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Glioblastoma (GBM) is the most common malignant brain cancer. Increasing evidence

suggests that mitochondrial dysfunction plays a key role in GBM progression as

mitochondria is essential in regulating cell metabolism, oxidative stress, and cell death.

Meanwhile, the immune microenvironment in GBM is predominated by tumor-associated

macrophages and microglia (TAM), which is a heterogenous population of myeloid

cells that, in general, create an immunosuppressive milieu to support tumor growth.

However, subsets of TAMs can be pro-inflammatory and thereby antitumor. Therapeutic

strategies targeting TAMs are increasingly explored as novel treatment strategies for

GBM. The connection between mitochondrial dysfunction and TAMs phenotype in the

tumor microenvironment is unclear. This review aims to provide perspectives and discuss

possible molecular mechanisms mediating the interplay between glioma mitochondrial

dysfunction and TAMs phenotype in shaping tumor immune microenvironment.

Keywords: tumor associated macrophages and microglia, mitochondrial dysfunction, mitochondrial DNA, brain

cancer, inflammatory response

INTRODUCTION

Brain cancer is the leading cause of cancer-related deaths in patients younger than 35 (Wen and
Kesari, 2008). Glioblastoma (GBM) accounts for 70% of malignant primary brain tumors, taking
more than 13,000 lives in the United States each year (Wen and Kesari, 2008). GBM remains
an incurable cancer with a 5 year survival <5% and median survival <15 months (Arrigo et al.,
2012; Koshy et al., 2012). The current standard of care is a combination of surgery, chemotherapy,
and radiation, which are of limited efficacy and often cause devastating neurological side effects.
Therefore, safer and more effective therapeutic modalities are urgently needed for GBM.

GBM tumor microenvironment is predominated by a heterogenous population of myeloid
cells composed of brain-resident microglia and bone-marrow-derived macrophages, which
are collectively referred to as tumor-associated macrophages and microglia (TAMs). TAMs
represent about 40% of tumor mass in GBM (Kennedy et al., 2013). Tumor cells has
been shown to dynamically interact with TAMs, a phenotypically plastic population, to
induce an immunosuppressive microenvironment that facilitates tumor growth and evasion of
immunosurveillance. Meanwhile, mitochondrial dysfunction is a hallmark of GBM. Current
studies mostly focus on the impact of mitochondrial dysfunction on intrinsic tumor function.
How tumor mitochondrial dysfunction influences the function of non-tumor cells such as TAMs
is not well-studied. In this review, we will discuss the key features of mitochondrial dysfunction in
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glioma and provide our perspective on how GBM
mitochondrial dysfunction can regulate immune response
in the tumor microenvironment.

HETEROGENOUS MACROPHAGES AND
MICROGLIA IN GLIOMA

The prevalence of TAMs drives the immunosuppressive tumor
microenvironment in GBM. They are associated with poor
prognosis in GBM patients. Interestingly, depletion of TAMs
failed to demonstrate any clinical benefit (Butowski et al., 2016),
which suggests that a subset of TAMs is necessary for effective
antitumor immunity. In classic in vitromacrophage polarization
experiments, macrophages can be polarized into M1-like
(antitumor) macrophage, which produces pro-inflammatory
cytokines [interleukin (IL)-12, tumor necrosis factor alpha (TNF-
α), IL-1ß] or M2-like (protumor) macrophage, which produces
immunosuppressive cytokines such as transforming growth
factor beta (TGF-β) and IL-10. However, recent evidence suggests
that thisM1 andM2 classification is an oversimplification in vivo.
Single cell sequencing of TAMs in human GBM samples showed
a highly heterogenous population that frequently coexpress
pro-inflammatory (M1) cytokines, such as TNF-α, IL1ß, and
immunosuppressive (M2) cytokines, such as IL10, Arg1, vascular
endothelial growth factors (VEGFs), in individual cells at the
transcription level (Müller et al., 2017; Takenaka et al., 2019).
Flow cytometry of patient samples also confirm coexpression of
both M1 marker CD86 and M2 marker CD206 on the protein
level (Müller et al., 2017). In vitro, glioma-conditioned medium
also induced upregulation of both M1-like (Stat1, Cd274, Il1b,
Tnfa, and Il27) and M2-like (Arg1, Vegfa, Il10, Klf4, and Pparg)
markers in macrophages, consistent with TAMs phenotype in
patient samples (Takenaka et al., 2019).

In addition to their functionally heterogenous phenotypes,
TAMs have two distinct cells of origin. Blood-derived
macrophages originate peripherally from bone barrow
monocytes precursors. These cells normally are excluded from
the brain with an intact blood–brain barrier (BBB). In glioma, the
BBB is partially compromised, allowing for peripheral monocytes
to infiltrate into tumors and differentiate into macrophages. This
process is dependent on enhanced expression of the monocyte
chemoattractant family of proteins (MCPs) from tumors and
their receptors on monocytes (such as CX3CR1 and CCR2).
Peripheral monocytes are CX3CR1LoCCR2Hi, but once they are
recruited to the tumor, they transition into CX3CR1HiCCR2Lo

macrophage or CX3CR1HiCCR2− cells (Chen et al., 2017).
Brain-resident microglia is the other major cell type of TAMs.
Microglia are unique resident macrophages that are essential
for normal brain function. Fate-mapping and lineage-tracing
studies have shown that immature yolk sac progenitor cells are
the predominant source of brain microglia.

Recent studies of TAMs have demonstrated significant spatial
and functional heterogeneity within these two major subsets
of TAMs. Single-cell RNA sequencing (scRNAseq) showed that
blood-derived macrophages are enriched in perivascular and
necrotic regions, with upregulations of immunosuppressive

genes and altered metabolic gene signatures (Müller et al., 2017).
Importantly, infiltration of blood-derived macrophages instead
of microglia correlates with poor survival in low-grade glioma
(Müller et al., 2017). ScRNAseq of mouse glioma shows that
there are eight to nine clusters of microglia and three clusters of
blood-derived macrophages (Ochocka et al., 2019). Among the
microglia subsets, there are three major subgroups: one with high
expression of homeostatic microglia signature genes, one with
high transcriptional activity of gene that inhibit nuclear factor
kappa B (NFκB) signaling, and one with increased expression
of genes for antigen presentation (Ochocka et al., 2019). For
blood-derived macrophages, three clusters were also identified:
one characterized by an inflammatory monocyte signature
(Ly6c2, Ccr2, Tgfbi), one with intermediate state of mixed
monocytes and macrophage signature (Ly6c2, Tgfbi), and one
with differentiated macrophage signature (Ly6c2, Ifitm2, Ifitm3,
S100a6) (Ochocka et al., 2019). These findings demonstrate the
dynamic plasticity of both microglia and macrophages in the
tumor microenvironment.

Recently, another type of tissue-resident macrophage was
identified: border-associated macrophages (BAMs) with tissue-
specific transcriptional signatures that reside in the dura
mater, subdural meninges, and choroid plexus (Mrdjen et al.,
2018; Van Hove et al., 2019). BAM is also heterogenous,
which can be characterized into subsets based on CD38,
major histocompatibility complex II (MHCII) expression, and
their specific location in the central nervous system (CNS)
compartment (Mrdjen et al., 2018; Van Hove et al., 2019).
In addition, transcriptional factor IRF8 has been identified to
regulatematuration and diversity of BAM (VanHove et al., 2019).

Given the vast heterogeneity of TAMs, it is critical that
any novel strategies targeting TAMs need to take into account
the effect on specific TAMs subpopulations and the impact on
cancer immunity.

INNATE IMMUNE RESPONSE IN TAMS
AND CROSS TALK WITH GLIOMA CELLS

Macrophages and microglia are critical innate immune cells that
sense signals through pattern recognition receptors (PRRs) such
as Toll-like receptors (TLRs). In the tumor microenvironment,
TAMs are highly plastic and can be educated by cancer cells.
To identify molecular mechanisms regulating immune response
mediated by TAMs, it is critical to develop TAMs-based clinical
strategies. A previous study has shown that, although TAMs in
glioma express TLRs and surface MHC-II, they are not sufficient
to mediate inflammatory/antitumor response when stimulated
with TLR agonist (Hussain et al., 2006). In addition, TAMs are
unable to activate CD4T cells in vitro culture (Hussain et al.,
2006). TLR2 along with TLR1 or TLR6 on tumor-associated
microglia mediates an immunosuppressive role by enhancing
production of matrix metalloprotease (MMP) to facilitate tumor
invasion (Vinnakota et al., 2013; Hu et al., 2014). NFκB signaling
pathway plays a significant role in macrophages and microglia-
mediated inflammatory response. From transcriptional gene
analysis, it has been shown that TLR signaling pathway genes was
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reduced in high-grade gliomas compared to low-grade gliomas.
In particular, IKKβ, a key protein leading to NFκB activation,
is downregulated in high-grade glioma, and downregulation of
IKKβ is correlated with immunosuppressive gene signatures in
tumors (Mieczkowski et al., 2015). A recent study support these
findings by identifying a subset of microglia that highly express
genes that inhibiting NFκB signaling (Ochocka et al., 2019).

Type I interferon (IFN) plays a critical role in antitumor
immunity by promoting antigen presentation in dendritic cells,
enhancing CD8T cell proliferation, and inhibiting regulatory
T cells (Fujita et al., 2010; Ohkuri et al., 2014). Loss of type
I IFN signaling has been linked to tumorigenesis in glioma.
Intratumoral administration of stimulator of interferon gene
(STING) agonist to enhance type I IFN production improved
mouse survival in glioma models. Mechanistically, type I IFN
suppresses FOXP3 regulatory T cells and therefore increases
IFNγ-producing CD8T cells (Ohkuri et al., 2014). In addition,
type I IFN has an inhibitory effect on proliferation of glioma stem
cell (GSCs) and inhibits GSC stemness (Du et al., 2017).

Previous studies suggest that DCs are the major type
I IFN-producing cells by sensing dying tumor cells (Deng
et al., 2014). However, in glioma, CD11b+ myeloid cells
express higher transcriptional level of type I IFN than CD11c+

DCs (Ohkuri et al., 2014). In addition, more recent studies
demonstrated macrophage phagocytes double-stranded DNA
(dsDNA) from dying tumor cells to elicit downstream STING-
type I IFN signaling pathways, resulting in strong tumor
immunogenicity (Ahn et al., 2018; Zhou et al., 2020b).
Considering the prevalence of TAMs in glioma, we speculate
that TAMs play a critical role in sensing dying tumor cells
and thereby producing type I IFN, particularly in the context
of radiation-treated glioma. This is an area worth investigating
more efforts to delineate the cross talk between dying tumor
cells and TAMs response. Furthermore, few studies have
demonstrated the role of cyclic guanosine monophosphate–
adenosine monophosphate synthase (cGAS)–STING pathway in
microglia. In stroke model, cGAS–STING signaling polarized
microglia into pro-inflammatory phenotypes by increasing TNFα
production (Jiang et al., 2020). A neuroinflammation model
showed activation of STING-dependent type I IFN in microglia
reduced microglia activity and attenuate neuroinflammation
(Mathur et al., 2017). These studies suggest that the role
of cGAS–STING type I IFN signaling in microglia is highly
dependent on the disease models, and it is highly interesting
to investigate the role of this pathway in microglia-mediated
antitumor immunity.

FIGURE 1 | Mitochondrial DNA (mtDNA)-induced inflammatory response in cancer. A schematic summary of the potential cross talk between tumor mitochondrial

dysfunction, hence mtDNA release, and tumor-associated macrophages and microglia (TAMs) functional phenotype. Radiation and other mitochondrial stress induce

mitochondrial outer membrane permeabilization (MOMP) and thereby mtDNA release to the cytosol. Antiapoptotic factor Bcl-2 and autophagy inhibit the MOMP and

prevent mtDNA release. mtDNA further activates multiple inflammatory signaling pathways including Toll-like receptor 9 (TLR9), stimulator of interferon gene (STING),

and inflammasome, each of which plays different roles in immune response. On the other side, we hypothesize that tumor-derived mtDNA also stimulates TAMs to

activate cGAS–STING pathways, resulting in type-I interferon (IFN) production in TAMs. In addition, tumor derived cGAMP can be secreted as an immunotrasmitter

that enter TAMs to stimulate STING and thereby Type 1 IFN production. This process could reprogram the TAMs in the tumor microenvironment from

immunosuppressive to antitumor phenotypes.
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In summary, innate immune response of TAMs is educated by
tumor cells and significantly different from other inflammatory
models. Therefore, to identify cancer intrinsic factors that
influence the change of TAMs phenotypes in mediating immune
response could be critical for understanding the cross talk
between cancer cells and TAMs and thereby the development
of TAMs-based cancer treatment (Figure 1). Mitochondrial
dysfunction is a hallmark of glioma and impact multiple
functions of glioma. How mitochondrial dysfunction in tumor
influences innate immune responses is unclear in glioma.
We will provide several perspectives and hypothesis based on
previous findings.

MITOCHONDRIAL DYSFUNCTIONS IN
GLIOMA

Mitochondria play a significant role in the number of
essential cellular processes including metabolism, management
of oxidative stress, and apoptosis. The catabolic engine of
mitochondria produces redox reactions to create flux of
electrons across the inner mitochondrial membrane to produce
ATP. In addition, mitochondria also mediate programmed cell
death, which is controlled by mitochondrial outer membrane
permeabilization (MOMP) (Lopez and Tait, 2015). Following
MOMP, mitochondrial inner space protein cytochrome c is
released into cytosol to activate caspases, resulting in apoptotic
cell death (Lopez and Tait, 2015). Furthermore, mitochondria
are also a main source of reactive oxygen species (ROS),
which is produced by the electron transport chain of the inner
mitochondrial membrane. ROS could cause oxidative damage
to mitochondrial and genomic DNA, affecting mitochondrial
metabolic ability to generate ATP and widely impact many
cellular functions (Murphy, 2009).

Mitochondrial dysfunction is a hallmark of cancer (Pavlova
and Thompson, 2016; Vander Heiden and Deberardinis,
2017). In glioma, mitochondrial function is impaired due to
significant alteration in mitochondrial genome, leading to altered
morphology and abnormal bioenergetics including enhanced
generation of ROS (Guntuku et al., 2016; Strickland and Stoll,
2017). This reprograming causes a shift in metabolism in glioma
cells, creating a decoupling event in the metabolic pathway,
leading to enhanced utilization of glycolytic metabolism instead
of oxidative phosphorylation pathway (Guntuku et al., 2016;
Strickland and Stoll, 2017). As a result of this switch to
glycolytic metabolism, known as the Warburg effect, abnormal
mitochondria phenotypes arise (Guntuku et al., 2016; Strickland
and Stoll, 2017). These abnormal mitochondria phenotypes
include swelling and osmophilic granules, which is thought to
play a role in the invasive nature or pathobiology of gliomas
(Guntuku et al., 2016; Strickland and Stoll, 2017).

Elevated mtROS from dysfunctional mitochondria induces
oxidative stress, which lead to apoptosis through activation of p53
and downstream of bcl-2 family protein. However, glioma cells
can survive this oxidative stress through multiple mechanisms.
Oncogenic activation of PI3K/AKT pathway in glioma can
induce p53 degradation to avoid mitochondrial-stress-induced

apoptosis. Consistently, glioma cells with p53 mutations are
also resistant to mtROS-induced apoptosis (Guntuku et al.,
2016). In addition, ROS generation facilitates protumorigenesis
transcription factors HIF1a and nuclear factor erythroid
2-related factor 2 (NRF2) inevitably driving proliferation
and promotion of cell viability (Pavlova and Thompson,
2016). In summary, mitochondrial dysfunction in glioma
regulates numerous cancer intrinsic pathways involving tumor
metabolism, survival, proliferation, and cell death. In glioma
tumor microenvironment, glioma cells dynamically interact
with other cells such as macrophage/microglia, astrocytes, and
neurons (Antunes et al., 2020). How mitochondrial dysfunction
in glioma affects the cross talk between glioma cells and
other cells are not clear. Below, we will discuss the possible
link between mitochondrial dysfunction in glioma with TAMs-
mediated cancer immunity.

MITOCHONDRIAL DYSFUNCTION AND
IMMUNE RESPONSE

Mitochondria evolutionarily originate from an endocytic event
of a proteobacteria (Zhang et al., 2010; McArthur et al., 2018).
Therefore, mitochondrial DNA (mtDNA), similar to bacteria
DNA, has damage-associated molecular patterns (DAMPs),
which are conserved motifs that potently bind PRRs expressed
by innate immune cells such as TAMs. The release of mtDNA
to cytosol or extracellular environment is a process tightly
controlled by cells and can potently activate innate immune cells.
Mitochondrial dysfunctions and pathological leakage of mtDNA
has been associated with many diseases such as infections,
inflammatory diseases, or stress induced by irradiation or trauma
(Patrushev et al., 2004, 2006; García et al., 2005; Zhang et al., 2010;
Shimada et al., 2012; West et al., 2015).

Mitochondrial-mediated apoptosis is an immunologically
silent event that does not trigger downstream innate immunity,
as the presence of apoptotic caspases suppresses cGAS–STING-
mediated type I IFN production (Rongvaux et al., 2014; White
et al., 2014). However, BAK/BAX-mediated apoptosis is able
to trigger mtDNA-dependent type I production by forming
pores on mitochondrial outer membrane, allowing the release
of mtDNA (McArthur et al., 2018). In addition to activating
STING–type I IFN pathway, mtDNA induces IL-1ß production
during apoptosis by activating NLRP3 inflammasome (Shimada
et al., 2012).

In cancer models, emerging evidence suggest that mtDNA
plays a critical role in antitumor immunity, particularly in
the setting of radiation therapy. mtDNA from tumor receiving
radiation or anti-CD47 antibody, which blocks the “do not
eat me” signal, promotes dendritic cells’ ability to cross
present antigen to CD8T cells (Xu et al., 2017; Fang et al.,
2020). Mechanistically, radiation induces MOMP and release of
mtDNA into the cytosol, thereby potently activating type I IFN
production, which is required for effective abscopal response to
radiation therapy (Yamazaki et al., 2020). Evidence using high-
resolution confocal and conventional microscopy demonstrates
that, following radiation of tumors, cytosolic dsDNA colocalizes
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with mitochondrial elements rather than nuclear envelope
markers. This suggests that mtDNA rather than nuclear DNA
is the primary driver of type I IFN production, highlighting the
importance and potency of mtDNA in mediating RT-induced
innate immune response (McArthur et al., 2018; Yamazaki et al.,
2020). The production of type I IFN is severely compromised in
the presence of autophagy and the antiapoptotic protein Bcl2,
both of which inhibit MOMP and its immunological response
(Yamazaki and Galluzzi, 2020; Yamazaki et al., 2020). Therefore,
a potential strategy for brain tumor treatment is to combine
radiation therapy with Bcl2 or autophagy inhibitor in order to
achieve long-lasting immune-mediated antitumor immunity and
abscopal effect. On the other hand, there is evidence that mtDNA
in certain context could also promote immunosuppression in the
tumor microenvironment. mtDNA has been reported to activate
TLR9 in hepatocellular carcinoma to induce CCL2 production,
which in turns promotes macrophage infiltration and sustain
the immunosuppressive phenotype of macrophages (Bao et al.,
2019). In this context, the release of mtDNA to cytosol is
facilitated by hypoxia tumor microenvironment (Liu et al., 2015).

In glioma, the connection between tumor-derived mtDNA
and the immune response is not clear. As we discussed
above, mitochondrial dysfunction is the hallmark of glioma
and has been associated with release of mtDNA to cytosol
and extracellular space in many diseases’ models. Particularly,
hypoxia, which is also a hallmark of glioma, has been shown to
facilitate the release of mtDNA to cytosol. Therefore, we postulate
that the release of tumor-derived mtDNA to cytosol occurs
commonly in glioma. Considering the abundance of TAMs
in the glioma microenvironment and the mtDNA-dependent
inflammatory response TAMs demonstrate in other diseases
models and cancer types (Collins et al., 2004; Bao et al., 2019),
we hypothesize that mtDNA is an important driver of innate
immunity in glioma. Importantly, considering radiation is the
standard of care in GBM, we also posit that that tumor-
derived mtDNA is critical in mediating response to radiation
therapy through STING–type I IFN pathway. Previous findings
of mtDNA-mediated type I IFN production is focused on cancer
intrinsic signaling (Yamazaki et al., 2020); it is therefore critical in
future studies to investigate the effect of tumor-derived mtDNA
on TAMs.

The source of cGAS-mediated cyclic guanosine
monophosphate–adenosine monophosphate (cGAMP)
generation in the tumor microenvironment is not completely
elucidated. Some evidence suggest that tumor cells are
phagocytosed by DCs or TAMs; then, tumor DNA (nuclear
or mtDNA) subsequently enter the cytoplasm from the
phagosomes to activate the cGAS–STING axis. Several recent
studies, however, demonstrated that type1 IFN production is
dependent on tumor cGAS to generate cGAMP, which can
then be secreted as an immunotrasmitter that enter other cells
such as DC/TAMs to stimulate STING and thereby type 1 IFN
production (Marcus et al., 2018; Carozza et al., 2020; Zhou et al.,
2020a). This mechanism is supported by recent discoveries of
multiple cGAMP transporters such as SLC19A1 and LRRC8
(Luteijn et al., 2019; Zhou et al., 2020a). In addition, a cGAMP
hydrolase, ENPP1, was identified as a tumor-expressed surface

and secreted enzyme to clear extracellular cGAMP as a means of
preventing activation of innate immune cells. ENPP1 inhibitor
could synergize with radiation to enhance immune-mediated
tumor rejection by increasing cGAMP availability in the tumor
microenvironment (Carozza et al., 2020). Therefore, it goes
to reason that a rational strategy in glioma treatment is to (1)
enhance production of cytosolic mtDNA in order to increase
tumor-derived cGAMP and (2) to maximize availability of
cGAMP in the tumor microenvironment. Increasing mtDNA
damage in glioma to enhance its immunogenicity would be
a novel approach to treat GBM. A recent study showed that
monoamine oxidase B (MAOB) is highly expressed in GBM
mitochondria, and targeting MAOB resulted in mitochondrial-
specific DNA damage and efficacy against GBM in mouse
xenograft models (Sharpe et al., 2015). Whether this approach
can augment cGAMP–STING activation and thereby tumor
immunogenicity has not been explored. It is also important to
note that, given the heterogeneity of TAMs, which subset of
TAMs has the greatest sensitivity to cGAMP or has the greatest
capacity to produce type I IFN has not been well-studied. Any
treatment strategies to enhance TAMs sensitivity to cGAMP
could therefore also be beneficial. Recently, blockade of a
phagocytic receptor, MerTK, in macrophage has been shown to
enhance cGAMP uptake by enhancing opening of an ATP-gated
channel, P2X7R, that mediate cGAMP uptake (Zhou et al.,
2020b). Whether merTK is expressed differentially in different
subsets of TAMs is not clear. In conclusion, further study of the
relationship between mitochondrial dysfunction and antitumor
immune response could uncover novel immunotherapeutic
strategies against GBM.

LESSONS FROM NEURODEGENERATIVE
DISEASE

It is well-recognized that inflammation plays a critical role
in the pathogenesis of neurodegenerative disorder such as
Parkinson’s (PD) and Huntington’s (HD) disease. Mitochondrial
dysfunction is a common feature, and the molecular mechanisms
are increasingly being elucidated. For example, mutations in
Pink1 or Prkn, which function within the same biochemical
pathway, were identified in familial PDs (Kitada et al., 1998;
Valente et al., 2004). It is essential for mitochondrial quality
control and is responsible for removing damaged mitochondria
through mitophagy (Pickrell and Youle, 2015). A recent study
showed that in Pink1−/− or Prkn−/− mice, acute-exercise-
induced or chronic mtDNA mutation-induced mitochondrial
stress leads to STING-mediated type I IFN response resulting
in systemic inflammation. This effect was completely abolished
in the absence of STING in STINGgt/gt mice crossed with
Pink1−/− or Prkn−/− mice. Pink1/Prkn deletion in mutator
mice with a proofreading-defective mtDNA polymerase showed
enhanced circulating mtDNA and higher mtDNA to nuclear
DNA ratio (Sliter et al., 2018). While chronic inflammation
may contribute to pathogenesis of PDs, in the setting of
the immunosuppressive tumor microenvironment, Pink1/Prkn
deficiency may be beneficial to enhance STING-mediated type I
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IFN production especially in the setting of mitochondrial stress
such as radiation treatment. Targeting Pink1/Prkn pathway may
therefore be a novel strategy against GBM. Another potential
insight could be drawn from HD. Mutations of the HD causative
gene huntingtin result in impaired mitochondrial protein import
and thereby increase in mitochondrial oxidative stress resulting
in enhanced mtDNA damage (Yano et al., 2014). Using a mouse
model of HD, a study showed that deficiency in melatonin,
a potent free radical scavenger, leads to increased cytosolic
mtDNA release and potent activation of the cGAS/STING/IRF3
pathway, resulting in a pathological inflammatory response
causing synaptic loss and neurodegeneration (Jauhari et al.,
2020). Similar to PINK1/PRKN deficiency in PD, while defect
in melatonin may be detrimental in the setting of chronic
neuroinflammation, downregulatingmelatoninmay be beneficial
in activating innate immune response in the context of tumor-
mediated immune suppression.

CONCLUSION

In GBM, TAMs are increasingly recognized to play a critical
role in shaping the tumor microenvironment that could affect
prognosis and response to therapy. Understanding the plasticity
and functional heterogeneity of TAMs is crucial in developing
therapeutics targeting TAMs. Mitochondrial dysfunctional in

GBM is a well-known phenomenon, but how it affects TAMs
functionally and thereby the immune microenvironment has
been largely unexplored. A growing number of studies, in other
disease and cancer models, suggest that mtDNA release is a
significant byproduct of mitochondrial dysfunction and that
mtDNA can potently activate STING-dependent type I IFN
production. Whether this dynamic holds true in the unique
GBM microenvironment with an abundance of blood-derived
macrophages and resident microglia has not been explored.
Understanding this cross talk between GBM mitochondrial
dysfunction and phenotypical subsets of TAMs may be crucial in
developing novel therapeutic strategies against GBM.

AUTHOR CONTRIBUTIONS

RL provided ideas for the project and wrote the initial draft.
WH completed final revision. All authors read and approved the
final manuscript.

FUNDING

This work was supported by the Peer Review Cancer
Research Program (PRCRP) of the Department of
Defense (W81XWH-20-1-0428).

REFERENCES

Ahn, J., Xia, T., Rabasa Capote, A., Betancourt, D., and Barber, G. N. (2018).

Extrinsic Phagocyte-dependent STING signaling dictates the immunogenicity

of dying cells. Cancer Cell 33, 862–873.e5. doi: 10.1016/j.ccell.2018.03.027

Antunes, A. R. P., Scheyltjens, I., Duerinck, J., Neyns, B., Movahedi, K., and

Van Ginderachter, J. A. (2020). Understanding the glioblastoma immune

microenvironment as basis for the development of new immunotherapeutic

strategies. Elife 9, 1–16. doi: 10.7554/eLife.52176

Arrigo, R. T., Boakye,M., and Skirboll, S. L. (2012). Patterns of care and survival for

glioblastoma patients in the Veterans population. J. Neurooncol. 106, 627–635.

doi: 10.1007/s11060-011-0702-6

Bao, D., Zhao, J., Zhou, X., Yang, Q., Chen, Y., Zhu, J., et al. (2019).

Mitochondrial fission-induced mtDNA stress promotes tumor-associated

macrophage infiltration and HCC progression. Oncogene 38, 5007–5020.

doi: 10.1038/s41388-019-0772-z

Butowski, N., Colman, H., De Groot, J. F., Omuro, A. M., Nayak, L., Wen, P.

Y., et al. (2016). 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. 18, 557–564.

doi: 10.1093/neuonc/nov245

Carozza, J., Böhnert, V., Nguyen, K., Skariah, G., Shaw, K., Brown, J., et al.

(2020). Extracellular cGAMP is a cancer-cell-produced immunotransmitter

involved in radiation-induced anticancer immunity. Nat. Cancer 1, 184–196.

doi: 10.1038/s43018-020-0028-4

Chen, Z., Feng, X., Herting, C. J., Garcia, V. A., Nie, K., Pong,

W. W., et al. (2017). Cellular and molecular identity of tumor-

associated macrophages in glioblastoma. Cancer Res. 77, 2266–2278.

doi: 10.1158/0008-5472.CAN-16-2310

Collins, L. V., Hajizadeh, S., Holme, E., Jonsson, I.-M., and Tarkowski, A.

(2004). Endogenously oxidized mitochondrial DNA induces in vivo and in

vitro inflammatory responses. J. Leukoc. Biol. 75, 995–1000. doi: 10.1189/jlb.

0703328

Deng, L., Liang, H., Xu, M., Yang, X., Burnette, B., Arina, A., et al. (2014).

STING-dependent cytosolic DNA sensing promotes radiation-induced

type I interferon-dependent antitumor immunity in immunogenic

tumors. Immunity 41, 843–852. doi: 10.1016/j.immuni.2014.1

0.019

Du, Z., Cai, C., Sims, M., Boop, F. A., Davidoff, A. M., and Pfeffer, L. M.

(2017). The effects of type I interferon on glioblastoma cancer stem cells.

Biochem. Biophys. Res. Commun. 491, 343–348. doi: 10.1016/j.bbrc.2017.

07.098

Fang, C., Mo, F., Liu, L., Du, J., Luo, M., Men, K., et al. (2020). Oxidized

mitochondrial DNA sensing by STING signaling promotes the antitumor

effect of an irradiated immunogenic cancer cell vaccine. Cell. Mol. Immunol.

doi: 10.1038/s41423-020-0456-1

Fujita, M., Scheurer, M. E., Decker, S. A., McDonald, H. A., Kohanbash,

G., Kastenhuber, E. R., et al. (2010). Role of type 1 IFNs in antiglioma

immunosurveillance–using mouse studies to guide examination of

novel prognostic markers in humans. Clin. Cancer Res. 16, 3409–3419.

doi: 10.1158/1078-0432.CCR-10-0644

García, N., García, J. J., Correa, F., and Chávez, E. (2005). The permeability

transition pore as a pathway for the release of mitochondrial DNA. Life Sci.

76, 2873–2880. doi: 10.1016/j.lfs.2004.12.012

Guntuku, L., Naidu, V. G. M., and Ganesh Yerra, V. (2016).

Mitochondrial dysfunction in gliomas: pharmacotherapeutic potential

of natural compounds. Curr. Neuropharmacol. 14, 567–583.

doi: 10.2174/1570159X14666160121115641

Hu, F., Ku, M. C., Markovic, D., Dzaye, O. D., Lehnardt, S., Synowitz, M.,

et al. (2014). Glioma-associated microglial MMP9 expression is upregulated by

TLR2 signaling and sensitive to minocycline. Int. J. Cancer 135, 2569–2578.

doi: 10.1002/ijc.28908

Hussain, S. F., Yang, D., Suki, D., Aldape, K., Grimm, E., and Heimberger,

A. B. (2006). The role of human glioma-infiltrating microglia/macrophages

in mediating antitumor immune responses1. Neuro. Oncol. 8, 261–279.

doi: 10.1215/15228517-2006-008

Jauhari, A., Baranov, S. V., Suofu, Y., Kim, J., Singh, T., Yablonska, S., et al. (2020).

Melatonin inhibits cytosolic mitochondrial DNA-induced neuroinflammatory

signaling in accelerated aging and neurodegeneration. J. Clin. Invest. 130,

3124–3136. doi: 10.1172/JCI135026

Frontiers in Cell and Developmental Biology | www.frontiersin.org 6 January 2021 | Volume 8 | Article 620788

https://doi.org/10.1016/j.ccell.2018.03.027
https://doi.org/10.7554/eLife.52176
https://doi.org/10.1007/s11060-011-0702-6
https://doi.org/10.1038/s41388-019-0772-z
https://doi.org/10.1093/neuonc/nov245
https://doi.org/10.1038/s43018-020-0028-4
https://doi.org/10.1158/0008-5472.CAN-16-2310
https://doi.org/10.1189/jlb.0703328
https://doi.org/10.1016/j.immuni.2014.10.019
https://doi.org/10.1016/j.bbrc.2017.07.098
https://doi.org/10.1038/s41423-020-0456-1
https://doi.org/10.1158/1078-0432.CCR-10-0644
https://doi.org/10.1016/j.lfs.2004.12.012
https://doi.org/10.2174/1570159X14666160121115641
https://doi.org/10.1002/ijc.28908
https://doi.org/10.1215/15228517-2006-008
https://doi.org/10.1172/JCI135026
https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles


Lu and Ho Mitochondrial Dysfunction and Cancer Immunity

Jiang, G., Yang, X., Zhou, H., Long, J., Zhang, L., and Lu, D. (2020). cGAS-STING

signaling regulates control of microglia polarization in cerebral ischemic stroke.

Res. Square. doi: 10.21203/rs.2.24452/v1

Kennedy, B. C., Showers, C. R., Anderson, D. E., Anderson, L., Canoll, P., Bruce,

J. N., et al. (2013). Tumor-associated macrophages in glioma: Friend or foe? J.

Oncol. 2013:486912. doi: 10.1155/2013/486912

Kitada, T., Asakawa, S., Hattori, N., Matsumine, H., Yamamura, Y., Minoshima, S.,

et al. (1998). Mutations in the parkin gene cause autosomal recessive juvenile

parkinsonism. Nature 169, 166–169. doi: 10.1038/33416

Koshy, M., Villano, J. L., Dolecek, T. A., Howard, A., Mahmood, U., Chmura,

S. J., et al. (2012). Improved survival time trends for glioblastoma using

the SEER 17 population-based registries. J. Neurooncol. 107, 207–212.

doi: 10.1007/s11060-011-0738-7

Liu, Y., Yan, W., Tohme, S., Chen, M., Fu, Y., Tian, D., et al. (2015). Hypoxia

induced HMGB1 and mitochondrial DNA interactions mediate tumor growth

in hepatocellular carcinoma through Toll-like receptor 9. J. Hepatol. 63,

114–121. doi: 10.1016/j.jhep.2015.02.009

Lopez, J., and Tait, S. W. G. (2015). Mitochondrial apoptosis: Killing cancer using

the enemy within. Br. J. Cancer 112, 957–962. doi: 10.1038/bjc.2015.85

Luteijn, R. D., Zaver, S. A., Gowen, B. G., Wyman, S. K., Garelis, N. E., Onia, L.,

et al. (2019). SLC19A1 transports immunoreactive cyclic dinucleotides. Nature

573, 434–438. doi: 10.1038/s41586-019-1553-0

Marcus, A., Mao, A. J., Lensink-Vasan, M., Wang, L., Vance, R. E., and Raulet,

D. H. (2018). Tumor-derived cGAMP triggers a STING-mediated interferon

response in non-tumor cells to activate the NK cell response. Immunity 49,

754–763.e4. doi: 10.1016/j.immuni.2018.09.016

Mathur, V., Burai, R., Vest, R. T., Bonanno, L. N., Lehallier, B., Zardeneta,

M. E., et al. (2017). Activation of the STING-dependent type I interferon

response reduces microglial reactivity and neuroinflammation. Neuron 96,

1290–1302.e6. doi: 10.1016/j.neuron.2017.11.032

McArthur, K., Whitehead, L. W., Heddleston, J. M., Li, L., Padman, B. S.,

Oorschot, V., et al. (2018). BAK/BAX macropores facilitate mitochondrial

herniation and mtDNA efflux during apoptosis. Science. 359:eaao6047.

doi: 10.1126/science.aao6047

Mieczkowski, J., Kocyk, M., Nauman, P., Gabrusiewicz, K., Sielska, M.,

Przanowski, P., et al. (2015). Down-regulation of IKKβ expression in

glioma-infiltrating microglia/macrophages is associated with defective

inflammatory/immune gene responses in glioblastoma. Oncotarget 6,

33077–33090. doi: 10.18632/oncotarget.5310

Mrdjen, D., Pavlovic, A., Hartmann, F. J., Schreiner, B., Utz, S. G., Leung, B. P.,

et al. (2018). High-dimensional single-cell mapping of central nervous system

immune cells reveals distinct myeloid subsets in health, aging, and disease.

Immunity 48, 380–395.e6. doi: 10.1016/j.immuni.2018.01.011

Müller, S., Kohanbash, G., Liu, S. J., Alvarado, B., Carrera, D., Bhaduri, A., et al.

(2017). Single-cell profiling of human gliomas reveals macrophage ontogeny

as a basis for regional differences in macrophage activation in the tumor

microenvironment. Genome Biol. 18:234. doi: 10.1186/s13059-017-1362-4

Murphy, M. P. (2009). How mitochondria produce reactive oxygen species.

Biochem. J. 417, 1–13. doi: 10.1042/BJ20081386

Ochocka, N., Segit, P., Walentynowicz, K. A., Wojnicki, K., Cyranowski, S.,

Swatler, J., et al. (2019). Single-cell RNA sequencing reveals functional

heterogeneity and sex differences of glioma-associated brain macrophages.

doi: 10.1101/752949

Ohkuri, T., Ghosh, A., Kosaka, A., Zhu, J., Ikeura, M., David, M., et al.

(2014). STING contributes to antiglioma immunity via triggering type I IFN

signals in the tumor microenvironment. Cancer Immunol. Res. 2, 1199–1208.

doi: 10.1158/2326-6066.CIR-14-0099

Patrushev, M., Kasymov, V., Patrusheva, V., Ushakova, T., Gogvadze, V.,

and Gaziev, A. (2004). Mitochondrial permeability transition triggers

the release of mtDNA fragments. Cell. Mol. Life Sci. 61, 3100–3103.

doi: 10.1007/s00018-004-4424-1

Patrushev, M., Kasymov, V., Patrusheva, V., Ushakova, T., Gogvadze, V.,

and Gaziev, A. I. (2006). Release of mitochondrial DNA fragments

from brain mitochondria of irradiated mice. Mitochondrion 6, 43–47.

doi: 10.1016/j.mito.2005.12.001

Pavlova, N. N., and Thompson, C. B. (2016). The emerging hallmarks of cancer

metabolism. Cell Metab. 23, 27–47. doi: 10.1016/j.cmet.2015.12.006

Pickrell, A. M., and Youle, R. J. (2015). The Roles of PINK1, parkin,

and mitochondrial fidelity in Parkinson’s disease. Neuron 85, 257–273.

doi: 10.1016/j.neuron.2014.12.007

Rongvaux, A., Jackson, R., Harman, C. C. D., Li, T., West, A. P., De Zoete, M.

R., et al. (2014). Apoptotic caspases prevent the induction of type i interferons

by mitochondrial DNA. Cell 159, 1563–1577. doi: 10.1016/j.cell.2014.

11.037

Sharpe, M. A., Livingston, A. D., Gist, T. L., Ghosh, P., Han, J., and Baskin,

D. S. (2015). Successful treatment of intracranial glioblastoma xenografts

with a monoamine oxidase B-activated pro-drug. EBioMedicine 2, 1122–1132.

doi: 10.1016/j.ebiom.2015.08.013

Shimada, K., Crother, T. R., Karlin, J., Dagvadorj, J., Chiba, N., Chen, S., et al.

(2012). Oxidized mitochondrial DNA activates the NLRP3 inflammasome

during apoptosis. Immunity 36, 401–414. doi: 10.1016/j.immuni.2012.

01.009

Sliter, D. A., Martinez, J., Hao, L., Chen, X., Sun, N., Fischer, T. D., et al.

(2018). Parkin and PINK1 mitigate STING-induced inflammation. Nature 561,

258–262. doi: 10.1038/s41586-018-0448-9

Strickland, M., and Stoll, E. A. (2017). Metabolic reprogramming in glioma. Front.

Cell Dev. Biol. 5:43. doi: 10.3389/fcell.2017.00043

Takenaka, M. C., Gabriely, G., Rothhammer, V., Mascanfroni, I. D., Wheeler,

M. A., Chao, C.-C., et al. (2019). Control of tumor-associated macrophages

and T cells in glioblastoma via AHR and CD39. Nat. Neurosci. 22, 729–740.

doi: 10.1038/s41593-019-0370-y

Valente, E. M., Salvi, S., Ialongo, T., Marongiu, R., Elia, A. E., Caputo, V.,

et al. (2004). PINK1 Mutations are associated with sporadic early-onset

parkinsonism. Ann Neurol. 56, 336–341. doi: 10.1002/ana.20256

Van Hove, H., Martens, L., Scheyltjens, I., De Vlaminck, K., Pombo Antunes,

A. R., De Prijck, S., et al. (2019). A single-cell atlas of mouse brain

macrophages reveals unique transcriptional identities shaped by ontogeny and

tissue environment. Nat. Neurosci. 22, 1021–1035. doi: 10.1038/s41593-019-

0393-4

Vander Heiden, M. G., and Deberardinis, R. J. (2017). Understanding the

intersections between metabolism and cancer biology cell-autonomous

reprogramming of cancer metabolism HHS public access. Cell 168, 657–669.

doi: 10.1016/j.cell.2016.12.039

Vinnakota, K., Hu, F., Ku, M.-C., Georgieva, P. B., Szulzewsky, F., Pohlmann,

A., et al. (2013). Toll-like receptor 2 mediates microglia/brain macrophage

MT1-MMP expression and glioma expansion. Neuro. Oncol. 15, 1457–1468.

doi: 10.1093/neuonc/not115

Wen, P. Y., and Kesari, S. (2008). Malignant gliomas in adults.N. Engl. J. Med. 359,

492–507. doi: 10.1056/NEJMra0708126

West, A. P., Khoury-Hanold, W., Staron, M., Tal, M. C., Pineda, C. M., Lang, S. M.,

et al. (2015). Mitochondrial DNA stress primes the antiviral innate immune

response. Nature 520, 553–557. doi: 10.1038/nature14156

White, M. J., McArthur, K., Metcalf, D., Lane, R. M., Cambier, J. C., Herold,

M. J., et al. (2014). Apoptotic caspases suppress mtDNA-induced STING-

mediated type i IFN production. Cell 159, 1549–1562. doi: 10.1016/j.cell.2014.

11.036

Xu, M. M., Pu, Y., Han, D., Shi, Y., Cao, X., Liang, H., et al. (2017). Dendritic

cells but not macrophages sense tumor mitochondrial DNA for cross-priming

through signal regulatory protein α signaling. Immunity 47, 363–373.e5.

doi: 10.1016/j.immuni.2017.07.016

Yamazaki, T., and Galluzzi, L. (2020). Mitochondrial control of innate

immune signaling by irradiated cancer cells. Oncoimmunology 9:1797292.

doi: 10.1080/2162402X.2020.1797292

Yamazaki, T., Kirchmair, A., Sato, A., Buqué, A., Rybstein, M., Petroni,

G., et al. (2020). Mitochondrial DNA drives abscopal responses to

radiation that are inhibited by autophagy. Nat. Immunol. 21, 1160–1171.

doi: 10.1038/s41590-020-0751-0

Yano, H., Baranov, S. V., Baranova, O. V., Kim, J., Pan, Y., Yablonska, S., et al.

(2014). Inhibition of mitochondrial protein import by mutant huntingtin. Nat.

Neurosci. 17, 822–831. doi: 10.1038/nn.3721

Zhang, Q., Raoof, M., Chen, Y., Sumi, Y., Sursal, T., Junger, W.,

et al. (2010). Circulating mitochondrial DAMPs cause inflammatory

responses to injury. Nature 464, 104–107. doi: 10.1038/nature0

8780

Frontiers in Cell and Developmental Biology | www.frontiersin.org 7 January 2021 | Volume 8 | Article 620788

https://doi.org/10.21203/rs.2.24452/v1
https://doi.org/10.1155/2013/486912
https://doi.org/10.1038/33416
https://doi.org/10.1007/s11060-011-0738-7
https://doi.org/10.1016/j.jhep.2015.02.009
https://doi.org/10.1038/bjc.2015.85
https://doi.org/10.1038/s41586-019-1553-0
https://doi.org/10.1016/j.immuni.2018.09.016
https://doi.org/10.1016/j.neuron.2017.11.032
https://doi.org/10.1126/science.aao6047
https://doi.org/10.18632/oncotarget.5310
https://doi.org/10.1016/j.immuni.2018.01.011
https://doi.org/10.1186/s13059-017-1362-4
https://doi.org/10.1042/BJ20081386
https://doi.org/10.1101/752949
https://doi.org/10.1158/2326-6066.CIR-14-0099
https://doi.org/10.1007/s00018-004-4424-1
https://doi.org/10.1016/j.mito.2005.12.001
https://doi.org/10.1016/j.cmet.2015.12.006
https://doi.org/10.1016/j.neuron.2014.12.007
https://doi.org/10.1016/j.cell.2014.11.037
https://doi.org/10.1016/j.ebiom.2015.08.013
https://doi.org/10.1016/j.immuni.2012.01.009
https://doi.org/10.1038/s41586-018-0448-9
https://doi.org/10.3389/fcell.2017.00043
https://doi.org/10.1038/s41593-019-0370-y
https://doi.org/10.1002/ana.20256
https://doi.org/10.1038/s41593-019-0393-4
https://doi.org/10.1016/j.cell.2016.12.039
https://doi.org/10.1093/neuonc/not115
https://doi.org/10.1056/NEJMra0708126
https://doi.org/10.1038/nature14156
https://doi.org/10.1016/j.cell.2014.11.036
https://doi.org/10.1016/j.immuni.2017.07.016
https://doi.org/10.1080/2162402X.2020.1797292
https://doi.org/10.1038/s41590-020-0751-0
https://doi.org/10.1038/nn.3721
https://doi.org/10.1038/nature08780
https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles


Lu and Ho Mitochondrial Dysfunction and Cancer Immunity

Zhou, C., Chen, X., Planells-Cases, R., Chu, J., Wang, L., Cao, L., et al.

(2020a). Transfer of cGAMP into bystander cells via LRRC8 volume-

regulated anion channels augments sting-mediated interferon responses and

anti-viral immunity. Immunity 52, 767–781.e6. doi: 10.1016/j.immuni.2020.0

3.016

Zhou, Y., Fei, M., Zhang, G., Liang, W. C., Lin, W. Y., Wu, Y., et al.

(2020b). Blockade of the phagocytic receptor MerTK on tumor-associated

macrophages enhances P2X7R-dependent STING activation by tumor-

derived cGAMP. Immunity 52, 357–373.e9. doi: 10.1016/j.immuni.2020.0

1.014

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Lu and Ho. This is an open-access article distributed under the

terms of the Creative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s) and

the copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 8 January 2021 | Volume 8 | Article 620788

https://doi.org/10.1016/j.immuni.2020.03.016
https://doi.org/10.1016/j.immuni.2020.01.014
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles

	Mitochondrial Dysfunction, Macrophage, and Microglia in Brain Cancer
	Introduction
	Heterogenous Macrophages and Microglia in Glioma
	Innate Immune Response in TAMs and Cross Talk With Glioma Cells
	Mitochondrial Dysfunctions in Glioma
	Mitochondrial Dysfunction and Immune Response
	Lessons From Neurodegenerative Disease
	Conclusion
	Author Contributions
	Funding
	References


