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Macrophage targeting therapies have had limited clinical success in glioblastoma
(GBM). Further understanding the GBM immune microenvironment is critical for
refining immunotherapeutic approaches. Here, we use genetically engineered mouse
models and orthotopic transplantation-based GBM models with identical driver muta-
tions and unique cells of origin to examine the role of tumor cell lineage in shaping
the immune microenvironment and response to tumor-associated macrophage (TAM)
depletion therapy. We show that oligodendrocyte progenitor cell lineage-associated
GBMs (Type 2) recruit more immune infiltrates and specifically monocyte-derived
macrophages than subventricular zone neural stem cell-associated GBMs (Type 1).
We then devise a TAM depletion system that offers a uniquely robust and sustained
TAM depletion. We find that extensive TAM depletion in these cell lineage—based
GBM models affords no survival benefit. Despite the lack of survival benefit of TAM
depletion, we show that Type 1 and Type 2 GBMs have unique molecular responses
to TAM depletion. In sum, we demonstrate that GBM cell lineage influences TAM
ontogeny and abundance and molecular response to TAM depletion.
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Glioblastoma (GBM) is an aggressive primary brain tumor with a dismal five-year survival
rate of five percent (1). Standard of care therapy is surgery followed by radiation and
chemotherapy with tumor-treating fields (2). Given that TAMs can constitute up to forty
percent of live cells in GBM, it’s logical to examine their functions in tumor development
and progression to assess their value as possible therapeutic targets (3).

In GBM, TAM:s are composed of both tissue-resident microglia and monocyte-derived
macrophages (MDMys) infiltrating from the periphery (4). TAMs have primarily been
reported to exhibit protumorigenic functions, including promoting angiogenesis, secreting
tumor-supportive growth factors, and suppressing antitumor immunity (5-8). However,
recent single-cell RNA sequencing studies have highlighted the heterogeneity of TAM
populations in GBM (9-11) and have shown that some TAM populations support anti-
tumor immunity (12), while some populations support tumor growth (5). Overall, the
role of TAMs in GBM is complex (13) and incompletely understood.

Because TAMs rely on CSF1-CSF1R signaling for proliferation and survival, several
studies have tested the effect of CSFIR inhibition on GBM survival. Targeting TAMs
with CSF1R inhibitor was reported as highly effective in RCAS PDGFB-driven models
of GBM (14, 15). However, despite promising preclinical studies, CSF1R inhibitor therapy
did not show population-wide success in GBM clinical trials (16). In this clinical trial
(16), two patients showed an extended progression-free survival, suggesting that subsets
of GBM may indeed respond to CSF1R therapy. More recently, CSF1R inhibitor therapy
was tested in several mouse models of GBM with differing driver mutations; success was
again seen in PDGFB-driven GBM, but not in H-Ras or PDGFRA-driven models (17).
These studies highlight the diversity of models and that a more basic understanding of
the GBM tumor immune microenvironment as well as more cohesive preclinical data are
needed.

Here, we explore how GBM cell lineage association influences the tumor immune
microenvironment composition and response to TAM depletion using mouse models
harboring identical and physiologically relevant driver mutations (NfI, Trp53, and Pten)
with unique cells of origin (18). We show that while both tumor types exhibit immune
infiltration, oligodendrocyte progenitor cell (OPC) lineage-derived GBMs recruit signif-
icantly greater numbers of MDMs compared to subventricular zone (SVZ) neural stem
cell (NSC)-derived GBMs. To examine the role of TAMs in tumor development and
progression, we combine a genetic and pharmacologic approach to achieve effective and

sustained TAM depletion beyond the effects of CSFIR inhibitor therapy alone. Acute

PNAS 2023 Vol.120 No.16 2222084120

https://doi.org/10.1073/pnas.2222084120

Significance

Further understanding the
glioblastoma (GBM) tumor
immune microenvironment to
refine immunotherapeutic
strategies is essential. Here, we
show that GBM tumor cell
lineage association can influence
the abundance and ontogeny of
tumor-associated macrophages
(TAMS) in the tumor immune
microenvironment. Despite
differential immune
microenvironment composition,
TAM depletion results in no
survival extension in all models
tested. Although TAM depletion
does not extend survival, we
show that subventricular zone
neural stem cell-associated GBMs
(Type 1) and oligodendrocyte
progenitor cell lineage-associated
GBM s (Type 2) have unique
transcriptional responses to TAM
depletion. We highlight that
although TAMs provide
important tumor-supportive
signals, some GBMs do not
depend on them for survival.

Reviewers: D.H., Icahn School of Medicine at Mount
Sinai Department of Medicine; and R.P., University of
California San Francisco.

The authors declare no competing interest.

Copyright © 2023 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).

"Present address: Chicago BioSolutions Inc., Chicago, IL
60612.

2Present address: Department of Cell Biology, Neurobiology,
and Anatomy, Medical College of Wisconsin, Wauwatosa,
WI 53226.

3To whom correspondence may be addressed. Email:
paradal@mskcc.org.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2222084120/-/DCSupplemental.

Published April 11, 2023.

10f9


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:paradal@mskcc.org
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2222084120/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2222084120/-/DCSupplemental
https://orcid.org/0000-0002-8266-8367
mailto:
https://orcid.org/0000-0003-2295-1432
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2222084120&domain=pdf&date_stamp=2023-4-10

and chronic TAM depletion in our lineage-based models of GBM
showed no significant modulation of tumor initiation, progres-
sion, or survival extension.

Results

Cell of Origin Impacts Immune Microenvironment. To investigate the
impact of cell of origin on the tumor immune microenvironment in
GBM, we used two experimental systems: spontaneous genetic models
and allograft models. In the spontaneous model, tumor suppressor loss
is induced in the adult SVZ by tamoxifen induction of Nst-CreER™;
NF™; Trp53™; Pren!”* mice to form Type 1 GBM (19). Alternatively,
tumor suppressor recombination is induced in progenitor cells of the
oligodendrocytic lineage by tamoxifen induction of NG2-CreER™;
Nf]ﬂ i T;;D53ﬂ/ . Pten™ mice to form Type 2 GBM (19) (Fig. 14).
Primary cultures from the Type 1 and Type 2 spontaneous tumors
can be grown in a defined serum-free medium and orthotopically
injected into immunocompetent mice (19) (87 Appendix, Fig. S14).
These models have been extensively characterized (18) and offer a
physiologically relevant and immunocompetent system to study the
tumor immune microenvironment.

TAM morphology and quantity were assessed in the spon-
taneous tumor cores using immunohistochemical staining with
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Fig. 1.

IBA1 antibody. Type 1 (SVZ NSC lineage) tumors exhibited fewer
TAMs albeit with a greater number of processes than Type 2
(oligodendrocyte lineage) GBM TAMs (Fig. 1 Band C). MDMs
are known to have fewer processes compared to resident micro-
glia (20), thus suggesting that Type 2 GBMs have greater MDM
infiltration. We also examined the TAM composition in ortho-
topically transplanted tumors and found similar results as the
spontaneous tumors with greater number of TAMs in the oli-
godendrocyte lineage-associated (Type 2) tumors (S Appendix,
Fig. S1B). To assess the ontogeny and spatial distribution of
TAMs in spontaneous Type 1 and Type 2 GBMs, CD44, a
marker of MDMs (9), was used in conjunction with IBA1. We
observed a significant increase in IBA1+, CD44+ cells in the
tumor core and IBA1, CD44- cells in the parenchyma of Type
2 GBM:s, consistent with our observations on the morphology
difference of Type 1 and Type 2 GBM TAMs (SI Appendix,
Fig. S1C). Overall, the majority of MDMs are in the tumor
cores of Type 1 and Type 2 GBMs, while microglia are present
in the tumor core, border, and brain parenchyma, likely
reflecting preferential tumor entry zones with MDMs entering
via neoangiogenic vessels (S Appendix, Fig. S1C). To assess
TAM ontogeny and spatial distribution in Type 1 and Type 2
transplanted GBMs, lineage tracing was employed using

B Ex

Type 1 GBM

Key

= 0 processes

=1 process

= 2 processes

Type 2 GBM

= 3+ processes

S

=

3

b 8 Type
2 €3 Type |
@ B3 Type I
2

S

X

w

6 H
ITGAL PTPRC SALLT
Gene

A

ITGA4

IS

AlF1

Cell of origin influences TAM ontogeny in spontaneous GEMMs of GBM. (4) Schematic illustrating the spontaneous GEMMs used to examine the impact

of GBM cell of origin on the tumor immune microenvironment. (B and C) IF images and quantification of the total TAMs in Type 1 and Type 2 spontaneous
GBMs (N = 6 Type 1, 4 Type 2 tumors, data represented as mean with SEM, P = 0.0379, unpaired t test, each dot represents one FOV) and the average number
of processes per TAM cell per tumor (N =3 Type 1, 5 Type 2, TAMs quantified from five 20x images per tumor, data represented as mean with SEM, P = 0.0007,
unpaired t test). (D) Multicolor flow cytometry measuring the levels of all immune infiltrates (P = 0.0006), MDMs (P = 0.0017 CD45", CD11B*, P = 0.0082 CD45",
CD11B*, CD49D"), microglia (P = 0.0086), neutrophils, and monocytes (P = 0.0489), data represented as mean with SEM, unpaired t test, each dot represents one
mouse. (E) mRNA expression levels of pan-TAM (AIF1), MDM-associated (ITGA4, ITGAL), pan-immune (PTPRC), and microglia-associated (SALL1) genes in Type 1
and Type 2 subtyped human TCGA GBM samples (N = 52 core Type |, 38 core Type II).
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Cx3crI—CreERT2—]res—Yﬁ); Lsl-Tdr mice. Microglia retain Tdt
positivity over time and were quantified as Tdt+, IBA1+ cells,
while MDMs lose Tdt positivity over time, and were thus quan-
tified as Tdt-, IBA1+ cells. Again, Type 2 GBMs had signifi-
cantly greater amounts of IBA1+, Tdt- MDMs in the tumor
core (S Appendix, Fig. S1D). The spatial distribution of TAMs
mirrored that seen in spontaneous GBMs, as the majority of
MDMs are localized to the tumor core, while microglia are
distributed throughout the tumor core, border, and brain paren-
chyma (87 Appendix, Fig. S1D).

To further characterize the microenvironments of spontaneous
Type 1 and Type 2 GBM, multicolor flow cytometry was used to
quantify myeloid and lymphoid populations (87 Appendix,
Fig. S24). Type 2 GBM showed significantly higher levels of
CD45+ immune infiltrates, characterized by increased levels of
MDMs, microglia, monocytes, and neutrophils (Fig. 1D).
Increased levels of MDMs were verified using an independent
MDM marker, CD49D (21) (Fig. 1D). In contrast, relative lym-
phoid cell levels were not significantly different between Type 1
and Type 2 tumors, aside from a nonsignificant increase in CD4+
T cells in Type 2 tumors (S Appendix, Fig. S2B). We next exam-
ined transplanted tumors and found similar immune microenvi-
ronment composition with Type 2 tumors exhibiting significantly
higher levels of total immune infiltrate, MDMs, and neutrophils
and trending higher levels of monocytes and microglia
(SI Appendix, Fig. S1E). No change in lymphocyte populations
was observed (SI Appendix, Fig. S1E). Again, increased levels of
MDMs were verified with the independent MDM marker,
CD49D (21) (SI Appendix, Fig. S1E). We note that although the
TAM trends in spontaneous tumors are mirrored in transplanted
tumors, we do see a higher recruitment of MDMs and almost all
peripherally derived immune cell types in transplanted tumors,
as reported elsewhere (22). This is likely due to the higher growth
rate of transplanted tumors (~6 to 8 wk for transplanted tumors
compared to ~6 to 12 mo for spontaneous tumors) and the poten-
tial inflammation induced by transplantation surgery. In aggre-
gate, these data indicate that in the context of identical driver
mutations, cell of origin and lineage influence the microenviron-
ment composition wherein Type 2 GBMs recruit more TAMs,
and particularly MDMs, than Type 1 tumors.

Having previously identified cohorts of Type 1 and Type 2
GBM in the TCGA human GBM data repository, termed Type I
and Type II GBM to denote human tumors, we probed these
datasets for expression of TAM-associated genes (18, 23, 24). We
found, consistent with the mouse modeling data, that expression
of the pan-TAM marker gene A7F1, pan-immune infiltrate marker
PTPRC, and MDM marker genes, /7GA4 and ITGAL (21), were
significantly higher in human Type II tumor data (Fig. 1E). This
suggests that human Type II GBMs have more total immune
infiltration and MDMs than human Type I GBMs. Additionally,
SALL1, a microglial marker gene (25), was significantly higher in
Type I human tumors (Fig. 1E). Overall, these analyses demon-
strate that oligodendrocyte lineage-associated GBMs contain sub-
stantially greater MDM numbers in both mouse Type 2 and
human Type II GBM.

Transcriptional TAM Cohesion in Transplanted and Spontaneous
GBM. To determine the transcriptional states of TAMs in
spontaneous and transplanted GBM, we performed bulk RNA-
sequencing on sorted MDMs (Ly6C", Ly6G~, CD45hl, and
CD11B") and microglia (Ly6C", Ly6G~, CD45", and CD11B").
Tumors were dissociated on ice prior to sorting to avoid acute
transcriptome modifications (SI Appendix, Fig. S34) (26).
Samples underwent principal component analysis and the data
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revealed that the most significant driver of TAM transcriptional
grouping was ontogeny (MDM vs. Microglia) and not whether
the tumors arose spontaneously or were subjected to allograft
transplantation (3, 21) (8] Appendix, Fig. S3B). Consequently,
levels of genes known to mark MDMs (Jiga4, Cd44, and Itgal)
(9, 21) and microglia (Zmem119, Salll, Cx3crl, and P2ryl2)
(25, 27) were elevated in their respective samples (S7 Appendix,
Fig. S3C). We noted 4,199 differentially expressed genes between
all MDM vs. all microglia samples (Padj < 0.05, LFC > 1.5
or LFC < -1.5), with 1,728 enriched in microglia and 2,471
enriched in MDMs (87 Appendix, Fig. S3D, and Dataset S1).
Genes enriched in microglia were associated with gene ontology
terms for neurological processes and angiogenesis, while genes
enriched in MDMs were associated with cell adhesion, antigen
presentation, and lymphocyte activation, consistent with previous
reports (3, 28)(SI Appendix, Fig. S3 E and F). We also examined
the influence of cell of origin on TAM transcriptome and found
no appreciable differences; TAM populations did not group by
the tumor type they were derived from on the PCA plot. Overall,
because TAMs in spontaneous and orthotopically transplanted
GBMs are transcriptionally similar, we moved forward with the
orthotopic transplantation model to examine the role of TAMs
in tumor progression.

A Robust TAM Depletion System. To investigate the potential role
of TAMs in GBM development, we evaluated different strategies
for effective TAM depletion. We first employed a TAM-specific
promoter Cx3cr1-CreER"-Ires-Eyfp transgene to drive homologous
recombination (29) of a Cre-dependent diphtheria toxin receptor
(R26-Lsl-iDTR) and Td-Tomato reporter (R26-Lsl-T4r) cassettes
thus permitting TAM visualization and rendering them diphtheria
toxin (DT) sensitive. Tamoxifen dosing was optimized for high
iDTR recombination efficiency and approximately 90 to 95%
recombination was achieved with two doses given 24 h apart
(81 Appendix, Fig. S4 A and B). We next treated nontumor-bearing
mice with three initial DT doses, 24 h apart, and continued
dosing every three days thereafter for 2 wk to maintain microglia
depletion. Microglia depletion was effective for up to 72 h
after the initial DT doses; however, the maintenance regimen
was unsuccessful as we observed rapid repopulation by DTR
nonexpressing microglia (S Appendix, Fig. S4C). This effect of
rapid microglia repopulation was likely due to Cre recombination
inefficiency that allowed a few remaining iDTR- microglia to
mediate reconstitution. To improve the maintenance of microglia
depletion, the mice were placed on CSF1R inhibitor (PLX5622;
CSF1Ri) containing chow following the initial three doses of
DT (SI Appendix, Fig. S4D). This combined targeting approach
resulted in robust, sustained microglia depletion in normal brains
(87% cortex depletion after 1 wk of treatment, 86% after 2 wk
of treatment) and worked better than CSF1R inhibition alone,
particularly in the first week of treatment (66% cortex depletion
after 1 wk, 81% cortex depletion after 2 wk) (Fig. 2 A and B).
‘The combined depletion strategy in Type 1 and Type 2 GBMs also
achieved significant depletion (~84% in Type 1, ~97% in Type 2)
of total TAMs and depletion of monocytes, with no evident
changes in neutrophil levels or significant impact on the lymphoid
compartment (Fig. 2C and SI Appendix, Fig. S4E). In sum, our
TAM depletion system has greater efficacy and sustainability than
previously reported strategies (9, 14, 17, 30).

TAM Depletion Does Not Extend Survival. Following TAM
depletion in Type 1 and Type 2 GBMs, we examined tumor
progression (S Appendix, Fig. S4D). In the first set of experiments,
TAM depletion was initiated approximately 3 to 4 wk after tcumor
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Fig. 2. Combination of a genetic and pharmacologic system robustly depletes TAMs. (A) Representative IF images of microglia-depleted vs. control nontumor
bearing brains. (B) Box and whisker plot comparing microglia depletion strategies. N = 2 mice per group, three images quantified per mouse per brain region,
middle line displays median value, whiskers display min and max values. Comparing the median values for the cortex region gives the following TAM depletion
percentages by treatment; 66% (CSF1R only 1 wk), 81% (CSF1R only 2 wk), 87% (DT+CSF1R 1 wk), 86% (DT+CSF1R 2 wk). All P values with four stars indicate P <
0.0001. Other Pvalues for comparisons are cortex 1 wk DT+PLX5622 vs. PLX5622 only (P = 0.041), cortex 2 wk DT+PLX5622 vs. PLX5622 only (P = 0.016), thalamus
1wk DT+PLX5622 vs. PLX5622 only (P = 0.023), thalamus 2 wk DT+PLX5622 vs. PLX5622 only (P = 0.019), cerebellum 1 wk DT+PLX5622 vs. PLX5622 only (P = 0.05),
cerebellum 2 wk DT+PLX5622 vs. PLX5622 only (P = 0.0015), cortex 1 wk control vs. PLX5622 only (P = 0.0037), medulla 1 wk control vs. PLX5622 only (P = 0.0014),
and cerebellum 1 wk control vs. DT+PLX5622 (P = 0.0002). (C) Multicolor flow cytometry levels of total TAMs (Type 1 P = 0.0056, Type 2 P = 0.02), monocytes, and
neutrophils in control vs. TAM-depleted Type 1 and Type 2 GBMs, data represented as mean with SEM, unpaired t test, each dot represents one mouse. TAM
depletion percentage was estimated by comparing the percentages of total TAMs between TAM-depleted and control samples (84% for Type 1, 97% for Type 2).

implantation allowing for GBM establishment. We observed no
effects, either acceleration or delay, in survival of either Type 1
or Type 2 GBM models (Fig. 3 A and B). Additionally, TAM
depletion did not impact tumor cell proliferation, as measured
by phospho-histone H3 (PH3) and Ki67 staining (Fig. 3C, and
SI Appendix, Fig. S5A), or tumor histology (SI Appendix, Fig. S5
Band C). To examine the impact of TAM depletion on the early
stages of tumor initiation, TAM depletion was implemented in
Type 2 tumors 1 wk after tcumor implantation. This protocol also
failed to modify tumor-bearing mouse survival (Fig. 3D). These
results are consistent with recent reports that Ras-driven GBMs
do not respond to TAM depletion therapy (17).

We also employed our TAM depletion strategy on a Ras-
independent GBM model using a primary tumor line generated
from a spontaneous GBM mouse with the genetic configuration:
Nst-CreER™; Q/eﬂ A, 73’])53ﬂ . Pren™ (22, 31). TAM depletion
was also unsuccessful in extending mouse survival in NfI suffi-
cient GBM (Fig. 3E). Taken together, our data indicate that in a
setting where we maximally deplete TAMS, either early in tumor
initiation or during progression, tumor development remains
unimpeded.

Type 1 and Type 2 GBMs Have Distinct Molecular Responses to
TAM Depletion. To understand how TAM depletion impacted
the GBM transcriptome, we performed bulk RNA sequencing of
Type 1 and Type 2 TAM-depleted vs. control GBM bulk tumor
tissue. All samples were analyzed by principal component analysis
and as illustrated by PCA plot, Type 1 and Type 2 GBMs still group
separately on the plot, regardless of the TAM depletion status
(SI Appendix, Fig. S6A). We found 1,185 differentially expressed
genes between all TAM-depleted vs. control GBMs (Padj < 0.05,
LFC >1.5 or LEC < -1.5). Further, 272 genes were enriched in
TAM-depleted GBM transcriptomes, while the remaining 913
DEGs were decreased (S Appendix, Fig. S6B and Dataset S2).

The genes with decreased expression were primarily immune

https://doi.org/10.1073/pnas.2222084120

related, consistent with depletion of TAMs, and pathways such
as Hallmark Interferon Alpha Response and Hallmark Interferon
Gamma Response were significantly reduced (S Appendix,
Fig. S6 C-E, and Dataset S2). Examining the transcriptionally
increased genes revealed the enrichment of pathways related
to tumor growth, such as Hallmark Hedgehog signaling and
Hallmark Mitotic Spindle, consistent with previous reports (17)
(SI Appendix, Fig. S6 D and F).

Next, we analyzed the Type 1 and Type 2 samples separately
for their transcriptional response to TAM depletion. When ana-
lyzed independently, TAM-depleted samples separated from con-
trol samples in both Type 1 and Type 2 GBMs (Fig. 4 A and B).
Of note, 192 genes were enriched and 3756 genes decreased in
Type 1 TAM-depleted GBMs, and 843 genes were enriched and
311 genes decreased in Type 2 TAM-depleted GBMs (Padj < 0.05,
LFC >1.5 or LFC < -1.5) (Fig. 4 C and D and Dataset S2). We
performed GSEA and found that Type 1 GBMs up-regulated
more progrowth-related pathways than Type 2 GBMs, while
Type 2 GBMs only significantly up-regulated hallmark oxidative phos-
phorylation (Fig. 4 Eand F). Type 2 GBMs had more immune related
hallmark pathways significantly decreased compared to Type 1 GBMs,
consistent with Type 2 GBMs having a greater immune component
than Type 1 GBMs (Fig. 4 £ and £). Overall, this analysis suggests
that while there was no survival benefit afforded to either Type 1
or Type 2 TAM-depleted GBMs, Type 1 and Type 2 GBMs
responded differently to TAM depletion on the molecular level.

Discussion

Macrophage-targeted therapies have thus far been unsuccessful in
cancer (32). However, many clinical trials are ongoing assessing the
potential clinical benefit of depleting TAMs, reprograming TAMs
toward a proinflammatory phenotype, bolstering phagocytosis,
altering TAM recruitment, and engineering macrophages to deliver
cytokines to the TIME or selectively kill cancer cells (32). Given
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Fig. 3. TAM depletion does not extend survival in Type 1 and Type 2 GBM. Kaplan-Meier survival curves of TAM-depleted vs. control (treatments initiated
3 to 4 wk after tumor implantation) Type 1 (DT+PLX5622 N = 11, Control N = 14, median survival of 7.2 wk for control, 6.3 wk for DT+PLX5622) (A) and Type 2
(DT+PLX5622 N = 10, Control N = 14, median survival of 9.7 wk for control, 9.7 wk for DT+PLX622) (B) GBM mice, significance calculated with Mantel-Cox test.
(C) Phospho-histone H3 IF staining images and quantification of TAM-depleted and control GBMs, data represented as mean with SEM, N= 5 control mice, 5
TAM-depleted mice, unpaired t test, symbols represent %PH3+ events per dapi+ event for each FOV (5 FOV per mouse). (D) Kaplan-Meier survival curve of
TAM-depleted vs. control (treatments initiated 1 wk after tumor implantation) Type 2 (DT+PLX5622 N = 8, control N = 8, median survival of 8.5 wk for control, 9.3
wk for DT+PLX622) GBM mice, significance calculated with the Mantel-Cox test. (£) Kaplan-Meier survival curve of TAM-depleted vs. control (initiated 3 to 4 wk
after tumor implantation) Nf7-sufficient (DT+PLX5622 N = 6, Control N = 6, median survival of 7.8 wk for control, 7.9 wk for DT+PLX5622) GBM mice, significance

calculated with the Mantel-Cox test.

the high abundance of TAMs in GBMs, examining the potential
of TAM-targeted therapies in GBM is imperative. Preclinical stud-
ies have shown benefit in inhibiting CSF1R signaling (9, 14, 15),
decreasing recruitment of TAMs with LOX inhibition (8), com-
bining CD47 blockade with temozolomide (33) or radiation and
fatty acid oxidation inhibitors (34), and engineering Tie-2 express-
ing monocytes to deliver IFN-alpha to the TIME (35), among
other approaches.

Although initial studies targeting TAM proliferation and sur-
vival with CSFIR inhibitors showed significant survival extension
in mouse models of GBM (14, 15), population-wide efficacy was
not seen in a Phase I/1I clinical trial in recurrent GBM (16). More
recent reports testing CSF1R inhibitors in mouse models of GBM
have seen mixed results, with the treatment extending survival in
some mouse models and hindering or not impacting survival in
others (9, 17). Thus, more cohesive preclinical data as well as
potential biomarkers of response to CSF1R inhibition are needed.

Here, we investigated GBM cell of origin (or transcriptional
lineage association) as a potential stratification for TAM-targeted

PNAS 2023 Vol.120 No.16 2222084120

therapies. GEMMs that developed spontaneous GBM by initia-
tion in SVZ stem cells or oligodendrocytic progenitor cells gave
rise to GBM with distinguishable molecular and histological fea-
tures (18). We found that these distinguishing features extend
beyond tumor cells to the tumor immune microenvironment. We
identified marked differences in TAM ontogeny, with
oligodendrocytic-derived Type 2 GBM exhibiting substantially
greater recruitment of peripherally derived MDMs, while Type 1
GBM primarily recruited resident microglia. We further
extended these findings from spontaneous GEMMs to ortho-
topic transplantation models and finally in human patients using
the Type I and Type II subtyped samples in the TCGA dataset
(18). These results could have implications for TAM targeting
approaches which may have more favorable outcomes if confined
to the more MDM-rich Type II tumors.

As an additional approach to validate the relevance of study-
ing TAMs in orthotopic transplantation models of GBM, we
performed sorted RNA-sequencing on Type 1 and Type 2
GBM-derived microglia and MDMs. The results demonstrated
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Fig. 4. Type 1 and Type 2 GBMs have distinct molecular responses to TAM depletion. (A) PCA plot showing Type 1 TAM-depleted vs. control samples. (B) PCA
plot showing Type 2 TAM-depleted vs. control samples. (C) Volcano plot showing the DEGs when comparing Type 1 TAM-depleted vs. all control tumors (padj
< 0.05, LFC > 1.5 or <-=1.5). (D) Volcano plot showing the DEGs when comparing Type 2 TAM-depleted vs. all control tumors (padj < 0.05, LFC > 1.5 or <-1.5).
(E) Hallmark pathway GSEA of Type 1 TAM-depleted vs. control tumors. Select enrichment plots for mitotic spindle and inflammatory response shown. (F) Hallmark
pathway GSEA of Type 2 TAM-depleted vs. control tumors. Select enrichment plots for oxidative phosphorylation and interferon gamma response shown.

that TAM transcriptional differences were driven primarily by
ontogeny and not by model type. Thus, the orthotopic trans-
plantation models can be considered physiologically relevant
models for TAM studies.

A central question addressed in this study was to evaluate the
extent of TAM contribution to tumor development and progres-
sion as previous GBM mouse model studies have reported con-
trasting results and employed models of varying relatedness to
stereotypic mutations found in GBM (9, 14, 17, 30). We initiated
studies for in vivo TAM depletion using two previously described
methods: diphtheria toxin-mediated ablation (29, 36) and CSFIR
receptor inhibition (14). We found that either method alone had
limitations. Diphtheria toxin receptor expression, activated by
Cre-mediated recombination of the silenced floxed allele in TAMs
results in rapid depletion to >85% levels by 24 h. However, within
72 h, we observed robust TAM repopulation by microglia that
were not expressing the CX3CR1-driven Cre recombinase iDTR
transgene. The result was complete repopulation of a DT-resistant
microglial population within 1 wk and thus only provided tran-
sitory TAM depletion. The alternative approach of CSFIR
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inhibition provided different outcomes. Constant exposure to the
CSF1R inhibitor in the mouse chow afforded more effective
chronic TAM reduction but took one week to reach maximal
depletion levels of ~80%. We therefore adopted a combined pro-
tocol in which mice were fed CSF1R inhibitor chow after exposure
to DT. This combined approach allowed us to achieve immediate
and sustained TAM depletion to around 85 to 95% over the course
of our experiments.

Robust TAM depletion did not extend survival or impact tumor
cell proliferation and histology in either Type 1 or Type 2 GBMs.
To understand the molecular impact of TAM depletion, we per-
formed bulk RNA-sequencing on Type 1 and Type 2 TAM-depleted
and control GBMs. We found that despite TAM depletion, Type 1
and Type 2 GBMs retained their lineage-associated transcriptomes.
However, when we analyzed Type 1 and Type 2 samples inde-
pendently, we found that they had differing transcriptomic
responses to TAM depletion therapy; Type 1 TAM-depleted GBMs
had greater expression of progrowth pathways than Type 2
TAM-depleted GBMs. Additionally, Type 2 TAM-depleted GBMs

had diminished expression of more immune-related hallmark
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pathways than Type 1 GBM, consistent with the greater immune
component of Type 2 GBMs. Thus, we show that although Type
1 and Type 2 GBM can both progress in the absence of TAMs,
their molecular response to TAM depletion differs.

As our tumor models have an NfI deletion, this adds to pre-
vious observations made in an H-Ras—driven model of GBM
that Ras-driven GBMs are inherently nonresponsive to TAM
depletion (17). Here, we also performed TAM depletion in a
GBM model system that lacks an NfI mutation (Nsz-CreER";
QK" Trp53™:; Pren™) (31), and tumors progressed equivalently
in the absence of TAMs. Taken together, these results suggest
that possibly only a specific subset of GBM models, such as
PDGFB-driven GBMs (14), require TAMs for optimal tumor
progression. Thus far, there have been no statistically significant
correlations found between tumor genetics and responses to
CSF1R therapy in clinical trials (16). One patient in the trial
showing extended PFS had an Nf7 alteration, but the limited
trial size was insuflicient to provide statistical power (16).
A larger trial will be needed to determine if there are any statis-
tically significant correlations with GBM genetic alterations.
Alternatively, there may exist intrinsic biological features of dif-
ferent model systems that add complexity to the tumor immune
microenvironment and continued vigilance to adhere to physi-
ologically relevant model systems will be an ever-increasing pri-
ority. Taken together, these studies highlight the heterogeneity
of TAMs and response to CSFIR inhibitor across GBM mouse
model systems.

Our results put into question the relevance of therapies aimed
at ablating TAMs in the GBM tumor immune microenvironment
and indicate a possible explanation for the failure of TAM depletion
therapy in clinical trials. However, potentially impactful insights
come from the observation that Type 2 tumors have a particularly
high level of MDM infiltration. This suggests the possibility that
therapeutics harnessing MDMs may have a unique and selective
therapeutic efficacy on patients harboring Type II GBM.

Methods

Mice. All mouse experiments were approved and performed according to the
guidelines of the Institutional Animal Care and Use Committee of Memorial Sloan
Kettering Cancer Center. Tumor suppressor mice with Nestin-CreER™ (37-39) or
NG2-CreER™ (19, 40) transgenes were crossed with conditional Trf)53 allele.
Nestin-CreER"; NFT"™; Tip53"™: Pten™* mice or NG2-CreER™; Nf1"*; Trp53"
T pten"* mice were generated by breeding Nestin-CreER™Trp53"" or NG2-
CreER™:Trp53"" mice with NFT"™, Trp53™, Pten™ mice. All mice were main-
tained under formal MSKCC IACUC protocols.

Cx3cr7-CreERT2-lres-Eyfp mice (29) (JAX Stock #: 021160) were bred to Rosa2é-
LsI-Tdt mice (JAX Stock#: 007908).These mice were then bred to Rosa26-Lsl-iDTR
mice (41) (JAX Stock#: 007900) to get Cx3cr1-CreERTZ-lres-Eyfp; Rosa26-Lsl-Tdt/
iDTR mice.

Mouse Primary Cell Culture. Mice with tumor suppressor alleles were induced
with tamoxifen at 4 to 6 wk of age and aged until they developed symptoms of
GBM as described previously (18). Symptomatic mice were anesthetized and
transcardially perfused with ice-cold HBSS and tissues were harvested. The tissues
were chopped and incubated with Accutase in a 37 °C water bath for 20 min,
dissociated, and cultured in a serum-free medium supplemented with B27 and
N2 (serum-free media), plus EGF, FGF, and PDGF-AA (10 ng/mL each) for Type 1
GBMs (both NfF 77/~ and Nf7 WT), and EGF, FGF, and Neuregulin (10 ng/mLeach)
forType 2 GBM. Cells were kept in 5% oxygen, 37 °Cincubator. Primary cultures
were established as tumor spheres at PO, later passages were as spheres in non-
coated plates, or as monolayer in laminin-precoated plates (10 ng/mL Laminin
diluted in DPBS with Ca2+/Mg2+).

Mouse Stereotactic GBM Cell Injection. The Type 1and Type 2 GBM cell lines
were derived from spontaneous GBM mice and cultured as described above. For
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intracranial injection, mice were anesthetized (Isoflurane) and placed on a stere-
otactic frame. A midline incision was made on the skin to expose the skull, and a
microdrill was used to perform craniotomy. For intracranial injection, 1 x 10" cells
were injected in the striatum (coordinates: 1.0 AP, —1.8 ML, 4.5 DV with respect
to the bregma). Minimum cells were injected to avoid inducing inflammation
and to model physiologic conditions as closely as possible. Mice were moni-
tored and killed for tissue collection when neurologic symptoms were evident.

Tumor Dissociation. Mice were anesthetized and transcardially perfused with
ice-cold HBSS. Tumors were dissected, chopped up on ice, and dissociated using
the Miltenyi Brain Tumor Dissociation Kit. Following dissociation, the myelin was
removed with the Miltenyi myelin removal beads and magnetic separator. Next,
red blood cells were removed with red blood cell lysis buffer (Sigma). Tumor cell
suspensions were frozen with BamBanker cell freezing media and placed at —80
for <1 mo prior to flow cytometry studies.

Histology and Immunohistochemistry. Mice were perfused with PBS and
brains were fixed in 4% paraformaldehyde, processed, and embedded into par-
affin blocks. Blocks were sectioned into 10 uM sections and stored at four degrees
until staining. DAPI was used to stain the nucleus (ThermoScientific, 1 pg/mL).
All immunofluorescent antibodies used are listed in S/ Appendix, Table S1. The
sections were then imaged with a Zeiss LSM 510 confocal microscope using Argon
488, He543, and He 633. Images were quantified using Fiji.

Multicolor Flow Cytometry. Tumor cell suspensions were dethawed and
stained with a fixable viability dye. Cells were then washed, blocked with
CD16/32 Fc block for 5 to 10 min, and stained with extracellular antibodies for
20 min on ice. Cells were then washed and either resuspended in FACS buffer
or FluoroFix buffer (BioLegend) for analysis (myeloid panel) or moved on for
staining with intracellular antibody FoxP3 (lymphoid panel). For intracellular
staining, cells were fixed and permeabilized with the FoxP3/transcription factor
staining kit (eBioscience). Then, cells were stained with FoxP3 for 30 min on
ice, washed, and resuspended in FACS buffer for analysis. Flow cytometry data
were acquired using BD Biosciences LSRFortessa analyzers and BD FACSDiva
software. Data were analyzed using FlowJo. All flow cytometry antibodies are
listed in SI Appendix, Table S2.

TAM Depletion. Cx3cr1-CrefR™Ires-Eyfp; Rosa26-LsI-Tdt/iDTR mice were
induced with tamoxifen (10 mg/20 g body weight) with oral gavage at 4 to
6 wk of age twice, 24 h apart. Then, 1 to 2 wk following tamoxifen induction,
mice were stereotactically injected with 1 x 10* Type 1 or Type 2 GBM cells.
Mice were monitored by bioluminescence imaging or MRI for tumor forma-
tion. Approximately 3 to 4 wk following stereotactic injection, mice were treated
with DT (50 ng/20 g body weight) or DPBS for the control group, three times,
24 h apart. Following the last dose of diphtheria toxin, mice were placed on
PLX5622 CSF1R inhibitor chow (Plexxicon) or control chow for the remainder
of their life. PLX5622 was incorporated into AIN-76A Rodent Diet at a 1,200
mg/kg concentration by Research Diets. Mice were monitored until neurologic
symptoms emerged and then were killed for tissue collection. Survival curves
were made using a prism, and the log-rank Mantel-Cox test was used to test
for significance. Data are representative of several independent experiments.
TAM depletion in normal brains was estimated by comparing the median values
for the cortex region. For tumor-bearing brains, TAM depletion percentage was
estimated by comparing the percentages of total TAMs between TAM-depleted
and control Type 1 and Type 2 tumors.

Analysis of TCGA GBM Data. Gene expression data from TCGA samples previ-
ously subtyped as core Type 1 or Type 2 (18) GBMs was used to look at the relative
levels of immune marker genes. Significance was calculated using a Wilcox test
with the R package ggsignif.

Bulk RNA-Sequencing.
RNA extraction.

Sorted TAM RNAseq (related to Sl Appendiix, Fig. S3). Following tumor dissection,
tumors were stained with CD45, Ly6C, Ly6G, and CD11B (S Appendix, Table S2)
and sorted for Microglia (Ly6C”, Ly6G™, CD45" CD11B*) and MDMs (Ly6C,
Ly6G™, CD45" CD11BY) directly into Trizol LS and flash-frozen at —80. RNA was
then extracted by the standard Trizol LS protocol.
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Bulk tumor tissue RNAseq (related to Fig. 4). Attumor dissection, a small tumor
piece was flash-frozen and stored at —80. Later, tumor pieces were lysed in Trizol
and RNA was extracted using the Zymo Direct-zol RNA Mini Prep Kit (R2050).
Samples were eluted in 20 puL RNase-free water and submitted for RNAseq.
Transcriptome sequencing.

Sorted TAM RNAseq (related to SI Appendix, Fig. S3). After RiboGreen quanti-
fication and quality control by Agilent BioAnalyzer, 1.1 to 2.0 ng total RNA with
RNA integrity numbers ranging from 7.2 to 10 underwent amplification using
the SMART-Seq v4 Ultra Low Input RNAKit (Clonetech catalog # 63488), with 12
cycles of amplification. Next, 1to 4 ng of amplified cDNA was used to prepare
libraries with the KAPA Hyper Prep Kit (Kapa Biosystems KK8504) using eight
cycles of PCR. Samples were barcoded and run on a NovaSeq 6000 in a PESO
run, using the NovaSeq 6000 S1 Reagent Kit (100 Cycles) (Illumina). An average
of 59 million paired reads were generated per sample, and the percent of mRNA
bases per sample ranged from 77 to 88%.

Bulk tumor tissue RNAseq (related to Fig. 4). This was performed by Admera
Health sequencing services. Isolated RNA sample quality was assessed by RNA
ScreenTape on a Tapestation (Agilent Technologies Inc. and quantified by Qubit
2.0 RNAHS assay (Thermo Fisher). Ribosomal RNA depletion was performed with
QlAseq® FastSelect rRNAHMR kit (Qiagen) as per the manufacturer's instructions.
All library constructions were prepared according to the NEBNext® UltraTM |1
Directional RNA Library Prep Kit for lllumina® (New England BioLabs Inc.). Final
libraries quantity was assessed by Qubit 2.0 (Thermo Fisher) and quality was
assessed by TapeStation HSD1000 ScreenTape (Agilent Technologies Inc.). The
final library size was about 450 bp with an insert size of about 300 bp. lllumina®
8-ntdual-indices were used. Equimolar pooling of libraries was performed based
on QCvalues and sequenced on an Illumina® Novaseq S4 (lllumina) with a read
length configuration of 150 PE for 60 M PE reads per sample (30 M in each
direction).

Downstream Analysis of Bulk RNAseq Data.

Alignment. Samples were aligned using STAR to the mouse GRCm39 or GRCm38
reference genome for the sorted TAM RNAseq and the TAM depletion tumor
RNAseq, respectively.

DEG analysis. DESeq2 (42) was used for differential gene expression analysis
for all bulk RNAseq studies. DEGs were reported that had a padj < 0.05, and
LFC > 1.5 or <—1.5. Volcano plots were made using the EnhancedVolcano
package.

GO analysis. GO was performed using the lists of significantly increased or
decreased DEGs with the ClusterProfiler, TopGO, and DOSE packages.
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GSEA analysis. GSEAanalysis was performed using the gene level statistic values
found in the DESeq? differential expression results file as a ranking metric. The
R package fgsea was used for this analysis.

statistical Analysis. Statistical analysis between groups was performed using
two-tailed unpaired Student's t test unless otherwise indicated. Kaplan-Meier
survival curves were analyzed using log-rank (Mantel Cox) test. Data were ana-
lyzed using GraphPad Prism v.9 and Fiji. Pvalues less than 0.05 were considered
significant unless otherwise indicated.

Data, Materials, and Software Availability. RNAseq data have been depos-
ited in Gene expression omnibus under accession numbers GSE225827 (43),
GSE226050 (44), and GSE226051 (45).
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