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Precision medicine in oncology leverages clinical observations of
exceptional response. Toward an understanding of the molecular
features that define this response, we applied an integrated, multi-
platform analysis of RNA profiles derived from clinically annotated
glioblastoma samples. This analysis suggested that specimens from
exceptional responders are characterized by decreased accumulation
of microglia/macrophages in the glioblastoma microenvironment.
Glioblastoma-associated microglia/macrophages secreted interleu-
kin 11 (IL11) to activate STAT3-MYC signaling in glioblastoma cells.
This signaling induced stem cell states that confer enhanced tu-
morigenicity and resistance to the standard-of-care chemotherapy,
temozolomide (TMZ). Targeting a myeloid cell restricted an isoform
of phosphoinositide-3-kinase, phosphoinositide-3-kinase gamma iso-
form (PI3Ky), by pharmacologic inhibition or genetic inactivation dis-
rupted this signaling axis by reducing microglia/macrophage-associated
IL11 secretion in the tumor microenvironment. Mirroring the clinical
outcomes of exceptional responders, PI3Ky inhibition synergisti-
cally enhanced the anti-neoplastic effects of TMZ in orthotopic
murine glioblastoma models. Moreover, inhibition or genetic inac-
tivation of PI3Ky in murine glioblastoma models recapitulated ex-
pression profiles observed in clinical specimens isolated from
exceptional responders. Our results suggest key contributions from
tumor-associated microglia/macrophages in exceptional responses
and highlight the translational potential for PI3Ky inhibition as a
glioblastoma therapy.

glioblastoma | exceptional responders | IL11 | PI3Ky |
microglia/macrophages

Key frameworks in cancer biology have been built on insights
gained through genetic analysis of rare hypomorphic muta-
tions/epigenetic events that render hypersensitivity to specific ex-
perimental conditions (1). The study of exceptional responders can
be viewed in this light, as the tumors in these patients are often
characterized by genetic or epigenetic events that confer exquisite
sensitivity to the treatment rendered. Most studies define excep-
tional responders as the <10% of patients who markedly respond to
a therapy that confers little benefit to the remaining population (2).
Here, we adopt this definition and study the <10% of patients with
glioblastoma (World Health Organization grade IV glioma), the
most common form of primary brain cancer in adults, who survive
beyond 2 y after the standard-of-care treatment with concurrent
radiation and temozolomide (TMZ).

Previous studies of exceptional glioblastoma responders have
yielded two key observations. First, while glioblastomas harboring
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isocitrate dehydrogenase (IDH) mutations are generally associ-
ated with improved survival (3), such mutations are not required
for long-term survivorship (4, 5). Second, in independent studies,
clinical specimens from long-term survivors are more likely to
harbor promoter methylation attenuating the expression of O6-
methylguanine-DNA-methyltransferase (MGMT), a DNA repair
protein that confers TMZ resistance (6-9). These results suggest
the critical contribution of TMZ efficacy to long-term survivor-
ship. Notably, Food and Drug Administration approval of TMZ
for glioblastoma factored into consideration the small “tail” of
patients who survived beyond 2y, since the treatment-associated
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gain in median survival was minimal (10-12). Beyond these ob-
servations, there is little commonality in the various studies of
long-term glioblastoma survivorship (12). A central limitation in
this literature is that key clinical factors that dominate clinical
survival prognostication for glioblastoma patients, such as pa-
tient age, neurologic function, and extent of surgical resection
(13, 14), are rarely considered in efforts to develop survival gene
signatures.

Studies of long-term glioblastoma survivorship have largely
focused on interrogating biological processes intrinsic to the tumor
cell (12). However, 30 to 50% of the cells in clinical glioblastoma
specimens are nonneoplastic, consisting predominantly of micro-
glia or Grl+ macrophages (15). Importantly, glioblastoma cells
are indelibly influenced by these nonneoplastic cells. Microglia are
progenies of primitive yolk sac myeloid precursors that reside in
the central nervous system (CNS) (16). Macrophages are derived
from bone marrow myeloid precursors that circulate in the pe-
ripheral blood and enter the brain during tumor development;
some differentiate into immune suppressive, Grl+ tumor-associated
macrophages (TAM) (17). While microglia and TAM can be studied
as distinct entities in murine glioblastoma models (18), dissoci-
ating the contributions of these distinct myeloid progenies is
difficult in studies of human clinical glioblastoma specimens
(19). As such, microglia/TAM are often grouped into a single
entity in human studies.

Many non-CNS tumors secrete chemokines to attract periph-
eral myeloid cells. These chemokines activate phosphoinositide-
3-kinase gamma isoform (PI3Ky) in myeloid cells to trigger
chemotaxis (20) and recruitment into the tumor microenviron-
ment (21, 22). PI3Ky also regulates myeloid cell transcriptional
programming by suppressing proinflammatory transcription and
activating immune suppressive and wound healing myeloid cell
transcription (23). In mammalian cells, there are three classes of
PI3K: Class I PI3K generates secondary messengers to regulate
cell growth, movement, and differentiation (24). Classes II and
IIT PI3K play major roles in endocytosis/endosome trafficking
(25-27). There are four class I PI3K isoforms (PI3Ka, B, 8, and
v). The current models suggest that PI3Ka, p, and & (classified as
class IA) are primarily activated downstream of receptor tyrosine
kinases, while PI3Ky (classified as class IB) is primarily activated
in response to G-protein coupled receptors (GPCR) (28, 29) but
can also be activated by receptor tyrosine kinases such as
VEGFR (21). While PI3Ky activation is critical for recruitment
and reprogramming of TAM in non-CNS tumors (21-23, 30-33),
the relevance of these findings in glioblastoma remain unclear.

Dynamic and complex interactions occur between glioblas-
toma and microglia/TAM in the tumor microenvironment. Non-
transformed microglia isolated from surgical specimens derived
from epilepsy patients as well as macrophages cultured from
peripheral human blood suppressed glioblastoma tumorigenicity
(34), suggesting that native microglia/macrophage serve key roles
in immune surveillance against cancer. This surveillance function
is lost in microglia/TAM isolated from the murine and human glio-
blastomas (35). Instead, these microglia/TAM secrete a multitude of
growth factors (36) and cytokines, including interleukin 6 (IL6)
to promote glioblastoma growth (37). RNA sequencing (RNA-seq)
profiling of glioblastoma-associated microglia/TAM revealed dis-
tinct subpopulations exhibiting gene expression patterns distinct
from native microglia/TAM (38). Notably, single-gene bio-
markers intended to proxy cell states in microglia/macrophage
are often altered for reasons unrelated to the proxied cell state
(39, 40). Reflecting this complexity, there is a notable incon-
gruence in studies correlating clinical survival to the expression
of single genes thought to reflect microglia/TAM abundance or
cell state, such as the expression of CD204 or ionized calcium-
binding adaptor molecule 1 (IBA1) (41). These observations
underscore the need for an integrated informatics approach
(42, 43).
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Here, we used an integrated informatics approach to under-
stand the molecular basis underlying exceptional response after
standard-of-care glioblastoma treatment and uncovered contribu-
tion from glioblastoma-associated microglia/TAM. Glioblastoma-
associated microglia/TAM secrete high levels of the proin-
flammatory cytokine interleukin 11 (IL11), which in turn, triggers
the STAT3-MYC signaling axis in glioblastoma cells to induce
stem cell states that confer therapeutic resistance. In murine
models, pharmacologic inhibition or genetic inactivation of PI3Ky
inhibited microglial IL11 expression to recapitulate expression
signatures observed in clinical specimens derived from exceptional
responders. These findings suggest PI3Ky inhibition as a promis-
ing strategy for glioblastoma therapy.

Results

Gene Signatures Implicate Contribution of Glioblastoma-Associated
Microglia/Macrophages to Clinical Response. Realizing the hazard
of “chance” associations between random gene signatures and
clinical survival (44), we began our analysis by interrogating
published glioblastoma survival signatures to determine whether
these reported associations of gene expression signatures and
survival can be recapitulated in independent patient cohorts. For
this analysis, we focused on glioblastoma with wild-type IDH
(wtIDH), given the paucity of information on survival prognos-
tication in this patient population (45). From the literature, we
identified 18 published glioblastoma survival gene signatures (S/
Appendix, Table S1) and tested them using the clinically anno-
tated expression profiles derived from wtIDH patients in The
Cancer Genome Atlas (TCGA, https://www.cancer.gov/about-
nci/organization/ccg/research/structural-genomics/tcga) and the
Repository of Molecular Brain Neoplasia Data (REMBRANDT)
glioblastoma databases (46). Of the 18 published signatures, only
two, Kim et al. (47) and Lewis et al. (48), consistently showed
survival association in both patient cohorts (SI Appendix, Table
S1). Lowered expression levels of these gene signatures were as-
sociated with improved survival. Clinical variables such as age,
Karnofsky Performance Score (KPS, a clinical scale commonly
used to assess a patient’s functional status), and extent of resection
as well as TMZ treatment potently influence patient survival (49).
To assess whether survival association of the two gene signatures
persists after controlling for these clinical variables, we combined
the two signatures into an 82 gene panel (SI Appendix, Table S2)
and tested whether the expression of these 82 genes exhibited
survival association using a matched cohort design. Of note, the
expression of these 82 genes was not enriched in any particular
TCGA-defined glioblastoma subtypes (50) (SI Appendix, Fig. S1).
In the matched cohort analysis, we identified a total of 10 patients
in the Chinese Glioma Genome Atlas (CGGA) database who
survived >2 y after gross total resection and TMZ treatment
(~10% of the cohort). Using single sample gene set enrichment
analysis (ssGSEA), we then compared the cumulative expression
of these 82 genes in the >2 y survivors relative to a cohort of 10
age- and KPS-matched wild-type glioblastoma patients who
survived <1y after gross total resection and TMZ treatment. The
expression score of the combined 82 gene signature was lower in
the >2 y survivors relative to the <1 y survivors (P = 0.036,
Fig. 14), further confirming the survival associations that we
previously observed in the TCGA and the REMBRANDT.
Functional annotation (51) of the combined signature revealed
enrichment for genes involved in wound healing and inflammatory
processes (Fig. 1B and SI Appendix, Table S2).

Since microglia/bone marrow—derived macrophages are key
cell populations that mediate healing and inflammatory pro-
cesses in the CNS, our functional annotation suggests contribu-
tions of these cells in glioblastoma survival prognostication. To
further interrogate this hypothesis, we tested whether a distinct
survival analysis method, the Gene Cluster Expression Summary
Score (GCESS) (52), would yield corroborative evidence. GCESS
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Fig. 1. Survival analysis implicates contribution of glioblastoma-associated macrophages/microglia to clinical survival. (A) ssGSEA analysis demonstrating that
the ssGSEA expression scores of the 82 survival-associated genes [combining the Kim (47) and Lewis (48) signatures] were significantly lower in the >2y
survivors relative to the <1y survivors. These cohorts were matched for age and KPS. All patients underwent gross total resection and TMZ treatment. (B)
Shown are the pathways enriched for the 82 survival-associated genes. (C and D) GCESS analysis of TCGA glioblastomas. Cluster of genes that are 1) highly
correlated to one another and 2) associated with overall survival are shown as a heatmap; each column represents a gene, and each row represents a patient.
The five survival-associated gene clusters are indicated by the vertical black bars (to the right of the heatmap). Macrophage/microglia gene signatures are
enriched in cluster 2 (C). The higher expression of genes in cluster 2 was associated with poor clinical survival (D). High (in red) and low (in black) expression
was defined based on median expression value. n = 539; P = 0.0202. (E) Immunohistochemical staining of macrophage and microglia markers, IBA1 and CD68,
in CGGA patient cohort of long-term survival (LTS) and matched short-term survivals (STS). Each row represents an LST with a matched STS. Two repre-
sentative matched pairs are shown. The statistics were derived from five matched pairs. **P < 0.01; ***P < 0.001. (F) Correlation between the expression of
CD68 and IBA1 with the survival of TCGA glioblastoma patients. P = 0.038. n = 226.
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identifies gene clusters whose expression are 1) highly correlated
to one another and 2) associated with overall survival in glio-
blastoma patients. We further wish to perform this analysis using
two independent glioblastoma cohorts, with the rationale that
robust findings should be recapitulated in independent datasets.
Supporting the hypothesis derived from our functional annota-
tion of the 82 gene panel, GCESS analysis supports the survival
contribution from microglia/TAM in both the TCGA (Fig. 1 C
and D) and the REMBRANDT datasets (SI Appendix, Fig. S2).
Higher expression levels of genes associated with microglia/TAM
functions were associated with poor survival.

Together, these analyses suggest that microglia/TAM contrib-
uted to poor glioblastoma patient survival. To further validate this
hypothesis, we stained glioblastoma specimens prepared from the
matched CGGA patients for two microglia/macrophage markers,
IBA1 and CD68. Supporting our hypothesis, lower levels of IBA1
and CD68 staining were consistently observed in the exceptional
responders relative to the matched control (Fig. 1E). As an inde-
pendent validation of these CGGA IHC findings, we analyzed the
TCGA glioblastoma cohort to test whether CD68 and IBA1 ex-
pression correlated with overall survival. Expectedly, the expressions
of CD68 and IBA1, both generally accepted microglia markers,
were highly correlated (R = 0.76, P < 2.2 x 107, SI Appendix, Fig.
S2D) in TCGA glioblastomas. The TCGA cohort was divided into
those with tumors exhibiting higher or lower than the median value
of the sum of CD68 and IBA1 expression. We observed that pa-
tients bearing tumors with higher than median CD68 + IBAL1 ex-
pression exhibited poorer survival relative to those with lower than
median CD68 + IBA1 expression (P = 0.0038, Fig. 1F).

Microglia-Secreted IL11 Enhances Glioblastoma Tumorigenicity and
TMZ Resistance. The functional annotation shown in Fig. 1B im-
plicates cell states resembling those of stem cells since they 1)
play critical roles in wound healing (53), 2) generally exhibit slower
growth kinetics (54), and 3) participate in the inflammatory re-
sponse (55). Since glioblastoma cells with stem cell properties
exhibit features associated with poor clinical outcomes, including
increased tumorigenicity (56) and therapeutic resistance (57), our
analyses suggest that microglia/macrophage in the tumor mi-
croenvironment may induce glioblastoma stem cell states that
contribute to shortened survival. Supporting this hypothesis, cocul-
turing of glioblastoma cells with a transformed human microglia cell
line (hMG) enhanced the in vitro and in vivo tumorigenicity (SI
Appendix, Fig. S3 A and B) of glioblastoma cells as well as their
TMZ resistance (SI Appendix, Fig. S3C).

Realizing that the physiology of in vitro cultured microglia
may differ from their in vivo roles (58), we tested whether our
observations could be recapitulated using murine microglia freshly
isolated from a syngeneic glioblastoma model. To this end, murine
glioblastoma-associated microglia (mMGy, GFP-CD45°*CD11b*Grl1~
cells, see gating strategy, SI Appendix, Fig. S4) were isolated from mu-
rine glioblastomas formed after orthotopic implant of GFP-labeled
GL261 cells. Supporting results derived from cultured hMG, cocul-
ture of GL261 with freshly isolated mMGg enhanced in vitro colony
formation potency by approximately threefold (Fig. 24). Further,
intracranial coimplantation of GL261 with freshly isolated mMGy
enhanced in vivo tumor growth (Fig. 2B) as demonstrated by the
shortened survival. Tumor-promoting effects were not observed
when GL261 cells were cocultured or coimplanted with
GFP~CD45CD11b*Grl1~ microglia isolated from normal murine
brains (MMG,, Fig. 2 A and 2B). Moreover, coculturing with
mMGy but not mMG,, enhanced GL261 resistance to TMZ
(Fig. 2C). Of note, similar effects were observed when glioblastoma-
associated macrophages (defined by GFP~CD45"¢"CD11b*Gr1™)
were tested in vivo (SI Appendix, Fig. S3D).

To determine the potential role of secreted factors in microglia-
mediated tumor growth, glioblastoma cells were cocultured with
conditioned medium (CM) derived from hMG (SI Appendix, Fig.
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S54) or mMGy. These experiments demonstrate that CM reca-
pitulated the microglia-mediated tumor growth (SI Appendix, Fig.
S5 B and C). To identify the soluble factor responsible for this
phenotype, we performed an unbiased proteomic profiling of CM
derived from hMG (58) (Fig. 2D). The list of CM proteins was
crossed referenced to their messenger RNA (mRNA) expression in
clinical specimens and survival outcomes. We reasoned that in-
creased mRNA expression for the CM factor underlying the in-
creased tumorigenicity/resistance to DNA damage would be
associated with poor clinical survival. With this rationale, we tested
the top 10 most abundant proteins in the hMG media for clinical
survival association. Of those tested, only IL11 exhibited the an-
ticipated survival association. In the TCGA dataset, high IL11
mRNA expression was associated with poor survival (Fig. 2D). We
then confirmed this association using the CGGA dataset (Fig. 2D).
To avoid multiple comparisons, we tested only IL11 in this confir-
matory analysis (SI Appendix, Fig. S5D). Importantly, IL11 mRNA
and protein expression were elevated in clinical glioblastoma
specimens (SI Appendix, Fig. SSE).

Next, we tested whether IL11 is necessary and sufficient for
the induction of glioblastoma tumorigenicity and TMZ resistance.
Neutralizing antibodies against IL11 suppressed the protumori-
genic effect of microglia CM on the SF767, as determined by both
neurosphere (Fig. 2E) and colony-forming assays (SI Appendix,
Fig. S64). These results were recapitulated using an independent
glioblastoma line, LN229 (SI Appendix, Fig. S6B), a patient-
derived glioblastoma line cultured as tumorsphere, MGG4 (SI
Appendix, Fig. S6C), as well as a murine glioblastoma line, CT2A
(SI Appendix, Fig. S6D). In gain-of-function studies, direct addition
of IL11 ligand at concentrations found in clinical glioblastoma (S/
Appendix, Fig. S5E) specimens enhanced the neurosphere- and
colony-forming potency of SF767 (Fig. 2F and SI Appendix, Fig.
S6F) and LN229 (SI Appendix, Fig. S6F) by approximately three-
fold. Finally, ectopic expression of human IL11 (hence noted as
IL11) in the SF767 glioblastoma line, thereby creating autocrine
IL11 signaling, enhanced in vivo xenograft formation in a subcu-
taneous model (SI Appendix, Fig. S6 G and H). In an orthotopic
murine glioblastoma model, the median survival of mice bearing
GL261 cells ectopically expressing IL11 (designated GL261-IL11)
was shortened by ~8 d relative to mice implanted with GL261-
vector cells (Fig. 2G and SI Appendix, Fig. S6G). Additionally, ec-
topic IL11 expression decreased the minimal number of implanted
cells required for in vivo xenograft formation, further supporting the
hypothesis that IL11 enhances glioblastoma tumorigenicity (SI
Appendix, Fig. S6I). Finally, ectopic IL11 expressing SF767 glio-
blastoma cells significantly augmented TMZ resistance (Fig. 2H).

To determine the major cell source for IL11 in the glioblas-
toma microenvironment, we sorted tumor and myeloid cells from
GL261 tumors. Glioblastomas formed after orthotopic implant
of GFP-labeled GL261 cells were sorted into GFP*CD45™ tu-
mor cells, GFP~CD45'*CD11b*Gr1~ microglia fraction, and
GFP-CD45"€"CD11b*Grl™ macrophage cells and then sub-
jected to IL11 qRT-PCR. IL11 mRNA expression was approxi-
mately an order of magnitude higher in the microglia fraction
relative to the tumor and the macrophage fractions (Fig. 2I). To
connect these observations to human glioblastomas, we sorted
cell populations from freshly resected clinical glioblastoma
samples using IBA1"CD68*CD11b™ as markers for microglia/
TAM. Analysis of samples secured from three unrelated patients
revealed that IL11 expression was largely found in the
IBA1"CD68*CD11b™ fraction (Fig. 2/ and SI Appendix, Fig.
S7), suggesting that the myeloid cell populations were the major
cell source of IL11 in the glioblastoma microenvironment.

We next determined if IL11 expression or presence of microglia
contributed to increased expression of the 82 survival-associated
genes (SI Appendix, Table S2) that we collated through our in-
formatics analysis (Fig. 14). To this end, intracranial glioblastoma
xenografts derived from SF767-vector, SF767-IL11, or SF767 cells
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was plotted as a heatmap. Three independent tumors were analyzed for each cohort.
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coimplanted with hMG were isolated and analyzed by qRT-PCR.
Supporting our hypothesis, >50% of the 82 genes showed a
greater than twofold increase in expression when comparing
glioblastomas formed by SF767-1L11 with those formed by SF767-
vector cells (Fig. 2K, gene list shown in SI Appendix, Table S2).
Impressively, >90% of the 82 genes showed a greater than twofold
increase when comparing glioblastoma formed after SF767/
microglia coimplantation with those formed by SF767-vector cells.
As controls, we showed that ectopic IL11 expression or microglia
coimplantation did not systemically affect the expression of a set
of randomly selected genes (SI Appendix, Fig. SaJ).

IL11 Induces Glioblastoma STAT3-MYC Signaling. In several cancer
types, IL11 facilitates tumorigenesis through the activation of the
STAT3 pathway (53, 59-62). However, the role of STAT3 in IL11-
mediated glioblastoma tumorigenesis remains an open question.
IL11 treatment of independent glioblastoma lines induced a time-
dependent increase in the accumulation of the active, tyrosine-705
phosphorylated form of STAT3 (p-STAT3), suggesting that IL11
induces STAT3 activation in glioblastoma cells (Fig. 34). More-
over, inhibitors of STAT3 activation, including cryptotanshinone
(54) and the JAK?2 inhibitor SAR317461 (55), abolished the effect
of IL11 on tumorsphere formation (Fig. 3B), suggesting STAT3
activation is required for the protumorigenic effects of IL11.

A key downstream effector of STAT3 is MYC (57), a master
transcriptional regulator that governs a network of transcrip-
tional factors essential for glioblastoma tumorigenicity, including
OLIG2, SOX2, and POU3F2 (63, 64). IL11 treatment of the
SF767 glioblastoma line in vitro increased MYC expression by
approximately threefold (Fig. 3C). This increase was abolished
by inhibitors that prevent STAT3 activation (Fig. 3D), suggesting
an IL11-STAT3-MYC signaling axis. Confirming this observa-
tion, the SF767-1L11 xenografts showed increased expression of
MYC as well as its downstream effectors, OLIG2, SOX2, and
POU3F2 (63) (Fig. 3E). Supporting a clinical connection, IL11
mRNA expression positively correlated with MYC mRNA ex-
pression in two independent clinical glioblastomas cohorts, in-
cluding the CGGA (R* = 0.3550, P = 0.0006; Fig. 3F) and the
TCGA (R =0.37, P = 6.3 x 107, SI Appendix, Fig. S5F). Finally,
doxycycline-induced silencing of MYC expression suppressed the
effect of IL11 on glioblastoma tumorigenicity in vitro (Fig. 3G).
For in vivo experiments, mice were implanted with serially diluted
SF767-IL11 cells harboring a doxycycline-inducible shMYC con-
struct (dox-shMYC) and randomized to doxycycline or vehicle
treatment. By day 30, the vehicle-treated group formed glioblas-
toma xenografts in a dilution-dependent manner (Fig. 3H), while
no xenografts were observed in the doxycycline-treated group. Of
note, doxycycline treatment did not affect the growth kinetics of
SF767-IL11-dox-shScramble (SI Appendix, Fig. S8). Collectively,
these results suggest that IL11 in the tumor microenvironment
induces activation of a STAT3-MYC axis in glioblastoma cells.

PI3Ky Inhibition Suppresses Glioblastoma Tumorigenicity and TMZ
Resistance. PI3Ky activation promotes accumulation of protu-
mor myeloid cells (20-22) and immunosuppressive reprogram-
ming of these cells in the tumor microenvironment (23). Our
results suggest these myeloid-specific effects mediate key aspects
of glioblastoma tumorigenicity. In this context, we hypothesized
that PI3Ky inhibition may impede these functions to suppress
glioblastoma growth. Confirming this hypothesis, while treat-
ment with the PI3Ky inhibitor, TG100-115, did not affect glio-
blastoma growth in vitro (SI Appendix, Fig. S94), TG100-115
treatment prolonged the median survival of GL261 bearing mice
by ~5 d relative to mice treated with vehicle (Fig. 44). Fur-
thermore, PI3Ky ™~ C57BL/6 implanted with GL261 glioblas-
tomas exhibited a ~5 d increase in survival relative to GL261-
implanted PI3Ky *'* (SI Appendix, Fig. S9B), confirming the
survival benefit associated with PI3Ky inhibition. Importantly,
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TG100-115 treatment of GL261 implanted in PI3Ky ~'~ mice did
not prolong survival (SI Appendix, Fig. S9C), suggesting that the
TG100-115 associated survival benefit was attributable to PI3Ky
inhibition. To confirm that PI3Ky in the microglia population
drove this survival difference, microglia (GFP-CD45'*CD11b*Gr1")
were isolated from glioblastomas formed after orthotopic implanta-
tion of GL261 cells into PI3Ky ™'+ and PI3Ky ~~ mice. The isolated
microglia were then coimplanted with a new batch of GL261 into
PI3Ky =~ mice. Mice implanted with GL.261 and microglia isolated
from PI3Ky *'* mice exhibited shortened survival by ~6 d relative to
mice implanted with GL261 and microglia isolated from PI3Ky ~/~
mice (Fig. 4B).

Given the importance of IL11 in microglia-mediated protu-
morigenic signaling to glioblastoma in our murine model, we
next determined whether ectopic IL11 overexpression in glio-
blastoma cells induces an autocrine loop that circumvent the
tumor-suppressive effects of TG100-115 treatment. Supporting
IL11 as a key mediator of myeloid-induced protumorigenic effect,
TG100-115 did not significantly alter the survival of C57BL/6 mice
implanted with GL261 that ectopically expressed IL11 (Fig. 4C),

Since our murine studies suggest microglia as the predominant
myeloid population in the glioblastoma microenvironment (S
Appendix, Figs. S10 and S11) and a major source of IL11 (Fig. 21),
we determined the effects of TG100-115 on microglia IL11
production. TG100-115 treatment of cultured hMG in vitro
suppressed the level of IL11 secreted by approximately threefold
without affecting cell viability (Fig. 4D and SI Appendix, Fig.
S9D). To characterize the effects of TG100-115 on IL11 pro-
duction in vivo, murine GL261 glioblastomas were isolated after
vehicle or TG100-115 treatment. The TG100-115-treated glio-
blastomas showed an approximately threefold decrease in IL11
level relative to the vehicle-treated samples (Fig. 4E). Similarly,
IL11 levels in GL261 glioblastomas formed after orthotopic
implant into PI3Ky ~'~ mice were approximately threefold lower
relative to those implanted into PI3Ky *'* mice (SI Appendix,
Fig. SOE).

To further demonstrate that TG100-115 suppressed microglial IL11-
associated protumorigenic signaling, GFP-labeled GL.261 glioblastoma
formed with or without TG100-115 treatment were sorted into tumor
(GFP*CD457), microglia (GFP~CD45*CD11b*Gr17), and bone
marrow—derived macrophage (GFP~CD45"2"CD11b* Gr1*) fractions
and then analyzed for IL11, MYC, SOX2, OLIG2, and POU3F2
mRNA expression. TG100-115 treatment did not significantly alter the
levels of IL11 expression in the tumor or TAM (Fig. 4F). However,
TG100-115 suppressed microglia IL11 expression by approximately
threefold (Fig. 4F). While TG100-115 treatment did not significantly
affect the expression of MYC, SOX2, OLIG2, and POU3F2 in
microglia, the expression of these genes in the tumor cells was sup-
pressed by approximately twofold after TG100-115 treatment (Fig. 4F).
As these experiments were performed using the same number of
sorted cells, the decreased IL11 expression in TG100-115-treated
microglia further supported PI3Ky inhibition-suppressed microglia
IL11 secretion in vivo.

We next examined the effects of PI3Ky inhibition on microglia
density in the glioblastoma tumor microenvironment. TG100-115 did
not significantly alter the proportion of the CD45M"CD11b*Gr1~
population (SI Appendix, Fig. S9F), suggesting that microglia density
was unaffected by TG100-115 treatment. Consistent with our previ-
ous results (23), the percentage of CD45™"CD11b*Gr1"® bone
marrow—derived macrophages were reduced by two- to fourfold.
Confirming these results, the microglia densities were comparable to
GL261 glioblastomas formed after orthotopic implant into PI3Ky ~'~
and PI3Ky *'* mice (SI Appendix, Fig. S9G).

Since the aggregate of our results suggests that microglia IL11
signaling modulate glioblastoma tumorigenicity and therapeutic
resistance, one implication of the above results is that PI3Ky
inhibition transformed the glioblastoma microenvironment from
one associated with poor TMZ response to one mimicking that
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Li et al. PNAS | 7 of 12
PI3Ky inhibition suppresses microglia/TAM accumulation in glioblastoma microenvironment to https://doi.org/10.1073/pnas.2009290118
promote exceptional temozolomide response

MEDICAL SCIENCES


https://doi.org/10.1073/pnas.2009290118

A GL261 B GL261 + microglia
1001 .
~LVehicle GL261 6L261 100 - e | MG
n_:‘: 801 ::;ilg?z-m ﬁ Microglia y 3_3 804 ik —no MG
5 0, o0 [ e
2 40 GL261 GL261 E 40
=] 9 =1 -
» | Microglia | n
201 ﬁ . 20-
0 T T T 1 0 1 1 T T
0 10 20 30 40 0 10 20 30 40
Days post implantation Days post implantation
C D E
GL261-IL11 hMG 3
100 - —LVehicle 501 L i 07
- +TG100-115 - 1 S 40
S 80 - Z 40- = a0
2 p=0.7065 £ L )
< Ei = 30
2 60 £ 301 m S
o~ (4]
g 40 5 201 g 201 5_1:_
= 4] -
o, | = 5 104
a 20 ; 104 %V =
e
0 T T T 1 0- L P
0 10 20 30 40 NM CM NM CM &, ‘G,
Days post implantation Vehicle TG100-115 % %,
&
F IL11
GFP+CD45- @ MYC
__ OLIG2
Tumor cells T sox2
_ POU3F2
GFP-CD45""CD11b+Gr1+ -
|| . L1
Macrophages L1
MYC
GFP-CD45*CD11b+Gr1- ‘5’5',3_2
Microglia E— | 'POU3F2
E1_E2 E3 E4_E5 E6 § W
Vehicle TG100-115
G CT-2A H
100 - no treatment % :
* - .  — A. A
~ 804 o | ™e — ==
£ - Tet00415 #_
s 60+ == Combination =S —
= [ e
2 40- —
=]
wn
20
0 T T T T 1 . : l .
0 20 40 60 80 100 E1 E2 E3 E4 E5 E6 :
Days post implantation Vehicle TG100-115  Low High

Fig. 4. PI3Ky inhibition suppresses microglia density and glioblastoma tumorigenicity. (A) The effect of TG100-115 treatment on the survival of mice
orthotopically implanted with GL261. n = 10, P = 0.0002. (B) The survival of PI3Ky~'~ mice after orthotopic coimplant of GL261 cells with the microglia isolated
from PI3Ky*™* or PI3Ky™~ mice. n = 10. ***P < 0.0001; ns: not significant. (C) The effect of TG100-115 treatment on the survival of mice orthotopically
implanted with GL26-IL11. n = 10, P = 0.7065. (D) The enzyme-linked immunosorbent assay (ELISA) analysis of IL levels in CM of TG100-115-treated im-
mortalized hMG. (E) The ELISA analysis of IL11 protein level in orthotopically implanted GL261 tumors with or without TG100-115 treatment. *P < 0.05. (F)
gRT-PCR analysis of IL11, MYC, OLIG2, SOX2, and POU3F2 in tumor cells, TAM, and microglia isolated from GL261 tumors that underwent TG100-115
treatment (Right). Orthotopic tumors were resected after treatment and sorted as shown in Left. Three independent tumors were analyzed for the treated
and untreated cohorts. (G) The survival of mice orthotopically implanted with CT-2A tumor after treatment with TG100-115, TMZ, or a combination of these
two drugs (combo). n = 10. *P < 0.05; **P < 0.01; ***P < 0.0001. (H) The effect of TG100-115 treatment on the expression of the 82 survival-associated genes.
RNA was extracted from orthotopic GL261 tumors with or without TG100-115 treatment and analyzed by qRT-PCR. ACt between gene and actin in each
sample was plotted as a heatmap. Three independent tumors were analyzed for the treated and untreated cohorts.

8of 12 | PNAS Li et al.
https:/doi.org/10.1073/pnas.2009290118 PI3Ky inhibition suppresses microglia/TAM accumulation in glioblastoma microenvironment to
promote exceptional temozolomide response


https://doi.org/10.1073/pnas.2009290118

of “exceptional” response. We tested this hypothesis. Although
TG100-115 treatment failed to affect the TMZ sensitivity of
GL261 cells in vitro (SI Appendix, Fig. SOH), substantial TMZ
sensitization was detected in vivo (S Appendix, Fig. SOI). The
survival of mice bearing intracranial CT-2A glioblastomas was
prolonged by either TG100115 (~7 d) or TMZ treatment (~6 d),
but the combination of these treatments extended survival by
31 d (P < 0.0001, Fig. 4G). This result was recapitulated using
the GL261 model (SI Appendix, Fig. SOI).

GL261 tumors treated with TG100-115 (Fig. 4H) or implanted
into PI3Ky ~'~ mice (SI Appendix, Fig. S124) consistently showed
decreased expression of the 82 survival-associated gene panel (S
Appendix, Table S2), further supporting our hypothesis. TG100-
115 treatment or GL261 engraftment in PI3Ky ~'~ mice did not
systemically affect the expression of a set of randomly selected
genes (SI Appendix, Fig. S12B). In aggregate, these results sug-
gest that PI3Ky inhibition converts the glioblastoma tumor mi-
croenvironment into one that more closely resembles those
observed in “exceptional responders.”

Discussion

Glioblastomas are diagnosed and graded by pathological land-
marks, including two canonical microenvironmental features,
microvascular proliferation, and necrosis. Necrotic regions por-
tend a poor prognosis and contain substantial inflammatory
components, including microglia and TAM. No consensus exists
in terms of the prognostic importance of these cell types (23).
The available studies presented conflicting results (23, 65-67)
and are largely limited by study designs without considerations
for clinical variables that potently influence survival (such as age,
KPS, and extent of resection) or validation in independent co-
horts. We designed our study to address these limitations. Or-
thogonal informatics interrogation and cross-validation using
three independent patient cohorts unveiled an inverse association
between the density of glioblastoma-associated microglia/macro-
phages and survival. Our results suggest that clinical response to
TMZ is, at least in part, modulated by soluble factors released by
these glioblastoma-associated microglia/macrophages, including
contributions by IL11 (68). To date, IL11’s role in glioblastoma
pathogenesis and contribution to the exceptional response re-
mains poorly described. We now show that the microglia/mac-
rophage-secreted IL11 activates STAT3-MYC signaling in
glioblastoma cells to promote transition into a cancer stem cell
state, resulting in tumorigenicity and TMZ resistance (Fig. 5).

Microglia and macrophage in their native state exhibit anti-
glioblastoma activities (69). In this context, our findings would
suggest that by the time of the clinical presentation, when glio-
blastoma patients bear significant tumor burden, most microglia/
macrophages in the tumor microenvironment have been reprog-
rammed to promote tumor growth (41). The emerging literature
on glioblastoma-associated microglia/TAM is largely supportive of
this hypothesis (38-40). Further supporting this notion, microglia
derived from the normal mice were not protumorigenic (Fig. 2B)
but became protumorigenic after in vivo coimplantation with
GL261 glioblastoma cells (Fig. 4B). This reprogramming results in
the altered secretion of a multitude of cytokines, including IL11.
Importantly, these cytokines play key roles in inducing peritumoral
edema that often contributes to clinical deterioration (70). As
such, PI3Ky inhibition has the potential benefit of mitigating
deleterious effects resulting from peritumoral edema.

We previously demonstrated that stochastic fluctuation in
MYC expression influenced glioblastoma cell fate in terms of the
equilibrium between entry and exit from the cancer stem cell
states (63). Similar findings have been reported for other master
regulatory transcription factors in glioblastomas (64, 71) and for
other cancers (30, 72). Our current study suggests that this
equilibrium is influenced by glioblastoma microenvironmental
factors, including microglia secretion of IL11. Specifically, IL11
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activates STAT3 signaling in glioblastoma cells, resulting in in-
creased MYC expression. In turn, increased MYC expression
shifts the equilibrium toward the cancer stem cell states. This
dependence on microenvironment signaling is reminiscent of
postnatal stem cells, which require signaling from surrounding
cells to maintain the capacity of self-renewal and multipotency
(73). In this context, reprogramming of microglia and TAM may
serve as a mechanism by which glioblastoma cells reconstitute
the signaling required for induction/maintenance of cancer stem
cell states.

It remains unclear whether the tumor microenvironment of
the exceptional responders is dictated by the intrinsic genetic/
epigenetic landscape of the tumor, patient-specific genetics/phys-
iology, or a combination of the two. Recent findings that distinct
PIK3CA mutations induce tumor microenvironment with differ-
ential capacity for synapse formation suggest the primacy of tumor
genetics in shaping its microenvironment (74). Applied to our
findings, this model would suggest that microglia/macrophage
recruitment is driven by mutations within the cancer genome
through cell-autonomous mechanisms. On the other hand, natural
polymorphisms in the somatic genome and patient-to-patient vari-
ation in neuroendocrine regulation modulate macrophage migra-
tion (21) and function (70). As such, aspects of patient physiology
independent from tumor genetic/epigenetic composition may
contribute to the recruitment and reprogramming of microglia/
macrophage. Thus, noncell-autonomous factors may contribute
to microglia/macrophage functions in the glioblastoma tumor
microenvironment.

Our finding that glioblastoma cells leveraged cellular constit-
uents in their microenvironment to protect themselves from the
deleterious effects of cancer therapeutics is reminiscent of
findings reported in breast and ovarian cancer, where the per-
centage of stromal cells in the clinical specimen prognosticated
survival after systemic therapy (75). These findings bear impli-
cations in cancer evolution as it relates to therapeutic resistance
(76, 77). Cancer evolution models built on temporal ordering of
clonal or subclonal mutations typically do not directly account
for contributions from the microenvironment (78). While these
analyses are of great value in understanding selective pressures
imposed on cell-autonomously driven processes, noncell-autonomous
phenotypes may be invisible to most such analyses. Thus, the tra-
jectory of cancer evolution in response to therapy cannot be fully
modeled without understanding the cooperativity of constituents
within the complex cancer ecosystem.

In summary, our study suggests clinical glioblastoma speci-
mens derived from exceptional responders to TMZ are charac-
terized by a microenvironment with decreased accumulation of
microglia/TAM. This state is recapitulated by PI3Ky inhibition,
which suppresses microglial IL11-mediated protumorigenic sig-
naling. As such, PI3Ky inhibition warrants consideration in
clinical translation as a potential glioblastoma therapeutic.

Materials and Methods

Cell Lines, Reagents, and Molecular/Cell Assays. Cell lines and reagents are
described in S/ Appendix. Tumorigenicity was assessed by either crystal violet
(63) or limiting dilution assays (79). qPCR, immunoblotting, and immuno-
histochemistry were performed as previously described (63) and in details in
SI Appendix. Clinical specimen collection/analysis was approved by the In-
stitutional Review Board (IRB) at the University of California San Diego
Human Research Protections Program (IRB121046) and described in detail
under S/ Appendix, Clinical Glioblastoma Specimen Analysis. Patient capacity
for informed consent was determined by the treating surgeon during con-
sent for the surgical procedure. Once the patient is determined capable of
consent, a dedicated study coordinator reviews the IRB-approved consent
form with the patient, answers questions from the patient, and obtains
written consent in the presence of a witness. Animal studies were performed
in accordance with the Animal Care and Use Rules at the University of Cal-
ifornia San Diego under protocol S11253 or University of Minnesota under
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protocol 1707-349371A and described under S/ Appendix, Xenograft and
Allograft Models.

Literature Search and Statistical Analysis. The MEDLINE database was queried
for studies reporting an mRNA expression signature associated with survival
in adult glioblastoma patients. The initial search performed using the fol-
lowing Medical Subject Heading terms yielded 102 articles: (“prognostic” OR
“survival”) AND (“gene signature”) OR (“signature” and “gene expression”)
OR (“gene signatures”) AND (“glioma” OR “glioblastoma” OR “GBM"). Two
independent reviewers evaluated these articles to identify mRNA signatures
associated with glioblastoma survival. A total of 18 signatures were identi-
fied (S/ Appendix, Table S2) and analyzed as described below.

Cohorts of patients with wtIDH were identified in the following manner:
IDH status in the TCGA dataset was based on DNA sequencing information,
and IDH status in the REMBRANDT was assigned based on a published mRNA-
based gene classifier (46, 80). The ssGSEA (81) score was calculated for each
sample for each signature. This enrichment score was normalized to the
mean of 10,000 dataset permutations. Cox proportional hazard regression
was carried out on these normalized enrichment scores to determine survival
association.

An mRNA expression dataset of age- and KPS-matched wtIDH glioblastoma
patients was collaged using the CGGA with <1 y survival (n = 10) and >2 y
survival (n = 10). Age was matched to + 5y, and KPS was precisely matched.
The ssGSEA enrichment score was calculated for the combined Kim (47) and
Lewis (48) signatures for the <1y and >2 y survivors and compared using t test.

Other statistical analyses are found under S/ Appendix, Statistical Analysis.
All statistical analyses were carried out in MATLAB (Statistics Toolbox Re-
lease 2012b, The MathWorks Inc.). Genes in the signature were compared to
a list of 100 genes selected at random from the TCGA. Genes were selected
without replacement using the random number generator from R version
3.1. None of the selected genes overlapped with the genes in any of the
signatures of interest.
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Flow Cytometry Staining, Analysis, and Sorting. Single-cell suspensions (10° cells
in 100 pl total volume) were incubated with LIVE/DEAD Fixable Aqua Dead Cell
Stain at 4 °C for 15 min (Life Technologies), FcR-blocking antibody at 4 °C for
10 min (BD Biosciences), and various fluorescently labeled antibodies at 4 °C for
1 h. Primary antibodies against CD45-Alexa700 (mouse, 30-F11), CD11b-APC
(mouse, M1/70), Gr1-FITC (mouse, RB6-8C5), CD3e-eFluor780 (mouse, 145-2C11),
CD68-PE (human, eBioY1/82A), and CD11b-APC (human, ICRF44) were purchased
from eBioscience; F4/80-PE-Cy7 (mouse, BM8), CD4-PEdazzle (mouse, GK1.5),
and CD8-BV605 (mouse, 53-13) were purchased from BioLegend. IBA1-FITC
(human) was from Abcam. For intracellular staining, cells were fixed and
permeabilized using Flow Cytometry Permeabilization/Wash Buffer | (R&D)
and then incubated with rabbit IL11 antibody (R&D) followed by PE-Cy7
conjugated anti-Rabbit secondary antibody (eBioscience), or cells were per-
meabilized using Permeabilization/Wash Buffer | (R&D) and then incubated
with anti-IBA1-FITC antibody (Abcam). Multicolor fluorescence-activated cell
sorting (FACS) analysis was performed on a BD Canto RUO19 Color Analyzer at
the Flow Cytometry Core at the University of California San Diego Center for
AIDS Research. All data analysis was performed using FlowJo (Tree Star, Inc.).

For cell sorting, single-cell suspensions were stained with LIVE/DEAD Fixable
Aqua Dead Cell Stain (Life Technologies) to exclude dead cells and anti-CD11b-
APC (mouse, M1/70, eBioscience) and anti-Gr1-PE (RB6-8C5, eBioscience). FACS
sorting was performed using FACS Aria 11 color high-speed sorter at the Flow
Cytometry Core at the University of California San Diego Center for AIDS
Research. GFP-tagged SF767 tumor cells were sorted based on GFP positivity.
GFP-tagged GL261 cells were sorted into GFP*CD45~ (glioblastoma),
GFP~CD45'°"CD11b*Gr1~ (microglia), and GFP-CD45"9"CD11b*Gr1* (macro-
phages). Microglia were isolated from both GL261 glioblastomas (mMGg) and
normal murine brain (MMG,,,). Cells from freshly resected glioblastoma specimens
were sorted into IBA1"CD68"CD11b~ (nonmyeloid cells) and IBA1*CD68*CD11b*
(microglia/myeloid cells).

Please refer to S/ Appendix for other full detailed materials and methods.
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Data Availability. All study data are included in the article and/or supporting
information.
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