et al., 2024; 
Strecker et al., 2022; Zhang et al., 2016). A recent phase I study into 
intracranially injected CAR-NK cells targeting HER2-positive GBM 
demonstrated effective safety profiles, with none of the participants 
developing cytokine release syndrome or dose-limiting toxicities 
(Burger et al., 2023). If proven effective in future phase III trials, the 
improved safety profile and multiple mechanisms of cellular cytotoxicity 
of CAR-NK cells may therefore be especially significant in the treatment 
of GBM.

4. Future considerations

As understanding of the complex and varied roles the innate immune 
system plays in the GBM TME continues to grow, the importance of these 
cells in GBM treatment is only further highlighted. Whilst previously 
overlooked in favour of immunotherapies which targeted the adaptive 
immune system, novel research is revealing potential mechanisms for 
targeting the innate. Many of these techniques discussed above have 
proven highly effective in both cell culture and animal models, though 
are yet to demonstrate significant effects in larger clinical trials. These 
failings highlight that the greatest utility for harnessing the innate im
mune system in GBM is unlikely to come from using these techniques in 
isolation, but from using them in combination with other therapies. As 
innate immune cells are frequently the effector cells downstream of 
adaptive immune cells, utilising immunotherapies which target both the 
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adaptive and innate are likely to demonstrate synergistic effects. This is 
especially relevant in the context of GBM, where the extensive hetero
geneity and highly immunosuppressive TME limit the efficacy of any 
one single treatment alone.

Other unique barriers in the treatment of GBM include its location 
within the brain. Future studies will need to investigate not only the 
effectiveness of a drug on its target but also its specificity for the tumour, 
ability to cross the BBB (despite the BBB frequently being compromised 
in GBM) and its overall pharmacokinetic and pharmacodynamic profile. 
The innate immune system functions normally systemically, with the 
aberrant behaviour demonstrated in GBM, largely concentrated with the 
tumour region of the brain. Furthermore, the “immune privileged” na
ture of the CNS often results in the innate immune system present 
behaving uniquely compared to other areas of the body. An emphasis 
should therefore be placed on localising treatment effects to the GBM 
TME, in order to avoid unexpected systemic side effects which may be 
produced by these innate immune cell modifying therapies. Further
more, the location within the brain makes extensive neuroinflammation 
highly undesirable, potentially resulting in high levels of neurotoxicity. 
Rather than promoting ‘M1-like’ responses or highly pro-inflammatory 
response, effective therapies should specifically limit pro-tumour func
tions of tumour-associated macrophages, microglia, neutrophils, MDSCs 
and other innate immune cells, whilst simultaneously avoiding affecting 
otherwise beneficial functions of these cell types.

CAR-NK cells represent a particularly promising therapeutic strat
egy, with a high degree of specificity for the tumour and a potentially 
improved safety profile compared to the existing CAR-T cells. Whether 
this technique can effectively overcome the highly immunosuppressive 
GBM TME and whether suitable neoantigen targets can be identified still 
remains to be determined. Similarly, DC vaccines promise a high degree 
of specificity, yet have frequently been shown to be insufficiently 
immunogenic. The most optimal therapeutic strategy is therefore likely 
to come from combining these highly specific treatments with those that 
could alleviate the immunosuppressive GBM TME, eg. TLR agonists, 
STING/cGAS pathway activators or inhibitors of immunosuppressive 
cytokines and growth factors.

5. Conclusion

GBM is characterised by its extremely poor prognosis, which has not 
dramatically improved in the past two decades. Furthermore, previous 
drug trials have been largely unsuccessful. The innate immune cells of 
the TME represent a crucial target, demonstrating vast proposed roles in 
GBM proliferation and patient survival, though their exact mechanisms 
and roles remain unknown. GSCs and innate immune cells make up the 
majority of cells within the GBM TME. Increased study into the complex 
relationships which exist between these cells and mature GBM tumour 
cells are a key area of research for developing novel therapeutic targets. 
This review has outlined a number of novel techniques for harnessing 
the innate immune system currently under investigation, though few 
have yet made it to phase II-IV clinical trials, leaving much about their 
behaviour and effectiveness still uncertain. The large number of innate 
immune cells present in the body and tumour specifically, and the many 
functions they display, highlight their potential utility. Often these cell 
types are simultaneously beneficial and deleterious to a patient’s overall 
health. Therefore, with increased understanding of the highly inter
connected relationship which exists between innate immune cells and 
GBM, and by harnessing the anti-tumour potential of these crucial cells, 
we may be able to discover a much-needed therapy for this devastating 
cancer.
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