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Glioblastoma multiforme (GBM) is the 
most common and aggressive primary brain 
tumor, accounting for approximately 15% of 
all primary brain tumors in adults. Despite 
therapeutic intervention involving surgi-
cal resection, ionizing irradiation (IR) and 
temozolomide, prognosis remains poor, 
with a median survival of 14.6 months, and 
a 5-year survival rate of only 3.3% [1]. Due 
in part to this dismal prognosis, GBM was 
one of the first diseases to be characterized 
by The Cancer Genome Atlas. Early reports 
identified distinct transcriptional subtypes of 
GBM, in addition to an epigenetic subtype 
(G-CIMP) associated with IDH1 muta-
tions [2,3]. While recurrent mutations in EGF 
receptor and PDGF receptor A have been 
identified in GBM, neither has emerged as an 
encouraging target for therapeutic interven-
tion [4]. In addition to the inability of most 
pharmacological agents to cross the blood–
brain barrier, it has also become clear that 
the substantial intratumoral heterogeneity 
of GBM [5,6] may preclude the efficacy of a 
single therapeutic agent.

Given the lack of actionable genetic targets 
and high degree of intratumoral heterogene-
ity in GBM, the tumor microenvironment 
(TME) has emerged as an attractive alterna-
tive target for therapeutic intervention. The 
glioma TME is composed of many noncancer-
ous cell types [7], and a comprehensive analy-
sis of immune cell infiltrate in GBM patients 
revealed that tumor-associated macrophages 
and microglia (TAMs) are the major immune 
cell constituent [8]. Furthermore, as glioma 
grade increases so does the accumulation of 
CD68+ TAMs, expressing markers of M2/
alternative macrophage activation, CD163 and 
macrophage scavenger receptor 1 [9]. While 

the abundance of TAMs per se is not associ-
ated with differential survival, the activation 
state of TAMs has been shown to confer some 
prognostic value [9–11], indicating that assess-
ing TAM phenotypes may be more relevant 
than simply quantifying the total number.

Indeed, TAMs show a variety of activation 
states and phenotypes within a tumor, indi-
cating the presence of multiple TAM popu-
lations [12]. Moreover, in gliomas it is likely 
that there are important contributions from 
both microglia, the resident macrophages of 
the brain and bone marrow (BM)-derived 
macrophages from the peripheral circula-
tion [13]. This has been investigated in exper-
imental models, where BM transplantation 
can be used to distinguish these two popula-
tions. In a murine GBM model, it was shown 
that BM-derived cells were actively recruited 
to the tumor in a HIF-1α/SDF-1-dependent 
manner [14]. Work from our laboratory has 
also shown that BM-derived TAMs consti-
tute approximately 40% of the total TAM 
pool in a PDGF-driven proneural GBM 
model [11]. Unfortunately, the current lack of 
robust markers distinguishing BM-derived 
macrophages from brain-resident microglia 
has prevented the rigorous study of these 
populations in human GBM, although there 
are efforts underway to identify such mark-
ers. In addition to ontogenic differences, a 
rich source of TAM diversity lies in spatial 
heterogeneity, including the invasive edge, 
perivascular niche and regions of pseudo-
palisading necrosis. This spatial diversity 
can also be exploited to specifically deliver 
anticancer agents to different parts of the 
tumor. For example, tumor endothelium-
associated Tie2-positive macrophages were 
used to locally deliver IFN-γ in an orthotopic 
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xenograft mouse model, resulting in significantly 
decreased glioma growth [15]. If we can extrapolate 
from these results in preclinical models, it is likely that 
targeting subsets of macrophage populations may pro-
vide distinct opportunities for therapeutic intervention 
in GBM patients.

A number of strategies for targeting TAMs have 
been evaluated in animal models of GBM, most of 
which have focused on depleting TAMs. However, 
several of these approaches were only effective in com-
bination with other therapies, such as a CCL2 block-
ing antibody, which demonstrated minimal efficacy as 
a monotherapy, although combination therapy with 
TMZ resulted in a significant increase in survival [16]. 
Similarly, CXCR4 blockade with either a neutralizing 
antibody or the small-molecule inhibitor AMD3100 
did not lead to significant alterations in tumor growth 
as a monotherapy, but dramatically increased the effi-
cacy of IR-based therapy [17]. Similar results were dem-
onstrated by targeting the CXCR4/CXCR7 ligand 
SDF-1 in a rat model of spontaneous glioblastoma [18].

Another prominent strategy employed by our labo-
ratory and others to target TAMs has been via inhibi-
tion of colony-stimulating factor-1 receptor (CSF-1R), 
which is necessary for survival and differentiation of 
macrophages. We demonstrated that CSF-1R inhibi-
tion, using the blood–brain barrier-permeable small 
molecule BLZ945 (Novartis, Basel, Switzerland), 
blocked glioma progression in a prevention trial using a 
genetically-engineered GBM model, and led to dramatic 
regression of established, high-grade GBMs [11]. Surpris-
ingly, we found that while CSF-1R inhibition depleted 
microglia in the normal brain as expected, there was no 
depletion of TAMs in these regressed tumors. Rather, 
we identified glioma-derived survival factors, including 
IFN-γ and granulocyte –macrophage colony-stimulat-
ing factor, which are capable of protecting TAMs from 
BLZ945-mediated apoptosis [11]. Gene-expression pro-
filing of TAMs isolated from BLZ945- versus vehicle-
treated gliomas revealed significant downregulation of 
a set of M2/alternative activation markers, whereupon 
we deemed these TAMs not depleted, but rather ‘re - 
educated’ by BLZ945 treatment [11]. Unpublished stud-
ies in our laboratory have demonstrated similar efficacy 
in this genetic model with a different CSF-1R inhibitor, 
PLX3397 [19] (Plexxikon, CA, USA) [Unpublished Data].

In a study from Segall’s laboratory using intracranial 
implantation of the GL261 glioma cell line, PLX3397 

was used in a prevention-like trial, where treatment led 
to decreased TAMs [20]. This correlated with reduced 
tumor invasion and proliferation [20]. It remains unclear 
if, in the GL261 model, TAMs are killed by CSF-1R 
inhibition, or rather their recruitment to the tumor 
from the periphery is blocked. Nonetheless, compari-
son of the results from these two models indicates that 
there are both ‘protective’ [11] and ‘nonprotective’ [20] 
gliomas, which respond quite differently in terms of 
the magnitude of effect of CSF-1R inhibition. We infer 
that this may be a consequence of TAM re-education 
versus TAM depletion, respectively. Indeed, rather 
than depleting TAMs and other stromal cells, as has 
been the goal with many microenvironment-targeted 
therapies to date, we propose that re-educating these 
cells has the potential to not only abolish their tumor-
promoting functions but to also actively enlist them as 
suppressors of tumorigenesis.

An important concern regarding TAM-targeted 
therapy has been potential toxicity issues. CSF-1R 
inhibitor or antibody treatment is associated with 
increased levels of serum enzymes including ala-
nine transaminase and aspartate aminotransferase in 
rodents and monkeys [21,22]. Using a range of different 
approaches to deplete Kupffer cells, the resident macro-
phages in the liver, including anti-CSF-1 antibody and 
clodronate liposomes, Radi et al. found serum enzyme 
elevation but no evidence of liver pathology or effects 
on other organs, for example, skeletal muscle [22]. 
Moreover, Csf-1-deficient mice also showed elevated 
serum enzymes despite no liver pathology [22], indicat-
ing that enzyme elevation is a frequent consequence 
of targeting CSF-1 signaling and/or macrophages. 
This suggests that the increase in alanine transaminase 
and aspartate aminotransferase levels may actually be 
a result of altered enzyme clearance from the blood 
in the absence of Kupffer cells, given that there is no 
histo logical evidence of occult liver damage in long-
term experiments. Indeed, in our own studies, mice 
treated daily with BLZ945 for over 5 months showed 
no signs of gross or microscopic liver disease [11]. Fur-
ther investigation as to how CSF-1R inhibition affects 
liver function will be necessary to determine if tradi-
tional serum indicators of liver damage are in fact an 
accurate read-out of the safety of this particular ther-
apy. Paradoxically, for the reasons discussed above, it 
may be that serum enzyme elevation, as a consequence 
of Kupffer cell depletion, could actually represent a 
biomarker for efficacy of CSF-1R inhibitors.

Similarly, pharmacological studies to assess the dos-
ing and scheduling of TAM-targeted therapies are also 
necessary to maximize therapeutic efficacy. While 
most Phase I trials aim to identify the maximum 
tolerated dose of a chemotherapeutic agent, efforts to 

“Several studies have now shown that 
targeting tumor-associated macrophages 

and microglia is a viable approach to 
improve the efficacy of ionizing irradiation.”
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re-educate TAMs will probably necessitate a different 
paradigm. Nonetheless, we may gain insights into dos-
ing and biomarker identification from preclinical stud-
ies. For example, we previously identified a five-gene 
signature of response to BLZ945 in a mouse model, 
which was also associated with a prognostic advantage 
in patients with proneural GBM [11]. One could con-
sider using the regulation of these genes as biomarkers 
of therapeutic efficacy.

While CSF-1R inhibition achieved remarkable effi-
cacy as a monotherapy in the preclinical setting [11], 
even greater efficacy may be seen in combination with 
irradiation and/or chemotherapy. The current stan-
dard of care in GBM involves IR, surgical resection, 
steroid treatment and adjuvant therapy with TMZ [1]; 
each phase of which may lead to unique interactions 
with, and alterations to the TME. Indeed, it has been 
shown that following IR, influxes of myeloid cells pro-
mote tumor progression through vasculogenesis [17,23]. 
Future studies will need to address whether it is better 
to block the recruitment of these cells altogether [18,19], 
or if these newly recruited cells can be re-educated as in 
the treatment-naive setting [11]. Furthermore, biomark-
ers of recruitment will be necessary to determine the 
optimal timing between irradiation and subsequent 
treatment with CSF-1R inhibitors. Early intervention 
could block myeloid cell recruitment and prevent full 
efficacy, while treating too late may blunt any benefi-
cial effect if the cells can no longer be re-educated. A 
second point of interest will be to interrogate the role 
of re-educated TAM phagocytosis in therapeutic effi-
cacy. BLZ945 treatment leads to a substantial increase 
in the number of TAMs capable of phagocytosing gli-
oma cells, which was significantly more pronounced 
than in response to IR [11]. If increased phagocytosis 

is indeed an important feature of TAM re-education, 
optimizing scheduling of cytotoxic agents and TAM-
targeted therapies will be necessary to place TAMs 
in the proper context for maximal phagocytosis and 
therapeutic efficacy. Another consideration for combi-
nation therapy will be to determine whether TAM re-
education synergizes with immune checkpoint block-
ade, an approach that has already shown some promise 
in combination with glioma cell vaccination in mouse 
models [24]. Understanding how TAM re-education 
impacts antigen presentation and immunostimulatory 
activity is essential to uncovering the full potential of 
TME-targeted therapy. Future studies will need to 
explore the phenotypic outputs of TAM re-education, 
as well as uncover the rules of TAM-targeted therapy 
through optimization of dosing, scheduling and drug 
delivery.

In conclusion, the TME has emerged as not only a 
major regulator of tumorigenesis, but also an attractive 
therapeutic avenue. Several studies have now shown 
that targeting TAMs is a viable approach to improve the 
efficacy of IR. However, the studies highlighted here 
demonstrate that beyond depletion, TAM re- education 
is an exciting strategy for treating glioblastoma, even as 
a monotherapy.
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