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Abstract

The symbiotic interactions between cancer stem cells and the tumor microenvironment (TME)
are critical for tumor progression. However, the molecular mechanism underlying this symbiosis
in glioblastoma (GBM) remains enigmatic. Here, we show that circadian locomotor output
cycles kaput (CLOCK) and its heterodimeric partner brain and muscle ARNT-like 1 (BMAL1)

in glioma stem cells (GSCs) drive immunosuppression in GBM. Integrated analyses of the

data from transcriptome profiling, single-cell RNA sequencing, and TCGA datasets, coupled
with functional studies, identified legumain (LGMN) as a direct transcriptional target of

the CLOCK-BMAL1 complex in GSCs. Moreover, CLOCK-directed olfactomedin-like 3
(OLFML3) upregulates LGMN in GSCs via hypoxia-inducible factor 1-alpha (HIF1a) signaling.
Consequently, LGMN promotes microglial infiltration into the GBM TME via upregulating
CD162 and polarizes infiltrating microglia towards an immune-suppressive phenotype. In

GBM mouse models, inhibition of the CLOCK-OLFML3-HIF1a-LGMN-CD162 axis reduces
intratumoral immune-suppressive microglia, increases CD8" T-cell infiltration, activation and
cytotoxicity, and synergizes with anti-PD1 therapy. In human GBM, the CLOCK-regulated LGMN
signaling correlates positively with microglial abundance and poor prognosis. Together, these
findings uncover the CLOCK-OLFML3-HIF1a-LGMN axis as a molecular switch that controls
microglial biology and immunosuppression, thus revealing potential new therapeutic targets for
GBM patients.
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Introduction

The current standard-of-care for patients with glioblastoma (GBM), a lethal form of primary
brain tumor in adults, offers minimal impact on clinical outcomes (1). Genomic profiling
of GBM patients has led to the identification of three core signaling pathways, including
RTK/RAS/PI3K/PTEN, P53/ARF/MDMZ2, and RB/CDKN2A, in GBM cells (2,3). These
encouraging findings increased the search for targeted therapies; however, almost all efforts
to target these core signaling pathways in GBM cells have failed in the clinic (4-7).
Increasing evidence shows that signaling from GBM cells not only affects cancer cells, but
also regulates the biology of the tumor microenvironment (TME) (8,9). Microglia and bone
marrow-derived macrophages (BMDMs, hereafter referred to as macrophages) constitute
the most abundant cell population in the GBM TME, and account for up to 50% of the
whole tumor mass (10,11). Our prior work has demonstrated that GBM cell signaling can
shape a pro-tumor TME by recruiting macrophages (12). Specifically, we found that PTEN
deletion/mutation in GBM cells upregulates lysyl oxidase to recruit macrophages into the
GBM TME, which in turn secrete osteopontin to support glioma cell survival and stimulate
angiogenesis (12). These findings highlight symbiotic interactions between GBM cells and
the TME and provide a framework from which to identify druggable targets intercepting
these co-dependencies in GBM within specific genetic backgrounds.

Circadian rhythm is a conserved phenomenon that plays an important role in regulating
cancer cell biology, such as proliferation, metabolism, and DNA repair (13-15). Circadian
locomotor output cycles kaput (CLOCK) and its heterodimeric partner brain and muscle
ARNT-like 1 (BMALY, also known as ARNTL) are key transcription factors that can
exhibit pro-tumor or anti-tumor effects depending on the TME and cancer types (16,17).
The CLOCK-BMAL1 complex has been characterized as oncogenic in GBM, where it can
promote glioma cell proliferation and migration (18). We and others have demonstrated
that the CLOCK-BMAL1 complex in glioma stem cells (GSCs) not only sustains stemness
intrinsically (17,19), but also increases microglial infiltration into the GBM TME in a

cell non-autonomous mechanism (17). Nonetheless, the molecular basis by which the
CLOCK-BMAL1 complex regulates microglial infiltration is poorly understood. Moreover,
whether and how the CLOCK-BMAL1 complex regulates microglia immune-suppressive
polarization, modulates T cell-mediated anti-tumor immune response, and affects the
responsiveness to immunotherapy are largely unknown.

In this study, we elucidate that legumain (LGMN) is transcriptionally regulated by the
CLOCK-BMAL1 complex and upregulated by CLOCK-directed OLFML3-HIFla axis in
mouse and patient-derived GSCs. As a result, LGMN promotes microglial infiltration into
the GBM TME via upregulating CD162 (also known as P-selectin ligand) and polarizes
infiltrating microglia towards an immune-suppressive phenotype. Inhibition of the CLOCK-
HIF1la-LGMN-CD162 axis suppresses GBM growth and synergizes with anti-PD1 therapy
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in GBM mouse models. Collectively, our studies decipher the role and mechanism of

the CLOCK-BMAL1 complex in regulating a key GBM hallmark of immunosuppression
and uncover the CLOCK-OLFML3-HIF1a-LGMN-CD162 axis as an exciting therapeutic
target for enhancing immunotherapeutic efficiency in GBM.

Materials and methods

Cell culture

HMC3 microglia; 293T and CT2A cells; and GL261 cells were cultured in Eagle’s
Minimum Essential Medium (ATCC, # 30-2003), Dulbecco’s Modified Eagle’s Medium
(DMEM; Gibco, #11995-065), and DMEM-Ham’s F12 medium (Gibco, #10565-018),
respectively, containing 10% FBS (Fisher Scientific, # 16140071) and 1:100 antibiotic-
antimycotic (Gibco, #15140-122). For stemness maintenance, CT2A and GL261 cells were
cultured in neural stem cell (NSC) proliferation media (Millipore, #SCMO005) containing 20
ng/ml epidermal growth factor (EGF; PeproTech, #AF-100-15) and basic fibroblast growth
factor (bFGF; PeproTech, #100-18B). These cell lines were purchased from the ATCC,
except for GL261 that was obtained from the National Cancer Institute in October 2020.
Patient-derived GSCs and mouse QPP7 cells were obtained from Drs. Frederick F Lang and
Jian Hu, respectively (The University of Texas MD Anderson Cancer Center, Houston, TX)
in October 2020, and were cultured in NSC proliferation media containing 20 ng/ml EGF
and bFGF. Early passages of cells were frozen down for future use. Cells were passaged
two times per week and were cultured for a maximum of 2 months /n vitro and underwent
four passages for /n7 vivo injections. All cells were confirmed to be mycoplasma-free and
were maintained at 37 °C and 5% CO,. Cells were treated with SR9009 (Selleck Chemicals,
#58692, 5 pM), acriflavine (ACF, Sigma, #A8126, 5 M), LGMN recombinant protein
(OriGene, #TP720320, 10-25 ng/ml), RR-11a analog (MedChemExpress, #HY-112205A,;
20 nM), PSI-697 (MedChemExpress, #CS-5867; 120 uM) for 24 hrs for conditioned media
(CM) collection and protein expression analysis, or 8 hrs for mRNA expression analysis.

Plasmids, viral transfections, and cloning

shRNAs targeting human CLOCK and LGMN, and mouse Clock and Bmall in the
pLKO.1 vector (Sigma, #SHC001) were used. Lentiviral particles were generated as we
described previously (12). In brief, 8 ug of the shRNA plasmid, 4 pg of the psPAX2
plasmid (Addgene, #12260), and 2 pg of the pMD2.G plasmid (Addgene, #12259) were
transfected using Lipofectamine 2000 (Invitrogen, #13778150) into 293T cells plated in
100-mm dishes. Viral supernatant was collected 48 hrs and 72 hrs after transfection and
filtered. Cells were infected twice in 48 hrs with viral supernatant containing 10 pug/ml
polybrene (Millipore, #TR-1003-G), and then selected using 2 pug/ml puromycin (Millipore,
#540411) and tested the expression of CLOCK, LGMN, and BMAL1 by immunoblots.
The following mouse and human shRNA sequences (Clock. #86: TRCN0000095686

and #74: TRCN0000306474; Bmall: #54:TRCN0000095054 and #57: TRCN0000095057;
LGMN: #10:TRCN0000029258 and #11: TRCN00000276301) were selected following
validation. Doxycycline-inducible plasmid was generated by cloning CLOCK shRNA
(TRCNO0000306475) into a pLKO.1 vector through the Gateway Cloning System (Thermo
Fisher, #12535029).
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Migration assay

HMC3 microglia were suspended in serum-free culture medium and seeded into 24-well
transwell inserts (8.0 um, Millipore, #MCEP24H48). GSC CM or basal cell culture medium
with OLFML3 (OriGene, #TP300923), LGMN (OriGene, #TP720320), or CCL2 (VWR
International, #10780-410) recombinant protein (10 ng/ml) was added to the remaining
receiver wells. To study the role of LGMN and CD162 in microglial migration, the LGMN
inhibitor RR-11a analog (MedChemExpress, #HY-112205A; 20 nM) and P-selectin inhibitor
PSI-697 (MedChemExpress, #CS-5867; 120 uM) were used. After 24 hrs, the migrated
microglia were fixed and stained with crystal violet (Sigma, #C-3886). The migrated
microglia in treatment groups were expressed as a fold change (relative migration) over

the control groups.

Immunoblotting

Immunoblotting was performed following the standard protocol (12). Cells were lysed on
ice using RIPA buffer (Thermo Scientific, #89901) supplemented with protease inhibitor
cocktail (Millipore, #11697498001). Samples were then applied to SDS-PAGE gels
(GenScript, #M00652) and blotted onto a nitrocellulose membrane (Bio-Rad, #1704270).
Membranes were then incubated with primary antibodies (1:1,000 dilution) overnight

at 4 °C. After washing three times, membranes were incubated with HRP-conjugated
secondary antibodies (1:1,000 dilution; Cell Signaling, #7076S and #7074S) for 1 hr at room
temperature. Signaling was detected by chemiluminescence (Pierce, #34580 and #34076)
using the ChemiDoc™ MP Imaging System (Bio-Rad, #17001402). The signal intensity of
target proteins was quantified by Image J software (NIH) and normalized against the loading
control (e.g., actin or vincullin). Results were expressed as a fold change over the controls.
Antibodies used for immunoblotting are listed in Supplementary table 1.

Quantitative real-time PCR (RT-qPCR)

Cells were detached from culture plates with trypsine (Gibco, #25300-054) or Accutase
(Millipore, #SCR005), and were pelleted at 1200 rpm for 5 min. RNA was isolated with the
RNeasy Mini Kit (Qiagen, #74106), and then reverse-transcribed into cDNA using the All-
In-One 5X RT MasterMix (Applied Biological Materials, #G592). RT-qPCR was performed
with use of SYBR Green PCR Master Mix (Bio-Rad, #1725275) for distinct genes (e.g.,
CLOCK, LGMN, VEGFA, ARG1, CD274, IFNG, IL1Band /L10). Approximately 10 ng
of template was used per reaction. The expression of each gene was quantified using the
delta-delta CT method and normalized to the housekeeping gene (e.g., ACTB or GAPDH).
Samples (n=3-6 per group) were run on the CFX Connect Real-Time PCR Detection
System (Bio-Rad, #1855201).RT-gPCR primers are listed in Supplementary table 2.

Immunohistochemistry and immunofluorescence

Immunohistochemistry and immunofluorescence were performed using a standard protocol
as we previously described (12). In brief, a pressure cooker (Bio SB, #7008) was used

for antigen retrieval using antigen unmasking solution (MVector Laboratories, #H-3301)

at 95 °C for 30 min. After blocking with 10 % goat serum for 1 hr, sections

were incubated with primary antibodies (1:200-1:1000 dilution) overnight at 4 °C. For
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immunohistochemistry, sections were incubated with rabbit on rodent HRP-polymer
(Biocare Medical, Cat# RMR622L) for 40 min and then developed with the Ultravision
DAB Plus Substrate Detection System (Thermo Fischer Scientific, #TA-125-QHDX) at
room temperature, followed by hematoxylin staining, dehydrated, and coverslipped. For
immunofluorescence, sections were washed with PBS and incubated with secondary
antibodies (Life Technologies, 1:500) for 1 hr at room temperature in dark, and then were
counter-stained with DAPI/anti-fade mounting medium (Vector Laboratories, #H-1200-10).
Immunohistochemistry staining in tumor tissue sections were reviewed and scored as
previously reported (20,21). Briefly, the staining score = staining intensity x percentage

of positive cells. Staining intensity was defined as: 0=negative; 1=weak; 2=moderate; and
3=strong. Percentage of positive cells was assigned as: 0=0%; 1=0-25%; 2=25-50%; 3=50-
75%; and 4=75-100%. Antibodies used for immunochistochemistry and immunofluorescence
are listed in Supplementary table 1.

ChIP-Seq and ChIP-PCR

GSE134974 (19) containing BMAL1 ChlP-Seq data in GSCs and NSCs was enrolled and
the data was analyzed using Integrative Genomics Viewer (Broad Institute). ChIP-PCR

was performed using the standard protocol (12). Briefly, chromatin from paraformaldehyde
(PFA, Alfa Aesar, #J61899)-fixed GSC272 cells were cross-linked using 1% PFA for 10
min and then reactions were quenched using 0.125 M glycine at room temperature. Cells
were lysed with ChIP lysis buffer [10 mM Tris-HCI (pH 8.0), 1 mM EDTA (pH 8.0),

140 mM NacCl, 0.2% SDS, 1% Triton X-100 and 0.1% deoxycholic acid] for 30 min

on ice. Chromatin fragmentation was performed using a sonicator, and then solubilized
chromatin was incubated with the appropriate mixture of antibody [e.g., anti-CLOCK
(Abcam, #ab3517) or anti-BMALL1 (Cell signaling, #14020)] and dynabeads (Thermo
Scientific, #A36579) overnight. Immune complexes were then washed with RIPA buffer
(Thermo Scientific, #89901), once with RIPA-500 (RIPA with 500 mM NaCl), and once
with LiCl wash buffer [10 mM Tris-HCI (pH 8.0), 1 mM EDTA (pH 8.0), 250 mM L.iCl,
0.5% NP-40 and 0.5% deoxycholic acid]. Elution and reverse-crosslinking were performed
in direct elution buffer [10 mM Tris-Cl (pH 8.0), 5 mM EDTA, 300 mM NaCl, 0.5% SDS]
containing proteinase K (Thermo Scientific, #£00491, 20 mg/ml) at 65 °C overnight. Eluted
DNA was purified using AMPure beads (Beckman-Coulter, #A63881), which then was used
to perform gPCR. Antibodies used for ChIP-PCR are listed in Supplementary table 1.

Microarray analysis

The GSE140409 (17) containing gene expression data of ishControl and ishCLOCK
GSC272 cells was enrolled. The differentially expressed genes between two groups were
overlapped with the secreted protein database (22) to identify the soluble factors whose
expression were reduced by CLOCK depletion. The GSE140409 dataset was used to
generate a rank list (ishCLOCK versus ishControl) for gene set enrichment analysis
(GSEA).

Brain tumor and spleen cell isolation

Mice with neurological deficits or moribund appearance were sacrificed. Brain tumors and
spleens were separated and homogenized. Cell suspensions were filtered through 70 pm
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strainers (Thermo Fisher, #08-771-2). For brain tumors, myelin and debris were removed
by 30/70 Percoll (GE Healthcare, #17-0891-01) gradient separation. The interphase was
collected and washed with PBS, and then cells were resuspended for further analysis. For
spleen cell isolation, blood cells were lysed using ACK buffer (Thermo Fisher, #A1049201)
on ice for 5 min. After deactivation with complete RPMI 1640 media, cell suspensions were
centrifuged at 1500 rpm for 10 min at 4°C, and then cells were resuspended in PBS for
further analysis.

CD8* T cell isolation and culture

CDS8™ T cells were isolated from the spleens of C57BL/6 mice using a CD8* T cell
isolation kit (Miltenyi Biotec, #130-104-075) following manufacturer’s instructions. Then,
CD8* T cells were cultured with RPMI 1640 media (Gibco, #22400-089) containg 10%
FBS, 1:100 GlutaMAX (Gibco, #35050061), 50 uM 2-Mercaptoethanol (Sigma, #M7522),
1:100 non-essential amino acids (Gibco, #11140050) and 1:100 antibiotic-antimycotic; and
activated with 50 ng/ml recombinant IL2 protein (PeproTech, #212-12) for 72 hrs.

Cytotoxicity assay

The cytotoxicity assay was performed following manufacturer’s instructions (Cytotox96
non-radioactive cytotoxicity assay kit, Promega, #G1780). CT2A cells (2x10%) were used as
target cells and co-cultured with I1L2-activated CD8* T cells (1:1, 10:1 and 100:1) for 4 hrs.
Before the tumor cell-CD8* T cell co-incubation, activated CD8" T cells were co-cultured
with HMC3 microglia for 24 hrs. HMC3 microglia were pretreated with GSC272 CM (1:1
dilution with normal culture media) in the presence or absence of LGMN inhibitor RR-11a
analog (MedChemExpress, #HY-112205A; 20 nM) for 24 hrs.

Flow cytometry

The single-cell suspensions were incubated with fixable viability dye (Invitrogen,
#5211229035) at room temperature for 10 min. After washing with FACS buffer (PBS

with 1% BSA), cells were incubated with the indicated antibodies (1:100) and anti-CD16/
CD32 cocktail (BioLegend, #103132) for 30 min at room temperature. After staining, cells
were washed twice with FACS buffer and then fixed with 1% PFA/FACS buffer at 4°C
before performing flow cytometry analysis. Antibodies used for flow cytometry are listed in
Supplementary table 1.

Single-cell sequencing data analysis

Single-cell sequencing data of GSE131928 (23) and GSE84465 (24) was used for
performing GSC and microglia unsupervised sub-clustering, respectively. CD44, OLIG2
and PDGFRA; and CX3CR1 and GPR34 were selected as the positive control for GSC and
microglia clustering, respectively, using principal component analysis with the number of
principal components from the elbow point of scree plot. For the differential gene expression
of LGMN within the microglia sub-cluster, cells were divided into two groups: LGMN* and
LGMN- groups. DESeqg2 v 1.30.0 was performed to obtain the rank list of the differential
genes in LGMN* versus LGMN™ microglia for GSEA.
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Computational analysis of human GBM datasets

The TCGA microarray datasets, includingAgilent-4502A (containing 489 GBM patient
samples and 10 non-tumor samples) or HG-U133A (containing 528 GBM patient samples
and 10 non-tumor samples); or other GBM patient datasets (e.g., the Gravendeel dataset
containing 159 GBM patient samples) were enrolled for gene expression, correlation and
survival analyses, and gene ontology enrichment analyses (GOEA). The Agilent-4502A
TCGA GBM samples were clustered using the 8-gene microglia signature (25) into
microglia-high and microglia-low subgroups, using complete-linkage hierarchical clustering.

Mice and intracranial xenograft tumor model

Female C57BL/6 (#0000664) and SCID mice (#ICRSC-F) at 3-4 weeks of age were
purchased from the Jackson Laboratory and Taconic Biosciences, respectively. Mice

were grouped by 5 animals and maintained under pathogen-free conditions. All animal
experiments were performed with the approval of the Institutional Animal Care and Use
Committee (IACUC). The intracranial xenograft tumor models were established as we
described previously (12). Briefly, mice were anesthetized by intraperitoneal injection of a
stock solution containing ketamine (Covetrus, #056344, 100 mg/kg) and xylazine (Akorn,
#59399-110-20, 20 mg/kg) and were placed into the stereotactic apparatus (RWD life
science, # 68513). A small hole was bored in the skull 1.2 mm anterior and 3.0 mm lateral
to the bregma using a dental drill. Cells were injected in a total volume of 5 L into the right
caudate nucleus 3 mm below the surface of the brain using a 10 uL Hamilton syringe with
an unbeveled 30-gauge needle. The incision was then stapled closed. Mice were treated with
acriflavine (Sigma, #A8126, 5 mg/kg, i.p., daily for 2 weeks), SR9009 (Selleck Chemicals,
#58692, 100 mg/kg, i.p., daily for 2 weeks) or anti-CD162 (Bio X Cell, #BE0186, 10 mg/kg,
i.p., every other day for 6 doses) starting at 7 days post-orthotopic tumor cell injection,
and/or received the treatment with anti-PD1 (Bio X Cell, #BE0146, 10 mg/kg body weight,
i.p., on day 11, 14 and 17). Mice with neurological deficits or moribund appearance were
sacrificed. Following the transcardial perfusion with 4% PFA (Alfa Aesar, #J61899), brains
were removed and fixed in formalin (Fisher Chemical, #SF100-4), and were processed for
paraffin embedded blocks.

Human samples

GBM tissue microarrays (TMAS) containing 35 GBM and 5 normal brain tissues were
purchased from US Biomax (#GL806f). These materials were commercially available
anonymized and de-identified. According to Northwestern’s Institutional Review Board,

the conducted research meets the criteria for exemption #4 (45 CFR 46.101(b) Categories of
Exempt Human Subjects Research) and does not constitute human research.

Statistical analysis

Statistical analyses were performed with student #tests for comparison between two groups
or with two-way ANOVA test as indicated. Data was represented as mean £ SEM. The
survival and correlation analyses in GBM datasets and animal models were performed using
the Log-rank (Mantel-Cox) test and the Pearson test, respectively (GraphPad Prism 9). P
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values were designated as *, /<0.05; **, £<0.01, and ***, £<0.001; n.s., non-significant
(P>0.05).

Data availability

Results

Microarray dataset (GSE140409), ChIP-Seq dataset (GSE134974), and single-cell RNA
sequencing datasets (GSE131928 and GSE84465) were downloaded from the Gene
Expression Omnibus. The TCGA datasets and other GBM patient dataset were downloaded
from the GlioVis (http://gliovis.bioinfo.cnio.es/).

LGMN promotes microglial migration and is highly expressed in GSCs

At the molecular level, the CLOCK-BMALL complex can regulate the expression of nuclear
receptors REV-ERBS, which, in turn, form a negative feedback loop to repress BMAL1

(26). As an agonist of nuclear receptors REV-ERBs, SR9009 treatment reduced CLOCK and
BMAL1 expression in GSC272 and QPP7 GSCs (Supplementary Fig. SLA-D) and extended
the survival of C57BL/6 mice bearing CT2A tumors (17). Consistent with previous studies
(27), soft agar colony formation and tumor sphere formation assays demonstrated that
CT2A cells possessed a GSC-like phenotype (Supplementary Fig. S1E). To confirm whether
SR9009-treated GSCs affect microglial migration, we performed transwell migration assays
using the conditioned media (CM) from SR9009-treated and control GSCs. We found that
CM from SR9009-treated GSC272 dramatically reduced HMC3 microglial migration (Fig.
1A, B). Flow cytometry revealed that SR9009 treatment significantly reduced the population
of CD45!°¥CD11b*CX3CR1* microglia, but did not affect CD45M9"CD11b* macrophages,
in CT2A tumor-bearing brains (Fig. 1C-E). To better understand how the CLOCK-BMAL1
complex triggers microglial infiltration in GBM, we analyzed the microarray profiling data
from inducible shRNA control (ishControl) and inducible ShRNA CLOCK (ishCLOCK)
knockdown (KD) GSC272 cells (17) and intersected CLOCK-regulated genes with a
secreted protein database (22). Consistent with our prior findings (17), we found that
OLFML3, POSTN, TFPIZ, LGMN, and ALDHIAI were the top five genes downregulated
(KD>75%) by CLOCK depletion (Fig. 1F). Bioinformatics analyses in TCGA GBM dataset
demonstrated that the expression of LGMN, OLFML3, and ALDH9A1, but not of POSTN
and 7FPI2, correlated positively with microglial markers CX3CR1, TMEM119 and GPR34
(Supplementary Fig. S1F). GOEA on the Biological Process sub-ontology in TCGA GBM
patients demonstrated that LGMN and OLFML3, but not ALDH9A1I, correlated positively
with leukocyte/myeloid cell migration and chemotaxis (Supplementary Fig. S1G-I). Next,
we performed transwell migration assays using recombinant proteins (OLFML3, LGMN,
and CCL2) in supplemented media, and found that both LGMN and OLFML3 significantly
increased microglial migration showing the activity comparable to that of chemokine CCL2
(Fig. 1G, H). In addition to OLFML3, as we previously reported (17), this study identifies
LGMN as a novel CLOCK-regulated chemokine promoting microglial migration. Moreover,
by analyzing the microarray profiling data (17), we found that the expression of L GMN was
higher than that of OLFML3in GSC272 (Fig. 11). To confirm it /n vivo, we analyzed the
single-cell RNA sequencing data from 28 GBM patient tumors (23), and found that LGMN
expression was higher than that of OLFML3in malignant cells (Supplementary Fig. S2A-
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C). Within the malignant population (Fig. 1J), we used uniform manifold approximation
and projection (UMAP) dimensionality reduction analysis combined with CD44, OLIG2
and PDGFRA as markers to classify GSCs (Supplementary Fig. S2D-F). As a result,

we identified three discrete GSC subsets (Fig. 1K) and confirmed that L GMN expression
was higher than that of OLFML3in GSCs from GBM patients (Fig. 1L—N). Notably, the
phenotype was reinforced by western blotting showing higher LGMN (the 35 kDa activated
isoform) protein relative to OLFML3 in a panel of GSCs, including GSC272, GSC17,
TS603, and QPP7 (Fig. 10, P). Together, these findings suggest that LGMN is a crucial and
potent CLOCK-regulated chemokine in GSCs.

CLOCK-BMAL1 complex transcriptionally regulates LGMN in GSCs

To assess whether the CLOCK-BMAL1 complex transcriptionally regulates LGMN, we
analyzed BMAL1 ChIP-Seq data from human NSCs (e.g., ENSA and hNP1) and GSCs
(e.g., T387 and T3565) (19). We found that BMAL1 bound to the LGMN promoter in
NSCs, which was further increased in GSCs (Fig. 2A, B). ChIP-PCR demonstrated that
CLOCK and BMAL1 bound to the LGMN promoter in GSC272 cells, and that this binding
was reduced upon CLOCK depletion (Fig. 2C). RT-qPCR confirmed that inhibition of

the CLOCK-BMAL1 complex by depletion of CLOCK using ishCLOCK; or by SR9009
treatment, dramatically reduced the expression of LGMN in GSC272 (Fig. 2D, E). Similarly,
western blotting demonstrated that ShRNA-mediated depletion of CLOCK (Fig. 2F, G)

and BMALL1 (Fig. 2H, I), and SR9009 treatment (Fig. 2J, K) significantly reduced the
protein abundance of LGMN in QPP7 GSCs and GSC272. Finally, the relationship between
LGMN and the CLOCK-BMAL1 complex was reinforced by the positive correlation
between LGMN and CLOCK in a panel of GBM patient-derived GSCs, including GSC17,
TS603, GSC274 and GSC23 (Fig. 2L, M). Together, these findings suggest that LGMN is
transcriptionally regulated by the CLOCK-BMAL1 complex in GSCs.

OLFML3-HIFla axis upregulates LGMN in GSCs

Together with our prior studies (17), the above findings suggest that both L GMN and
OLFML3are transcriptionally regulated by the CLOCK-BMAL1 complex, but LGMN
showed much higher expression, prompting speculation that OLFML3 may upregulate
LGMN in GSCs. Using bioinformatics analyses, we found that L GMN correlated positively
with OLFML3in TCGA GBM patients (Fig. 3A). Moreover, western blotting demonstrated
that sShRNA-mediated depletion of OLFML3 dramatically reduced LGMN expression in
GSC272 (Fig. 3B). However, treatment with LGMN inhibitor RR-11a analog did not affect
OLFML3 expression in CT2A and GSC272 (Supplementary Fig. S3A, B).

To reveal the molecular basis underlying OLFML3-regulated LGMN expression, we
analyzed several datasets with four different comparisons: microarray profiling dataset
from GSC272 cells with ish CLOCK versus ishControl (17), BMAL1 ChIP-Seq dataset
with GSCs versus NSCs (19), as well as TCGA GBM dataset with OLFML 3-high versus
OLFML 3low and BAML 1-high versus BMAL 1-low. We performed GSEA on hallmark
pathways and identified seven overlapping pathways (Fig. 3C). Among them, hypoxia
and PIBK/AKT/mTOR pathways are extensively involved in regulating GSC biology. To
investigate whether the CLOCK-BMAL1 complex transcriptionally regulates H/F1A, we
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analyzed BMAL1 ChIP-Seq data (19), and found that BMAL1 bound to the H/F1A
promoter, and with higher binding activity in GSCs compared to NSCs (Fig. 3D, E).
Western blotting demonstrated that inhibition of the CLOCK-BMAL1 complex through
shRNA-mediated depletion of CLOCK and BMAL1, or through SR9009 treatment, not only
inhibited the expression of OLFML3, as we previously reported (17), but also dramatically
reduced HIF1la expression in QPP7 GSCs (Fig. 3F-1) and GSC272 cells (Fig. 3J, K).
Moreover, shRNA-mediated depletion of OLFML3 significantly reduced HIF1a expression
in GSC272 cells (Fig. 3L, M). Although phospho-p70 S6 Kinase was reduced, inhibition

of the CLOCK-BMAL1 complex by ish CLOCK did not show any effect on the quantity

of AKT and phospho-AKT in GSC272 cells (Supplementary Fig. S3C-E). These findings
suggest that HIF1a, but not AKT pathway, is essential for OLFML3-induced LGMN
upregulation. Next, we treated GSC272 and CT2A cells with HIF1a inhibitor acriflavine
(ACF) and found that such treatment significantly reduced LGMN (Fig. 3N, O), but did

not change the expression of OLFML3 (Supplementary Fig. S3F, G). Moreover, LGMN
inhibition did not show any effect on HIF1a expression in CT2A and GSC272 cells
(Supplementary Fig. S3H, I). We have previously demonstrated that GL261 cells expressed
relative high CLOCK expression (17). Tumor sphere formation assay demonstrated that
GL261 cells possessed GSC-like phenotype (Supplementary Fig. S3J), consistent with
previous work (28). To confirm the importance of the OLFML3-HIF1a-LGMN axis in
tumor progression /n vivo, we treated GL261 tumor-bearing mice with ACF and found that
this treatment significantly extended the survival (Fig. 3P). Clinically, the hypoxia signature
(from the MSigDB) was upregulated in GBM tumors compared to normal brain tissues
(Supplementary Fig. S3K) and correlated positively with poor prognosis in GBM patients
(Supplementary Fig. S3L). Collectively, we conclude that OLFML3 upregulates LGMN via
HIF1a signaling in GSCs.

LGMN promotes microglial migration via CD162 signaling

To confirm the role of GSC-derived LGMN in microglial migration, we treated GSC272 and
CT2A cells with LGMN inhibitor RR-11a analog, and then the CM from treated cells were
used to perform transwell migration assays. We found that RR-11a analog treatment in both
GSC272 and CT2A cells significantly reduced microglial migration (Fig. 4A-D). Next, we
analyzed the single-cell transcriptome data from a cohort of four GBM patients containing
both core tumor cells and infiltrating immune cells (24). UMAP dimensionality reduction
analysis was used to generate a map of 3589 single cells (Fig. 4E), and CX3CR1 and GPR34
were used as markers to classify microglia (25) (Fig. 4F, G). We found that L GMN was
highly expressed in microglia in GBM patient tumors (Fig. 4H), suggesting that endogenous
LGMN may promote microglial migration. Correspondingly, RR-11a analog treatment in
microglia themselves exhibited reduced microglial migration in a dose-dependent manner
(Fig. 41, J).

To understand the potential molecular features underlying LGMN-promoted microglial
migration, we generated a rank list showing the differentially expressed genes between
LGMN* and LGMN™ microglia using the single-cell transcriptome data (Fig. 4K). GSEA
focusing on gene ontology pathways demonstrated that leukocyte migration was one of the
top pathways enriched in LGMN* microglia (Fig. 4L). Within this signature, 12 genes,
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including CD162, APP, CD99L2 VAV3, PPIL2, PLCBI1, VEGFB, LGALS3 WNKI,
SELL, CYP19A1, showed an enrichment in LGMN* microglia. The further single-cell
analysis demonstrated that the expression of VAV3, CD162, PL. CB1, WNK1, APP, CD99L2,
and PPIL2was significantly higher in LGMN' microglia compared with these genes in
LGMN- microglia (Supplementary Fig. S4A). Gene clustering in TCGA GBM patients
showed that CD162, SELL, CYP19A1, and DOKZ exhibited a similar expression pattern
with LGMN (Supplementary Fig. S4B). Combining these two parameters, we conclude
that CD162 is potentially downstream of LGMN signaling, which was further supported

by the data from TCGA GBM patients showing that CD162 correlated positively with
LGMN (Supplementary Fig. SAC). Consistent with previous studies showing that CD162

is essential for the infiltration of leukocytes, including microglia (29,30), we found that
CD162 correlated positively with microglial markers (e.g., CX3CR1, TMEM119 and
GPR34) in TCGA GBM patients (Supplementary Fig. S4D—F). Further investigations using
immunoblotting demonstrated that LGMN recombinant protein treatment upregulated the
expression of CD162 in HMC3 microglia (Fig. 4M, N), whereas inhibition of this signaling
genetically (using LGMN shRNAs) and pharmacologically (using LGMN inhibitor RR-11a
analog) exhibited an opposite effect (Fig. 40 and Supplementary Fig. S4G-I). Using
transwell migration assays, LGMN-supplemented media dramatically increased microglial
migration, which was abolished by the treatment with LGMN inhibitor RR-11a analog and
P-selectin-CD162 interaction inhibitor PSI-697 (Fig. 4P, Q). Together, these findings suggest
that CD162 regulates LGMN-induced microglial migration.

LGMN correlates positively with microglia and is a prognostic factor in GBM patients

To further investigate the role of CLOCK-regulated LGMN in microglial biology, we
performed a series of in silico analyses on TCGA GBM datasets. GSEA focusing on both
hallmark pathways and gene ontology pathways demonstrated that seven out of the top ten
pathways enriched in LGMN-high GBM patients were associated with immune response
(Supplementary Fig. S5A, B). These findings prompted /77 sificoimmune cell auditing of
samples from TCGA GBM patients using 16 types of validated immune cell signatures
(12,17,31). This revealed that high LGMN expression correlated positively with increased
tumor-associated macrophages and microglia (TAMs), microglia and dendritic cells, and
to a lesser extent, immature dendritic cells, monocytes, and granulocytes (Supplementary
Fig. S5C, D). LGMN expression also correlated with decreased hematopoietic stem

cells (Supplementary Fig. S5C). Other immune cell types were not significantly changed
(Supplementary Fig. S5C). These studies identified LGMN as an important chemokine
for microglia, which was further confirmed by gene clustering data showing that

LGMN correlated positively with the 8-gene microglial signature (25) in GBM patients
(Supplementary Fig. S5E). Using the TCGA GBM dataset, unsupervised clustering with
the microglial signature categorized TCGA GBM tumors into two subtypes: microglia-high
and microglia-low (Supplementary Fig. S5F), suggesting that a subset of human GBM
tumors show prominent infiltration of microglia. Moreover, expression of LGMN in the
microglia-high samples was higher than those in microglia-low samples (Supplementary
Fig. S5G). In addition, the expression of LGMN was found to be higher in GBM than that
in low-grade glioma (Supplementary Fig. S6A), and higher in grade IV than that in grades
I1and 111 patients (Supplementary Fig. S6B). Finally, the survival analysis in the Gravendeel

Cancer Immunol Res. Author manuscript; available in PMC 2022 December 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xuan et al.

Page 12

GBM dataset demonstrated that the expression of LGMN correlated negatively with overall
survival in GBM patients (Supplementary Fig. S6C). Together, these findings demonstrate
that LGMN is a chemokine for microglia that negatively correlates with the survival of
GBM patients.

CLOCK-HIF1la—-LGMN axis drives microglia polarization towards an immune-suppressive

phenotype

Our prior studies have shown that SR9009 treatment significantly extended the

survival of C57BL/6 mice implanted with CT2A cells (17). Histological studies further
demonstrated that GSC stemness, proliferation, and LGMN expression were dramatically
reduced, whereas apoptosis was significantly increased in SR9009-treated CT2A tumors
(Supplementary Fig. S7TA-D). Moreover, we found that this treatment was accompanied by
a significant decrease of intratumoral microglia (Fig. 1C, D), suggesting a potential role

of LGMN-regulated microglia in this process. Microglia can be divided into the immune-
stimulatory and immune-suppressive phenotypes, which display anti-tumor and pro-tumor
effects, respectively (32). We confirmed that GBM-associate microglia are strongly biased
towards the immune-suppressive phenotype in tumors from both GSC272 and CT2A models
(Fig. 5A, B). Next, we investigated whether the pro-tumor effect of the CLOCK-HIFla—
LGMN axis relates to microglia immune-suppressive polarization in GBM. Flow cytometry
demonstrated that GSC272 CM polarized microglia towards an immune-suppressive
phenotype, and this effect was abolished when GSC272 cells were pretreated with

SR9009 (Fig. 5C, D). Similarly, CM from SR9009-treated CT2A cells downregulated the
immune-suppressive microglia markers (e.g., ARG1 and VEGFA) relative to CM from
control CT2A cells (Fig. 5E). Consistent with these /in vitro findings, SR9009 treatment
reduced intratumoral CD45!°%CD11b*CX3CR1*CD206* immune-suppressive microglia in
the CT2A model (Fig. 5F, G and Supplementary Fig. STE). Immunofluorescence staining
demonstrated that CX3CR1*CD206* immune-suppressive microglia were significantly
reduced in HIF1a inhibitor ACF-treated tumors (Fig. 5H, ). Moreover, RT-gPCR and

flow cytometry demonstrated that immune-suppressive microglia were upregulated by
LGMN recombinant protein treatment (Fig. 5J), and conversely, downregulated by LGMN
inhibitor RR-11a analog treatment in HMC3 microglia (Fig. 5K, L and Supplementary Fig.
S7F). Finally, we observed positive expression correlations among CLOCK, HIF1a, and
CD206 in human GBM TMA s (protein) (Fig. 5M-0), and positive correlation between
LGMN and immune-suppressive microglia signature (17) in TCGA GBM dataset (MRNA)
(Supplementary Fig. S7G). Together, these /n vitro, in vivo and human GBM findings
suggest that the CLOCK-HIF1a—~LGMN axis is essential for microglia immune-suppressive
polarization.

Inhibition of the CLOCK—-OLFML3-HIF1a—-LGMN—-CD162 axis activates anti-tumor immune
response and synergizes with anti-PD1 therapy

Since GBM-associated microglia are immune-suppressive cells and regulated by the
CLOCK-HIF1a-LGMN-CD162 axis, we hypothesized that inhibition of this axis can
enhance the anti-tumor immune responses to immune checkpoint inhibitors (ICIs).
Flow cytometry of spleens from CT2A tumor-bearing mice demonstrated that SR9009
treatment significantly increased CD3* (CD45*CD3%), CD8* (CD45*CD3*CD8%), and
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CD8™ (CD45*CD3*CD8") T cell populations (Fig. 6A, B and Supplementary Fig. SSA).
Furthermore, the activated CD8* T cells (CD45*CD3*CD8*CD69%), but not activated
CD8™ T cells (CD45*CD3*CD8~CD69™), were upregulated in the spleens of CT2A
tumor-bearing mice upon SR9009 treatment (Fig. 6C and Supplementary Fig. S8B).

The enhanced frequency of CD8* and activated CD8* T cells was further confirmed

by immunofluorescence staining in SR9009-treated CT2A tumors (Fig. 6D, E and
Supplementary Fig. S8C, D). Bioinformatics analyses also revealed that activated CD8* T-
cell signature was enriched in CLOCK-low patients compared to CL OCK-high patients (Fig.
6F). These findings suggest that inhibition of the CLOCK-BMAL1 complex can increase
CD8™* T-cell infiltration and activation. Similarly, CD8" T-cell activation was induced by
LGMN inhibition in microglia, as we found that CD8* T cells expressed significantly more
Ifngand //1b, and less //10when they were co-cultured with LGMN inhibitor RR-11a
analog-treated microglia compared to control microglia (Fig. 6G). Functionally, LGMN
inhibition in GSC272 CM-polarized HMC3 microglia promoted CD8" T cell-mediated
CT2A cell cytotoxicity compared to control GSC272 CM-polarized microglia (Fig. 6H). To
explore the potential mechanisms underlying this process, we examined the expression of
CD274 (PD-L1, an immune inhibitory molecule), which has been shown as a critical factor
that mediates TAM-induced immunosuppression in GBM (33). Investigations on microglia
demonstrated that LGMN recombinant protein treatment upregulated PD-L1 expression
(Fig. 61, J), whereas LGMN inhibitor RR-11a analog exhibited an opposite effect (Fig.
6K—M). The TCGA GBM bioinformatics analyses demonstrated that the expression of
CDZ274 (PD-L1) correlated positively with CLOCK, ARNTL (BMALL), OLFML3, HIF1A,
and LGMN (Fig. 6N), as well as immune-suppressive microglia signature (Supplementary
Fig. S8E). Unsupervised clustering of microglia signature in TCGA GBM patients also
demonstrated that expression of CD274 (PD-L1) in microglia-high tumors was significantly
higher than those in microglia-low tumors (Supplementary Fig. S8F). These data prompted
an assessment of combined inhibition of the CLOCK-targeted signaling axis and PD1 in
GBM-bearing mice. We observed that treatment with SR9009 or anti-CD162 synergized
with anti-PD1 therapy to extend survival in the CT2A GBM mouse model (Fig. 60,

P). Together, these findings suggest that inhibition of the CLOCK-OLFML3-HIFla~-
LGMN-CD162 axis can enhance CD8* T-cell infiltration, activation and cytotoxicity,

and downregulate PD-L1 expression, and synergize with anti-PD1 therapy to promote
meaningful anti-tumor immune responses in GBM-bearing mice.

Discussion

In this study, we uncovered the role and underlying mechanisms of the core circadian
regulators CLOCK and BMAL1 in regulating and connecting three GBM hallmarks

of stemness, immunosuppression, and hypoxia. We identified LGMN as a key CLOCK-
OLFML3-HIF1a axis-regulated factor in GSCs that is essential for microglial infiltration
and immune-suppressive polarization. Moreover, we discovered that inhibition of the
CLOCK-OLFML3-HIF1la-LMGN-CD162 axis prolongs the survival of GBM-bearing
mice and enhances the anti-tumor responsiveness to anti-PD1 therapy. Identification of
the pivotal signaling governing the interaction between GSCs (via the CLOCK-OLFML3-
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HIF1a-LGMN signaling) and microglia (via the CD162 signaling) illuminates potential
therapeutic targets for GBM.

Circadian rhythm regulators have been well-studied in many model organisms (34) and
have been linked to tumor progression across cancer types, including lung, breast, and
colorectal cancers (35,36). Further evidence demonstrates that the circadian rhythm system
is also involved in the pathogenesis of GBM. For example, inhibition of CLOCK and
BMAL1 via both genetic and pharmacological approaches has been shown to suppress
glioma cell proliferation and migration and inhibit GBM growth (18,37). More recently, we
and others have demonstrated that the CLOCK-BMAL1 complex is critical for maintaining
GSC stemness and inducing microglial infiltration into the GBM TME (17,19). In the
current study, we further extend the molecular understanding for how the CLOCK-BMAL1
complex promotes microglial infiltration and drives immunosuppression in GBM. Moreover,
our work highlights the potential of CLOCK-directed microglial biology for enhancing
immunotherapy efficiency in GBM patients.

The abundance of infiltrating macrophages and microglia is one of the key hallmarks of
GBM (11,32). Infiltrating macrophages have been shown to be the dominant population of
myeloid cells contributing to GBM progression (11,12,32,38). However, emerging evidence
demonstrates that microglia also play an important role in shaping an immune-suppressive
TME and supporting tumor progression in GBM (39,40). The ratio between macrophages
and microglia in GBM is dependent on glioma genetic backgrounds and the methods used to
quantify them (38). Our prior studies in TCGA GBM patients demonstrated that a microglia,
but not macrophage, signature is enriched in CLOCK-high tumors compared to CLOCK-
low tumors (17). Along similar lines, our discovery here demonstrates that inhibition

of the CLOCK-BMAL1 axis in GBM mouse models reduces microglial infiltration but
does not affect macrophage recruitment. Furthermore, we identified a novel CLOCK-
regulated chemokine LGMN that plays an essential role in regulating microglial infiltration
and microglia-mediated immunosuppression in GBM. These findings are consistent with
previous studies showing that circadian components are important for regulating immune
response (26,41). Hypoxia is another key hallmark of GBM (42), and we found that
inhibition of HIF1a using its inhibitor ACF can prolong the survival of GBM-bearing mice,
consistent with previous work (43). Our study also reveals that HIF1a is a critical molecule
that mediates the connection between the CLOCK—-OLFML3 axis and LGMN signaling in
GSCs and regulates CLOCK-directed symbiotic interactions between GSCs and microglia
in GBM. These mechanistic findings coupled with the anti-tumor effect of HIF1a inhibitor
ACF in GBM mouse models, encourages the development of therapeutic strategies targeting
the OLFML3-HIF1a—~LGMN axis in CLOCK-high GBM patients.

LGMN is a C13 family of cysteine proteases playing an important role in tumor
development, invasion, and metastasis across cancer types (44—46). Our work aligns with
previous tumor biology findings that LGMN is highly expressed by both tumor cells
(including cancer stem cells) and TAMs (44,47). These findings suggest that as part of

the LGMN-directed program of microglial infiltration, microglia themselves could secrete
additional LGMN further to increase the infiltration of microglia in a feed-forward manner.
In exploring the molecular mechanism underlying LGMN-induced microglial migration, our
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unbiased analysis of single-cell transcriptome data from human GBM samples, followed by
functional validations, demonstrated that CD162 is a LGMN downstream factor responsible
for mediating microglial migration. This role of CD162 is consistent with previous

studies showing that CD162 is required for microglial infiltration in a mouse model with
neurological disease (30). Once infiltrating into the GBM TME, microglia are usually biased
towards an immune-suppressive phenotype. Our work reveals that LGMN functions as a
molecular switch controlling microglial immune-suppressive polarization in GBM, which is
consistent with previous study highlighting LGMN-regulated TAMs in gastric cancer (48).
In addition, it has been demonstrated that inhibition of the CD162—-P-selectin axis impairs
microglial immune-suppressive polarization in GBM (49). Therefore, it would be useful

to reprogram microglia by targeting the LGMN-CD162-P-selectin axis, thus expanding
therapeutics for GBM. Together, our study reveals that LGMN not only promotes microglial
infiltration into the GBM TME, but also polarizes them towards an immune-suppressive
phenotype.

Given their importance in GBM progression, multiple clinical trials are underway for agents
targeting TAMs (50). Along similar lines, our mechanistic studies in model systems and
correlative studies in human GBMs showing the connection of the CLOCK-OLFML3-
HIF1a-LGMN axis and microglial biology (including infiltration and polarization)
encourages the design of clinical trials targeting the components of this axis in CLOCK-
high GBM patients. Given the immune-suppressive function of microglia, they dampen
immune response and activity in the GBM TME (51). It has been well known that GBM
patients do not respond to ICIs (e.g., anti-PD1 therapy), which is largely due to the high
infiltration of immune-suppressive TAMs and expression of immune inhibitory molecules
(52,53). Along these lines, our study highlights that inhibition of the CLOCK-OLFML3-
HIF1a-LGMN-CD162 axis impairs microglial infiltration and polarization, enhances CD8*
T-cell infiltration, activation and cytotoxicity, reduces PD-L1 expression, and synergizes
with anti-PD1 therapy in GBM-bearing mice. Together, our study encourages the testing

of combination regimens inhibiting the CLOCK-BMAL 1 complex-mediated microglial
biology and immune checkpoints in the treatment of GBM patients.
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Synopsis

The minimal responsiveness of glioblastoma to immunotherapy is largely due to robust
infiltration of immune-suppressive microglia. Inhibition of the CLOCK-OLFML3-
HIF1a—-LGMN axis reduces microglial infiltration and immune-suppressive polarization,
increases anti-tumor immunity, and enhances immunotherapy efficiency.
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Fig. 1. LGMN is a potent microglia chemokine and highly expressed in GSCs.
(A, B) Representative images (A) and quantification (B) of transwell migration analysis

for HMC3 microglia after stimulation with conditional medium (CM) from GSC272 cells
pre-treated with or without SR9009 (5 uM) for 24 hrs. Scale bar, 200 um. n=3 biological
replicates. **/~<0.01.

(C-E) Representative (C) and quantification of flow cytometry analysis for the percentage
of CD45'°“CD11b*CX3CR1* microglia (D) and CD45MINCD11b* macrophages (E) in size
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matched tumor-bearing brains of CT2A modes treated with or without SR9009 (100 mg/kg,
i.p., daily). n=3-4 biological replicates. ***F<0.001; n.s., not significant.

(F) Identification of five genes (OLFML3, POSTN, TFPIZ, LGMN, and ALDH9AI) that
encode secreted proteins and are downregulated by CL OCK knockdown in GSCs.

(G, H) Representative images (G) and quantification (H) of transwell migration analysis for
HMC3 microglia after stimulation with recombinant CCL2, OLFML3 or LGMN protein (10
ng/ml). Scale bar, 50 pm. CCL2 was used as a positive control. n=3 biological replicates.
**%P<0.001.

(1) The mRNA expression of LGMNand OLFML3in GSC272 cells based on microarray
data analysis. n=2 biological replicates. */<0.05.

(J) High-resolution uniform manifold approximation and projection (UMAP) dimensional
reduction of malignant cells from brain tumor samples of a cohort of 28 GBM patients.

(K) UMAP dimensional reduction of glioma stem cells (GSCs) on the basis of the
expression pattern of GSC markers (including CD44, PDGFRA and OLIG2); GSCs were
partitioned into three distinct clusters.

(L, M) Pattern representing single-cell gene expression of OLFML3(L) and LGMN (M) in
GSCs. Intensity of the blue color indicates the expression of individual cells.

(N) Violin plot showing the expression of OLFML3and LGMN in GSCs based on single-
cell RNA sequencing data from GBM patient tumor samples.

(O, P) Representative (O) and quantification (P) of immunoblots for OLFML3 and LGMN
in cell lysates of GSC272, GSC17, TS603, and QPP7 GSCs. *~<0.05.
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Fig. 2. CLOCK-BMALL1 complex transcriptionally regulates LGMN in GSCs.
(A, B) ChlP-seq data analysis (A) and quantification (B) of BMAL1-enriched profiles at the

LGMN promotor in GSC #1 and #2 (T387 and T3565), and NSC #1 and #2 (ENSA and
hNP1). n=4 biological replicates. *** A£<0.01.
(C) Quantification of ChIP-PCR shows that CLOCK and BMAL1 can directly bind to the
LGMN promoter in ishControl and ish CLOCK GSC272 cells. n=3 biological replicates.

*P<0.05; ** £<0.01.

(D) RT-gPCR shows the expression of CLOCK and LGMN in ishControl and ishCLOCK
GSC272 cells. n=3 biological replicates. ** P<0.01.
(E) RT-gPCR shows the expression of CLOCK and LGMN in Control and SR9009 (5
uM)-treated GSC272 cells. n=6 biological replicates. ** A<0.01; *** P<0.001.
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(F, G) Representative (F) and quantification (G) of immunoblots for LGMN and CLOCK
in cell lysates of QPP7 GSCs expressing ShRNA control (shC) and Clock shRNAs. n=3-6
biological replicates. ** A<0.01; *** £<0.001.

(H, 1) Representative (H) and quantification (I) of immunoblots for LGMN and BAML1

in cell lysates of QPP7 GSCs expressing ShRNA control (shC) and Bmall (Arntl) shRNAs.
n=3-4 biological replicates. * £<0.05; *** £<0.001.

(J, K) Representative (J) and quantification (K) of immunoblots for LGMN in cell lysates of
QPP7 GSCs and GSC272 treated with or without SR9009 (5 uM). n=3 biological replicates.
** £<0.01; *** P<0.001.

(L, M) Representative immunoblots (L) and correlation analysis (M) of LGMN and
CLOCK (the expression was normalized against Actin) in cell lysates of GSC17, TS603,
GSC274, and GSC23. Rand Pvalues are shown.
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Fig. 3. OLFML3-HIFla axis upregulates LGMN in GSCs.
(A) Correlation of LGMNand OLFML3in TCGA GBM patients. Rand P values are shown.

(B) Immunoblots for OLFML3 and LGMN in cell lysates of GSC272 cells expressing
shRNA control (shC) and OLFML3shRNAs.

(C) Identification of seven overlapping hallmark pathways (as indicated) in different datasets
with four comparisons (BMAL1L ChIP-Seq data: GSCs versus NSCs; GSC272 microarray
data: shCLOCK vs shControl; TCGA GBM dataset: OLFML3-high versus OLFML3-low
and BMAL 1-high versus BMAL I-low).

(D, E) ChiIP-seq data analysis (D) and quantification (E) of BMALZ1-enriched profiles at the
HIF1A promotor in GSC #1 and #2 (T387 and T3565), and NSC #1 and #2 (ENSA and
hNP1). n=4 biological replicates. *** £<0.001.
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(F, G) Representative (F) and quantification (G) of immunoblots for OLFML3 and HIF1a
in cell lysates of QPP7 GSCs expressing ShRNA control (shC) and Clock shRNAs. n=3
biological replicates. *** £<0.001.

(H, 1) Representative (H) and quantification (I) of immunoblots for OLFML3 and HIFla
in cell lysates of QPP7 GSCs expressing shRNA control (shC) and Bmall shRNAs. n=2-3
biological replicates. *** £<0.001.

(J, K) Representative (J) and quantification (K) of immunoblots for HIF1a in cell lysates
of GSC272 cells treated with or without SR9009 (5 pM). n=3 biological replicates. ***
£<0.001.

(L, M) Representative (L) and quantification (M) of immunoblots for HIF1a in cell lysates
of GSC272 cells expressing shRNA control (shC) and OLFML3shRNAs. n=3 biological
replicates. ** £<0.01; *** A<0.001.

(N, O) Representative (N) and quantification (O) of immunoblots for LGMN in cell lysates
of GSC272 cells treated with or without HIF1a inhibitor ACF (5 uM). n=3 biological
replicates. *** A<0.001.

(P) Survival curves of C57BL/6 mice implanted with GL261 cells (2x10% cells/mouse).
Mice were treated with HIF1a inhibitor ACF (5 mg/kg body weight, i.p., daily) starting at 7
d post-orthotopic injection of GL261 cells. n=6 or 10 mice/group. ***/~<0.001.
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Fig. 4. LGMN promotes microglial migration via the CD162 signaling.
(A, B) Representative images (A) and quantification (B) of transwell migration analysis

for HMC3 microglia after stimulation with conditional medium (CM) from GSC272 cells
pre-treated with or without LGMN inhibitor RR-11a analog (20 nM) for 24 hrs. Scale bar,
200 um. n=3 biological replicates. **/<0.01, ***/~<0.001.

(C, D) Representative images (C) and quantification (D) of transwell migration analysis
for HMC3 microglia after stimulation with CM from CT2A cells pre-treated with or
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without RR-11a analog (20 nM) for 24 hrs. Scale bar, 200 um. n=3 biological replicates.
*** £0.001.

(E) UMAP dimensional reduction of single cells (n=3,589) from brain tumor samples of a
cohort of 4 GBM patients

(F, G) UMAP dimensional reduction of microglia (as highlighted) on the basis of CX3CR1
(F) and GPR34 (G) expression pattern.

(H) Gene expression pattern representing single-cell gene expression of LGMN in microglia
(as highlighted). Intensity of the blue color indicates the expression of individual cells.

(1, J) Representative images (I) and quantification (J) of transwell migration analysis for
HMC3 microglia after treatment with RR-11a analog at indicated concentrations. Scale bar,
200 um. n=3 biological replicates. ***P<0.001.

(K) UMAP dimensional reduction of microglia from single cell sequencing data of a cohort
of four GBM patient tumors, and microglia were partitioned into two distinct clusters:
LGMN™* and LGMN™ microglia.

(L) GSEA analysis on GBM patient single cell data shows the top 10 enriched

gene ontology pathways in LGMN* microglia compared with LGMN™ microglia. Blue
highlighted pathway relates to leukocyte migration.

(M, N) Representative (M) and quantification (N) of immunoblots for CD162 in cell lysates
of HMC3 microglia treated with or without LGMN (10 ng/ml). n=3 biological replicates. **
£<0.01.

(O) Immunoblots for CD162 in cell lysates of HMC3 microglia expressing shRNA control
(shC) and LGMN shRNAs.

(P, Q) Representative images (P) and quantification (Q) of transwell migration analysis

for HMC3 microglia after stimulation with recombinant LGMN protein (10 ng/ml) in the
presence or absence of LGMN inhibitor RR-11a analog (20 nM), or p-selectin inhibitor
PSI-697 (120 uM). Scale bar, 200 um. n=3 biological replicates. **/<0.01, ***/<0.001.
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Figure 5. CLOCK-HIFla-LGMN axis drives microglia polarization towards an immune-
suppressive phenotype
(A, B) Co-immunofluorescence staining for CX3CRL1 (red) and CD206 (green) in GBM

tumors from GSC272 (A) and CT2A (B) models implanted in SCID and C57BL/6,
respectively. Scale bar, 50 pum.

(C, D) Representative (C) and quantification (D) of flow cytometry for the percentage of
CD68*CD206* cells in HMC3 microglia treated with or without conditioned media (CM)
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from control GSC272 cells and SR9009-treated GSC272 cells. n=3 biological replicates;
*** P <0.001.

(E) RT-gPCR shows the expression of ARG and VEGFA in HMC3 microglia treated with
CM from control and SR9009-treated CT2A cells. n=3 biological replicates; *** A£<0.001.
(F, G) Representative (F) and quantification (G) of flow cytometry for intratumoral
CD45!9%CD11b*CX3CR1*CD206* immune-suppressive microglia in size matched tumors
from CT2A model treated with or without SR9009 (100 mg/kg, i.p., daily). The percentage
of CD45*CD11b"CX3CR1*CD206* microglia out of CD45*CD11b*CX3CR1* microglia is
shown. n=4 biological replicates; * £<0.05.

(H, 1) Representative (H) and quantification (I) of immunofluorescence for CX3CR1
(green) and CD206 (red) in mouse tumors from Control and HIF1a inhibitor ACF-treated
GL261 models. Scale bar, 75 pm; n=3 biological replicates; */~ <0.05.

(J) RT-gPCR shows the expression of immune-suppressive microglia markers (including
ARG1 and VEGFA) in Control and LGMN recombinant protein (25 ng/ml)-treated HMC3
cells. n=3 biological replicates; ** £<0.01.

(K) RT-gPCR shows the expression of ARG and VEGFA in Control and LGMN inhibitor
RR-11a analog (20 nM) treated HMC3 cells. n=3-4 biological replicates; ** £<0.01, ***
£<0.001.

(L) Quantification of flow cytometry for the percentage of CD68*CD206™ cells in HMC3
microglia treated with or without LGMN inhibitor RR-11a analog (20 nM). n=3-5
biological replicates; **P<0.01.

(M-O) CLOCK and HIF1a expression is positively correlated with immune-suppressive
microglia marker CD206 in human GBM TMA samples. Representative images (M)
showing low and high expression of CLOCK, HIFla, and CD206 in human GBM TMAs
(n = 35). Scale bar, 50 um; Quantification data showing strong positive correlations between
CLOCK and CD206 (N), or HIF1a and CD206 (O) in human GBM TMAs. Rand Pvalues
are shown.
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Figure 6. Inhibition of the CLOCK-OLFML3-HIF1a-LGMN-CD162 axis activates anti-tumor
immune response and synergizes with anti-PD1 therapy.

(A-C) Percentage of CD3* (A), CD3*CD8* (B), and activated CD8* (CD3*CD8*CD69*; C)
T cells in the spleens of CT2A tumor-bearing mice treatment with or without SR9009 (100
mg/kg, i.p., daily). n=4 biological replicates. */<0.05; **/<0.01.

(D, E) Representative images (D) and quantification (E) of immunofluorescence for CD8
and CD69 in CT2A tumors treated with or without SR9009. Mice were treated with SR9009
(100 mg/kg, i.p., daily) for 10 days starting at day 7 post-orthotopic injection (2x104 cells).
Scale bar, 50 um. n=3 biological replicates. **/<0.01.

(F) GSEA for activated CD8" T-cell signature in CLOCK-high patients compared to
CLOCK:-low patients from TCGA GBM dataset.

(G) RT-gPCR shows the expression of /fng, //16, Tnfa, and //10in IL2-activated CD8*

T cells when they were co-cultured with microglia (1:1 ratio) for 24 hrs. Microglia were
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pre-treated with or without LGMN inhibitor RR-11a analog (20 nM) for 24 hrs. n=5-6
biological replicates; * £<0.05, ** £<0.01.

(H) CT2A tumor cell cytotoxicity induced by IL2-activated CD8* T cells co-cultured with
GSC272 CM-treated HMC3 microglia in the presence or absence of LGMN inhibitor
RR-11a analog (20 nM). Data was expressed as the percentage of cytotoxicity induced

by IL2-activated CD8* T cells (without co-culture of microglia). n = 3 biological replicates;
*P< 0.05 (two-way ANOVA test).

(1, J) Representative (1) and quantification (J) of immunoblots for PD-L1 in cell lysates of
HMC3 microglia treated with LGMN recombinant protein at indicated concentrations for 24
hrs. n=3 biological replicates; * £<0.05; n.s., not significant.

(K, L) Representative (K) and quantification (L) of immunoblots for PD-L1 in cell lysates
of HMC3 microglia treated with LGMN inhibitor RR-11a analog (20 nM) for 24 hrs. n=3
biological replicates; *** P<0.001.

(M) RT-gPCR shows the expression of CD274 (PD-L1) in HMC3 microglia treated with or
without LGMN inhibitor RR-11a analog (20 nM) for 16 hrs. n=4-6 biological replicates; **
£<0.01.

(N) Correlation of CD274 (PD-L1) and the CLOCK-OLFML3-HIF1a-LGMN axis in
TCGA GBM patients (RNA-Seq platform). Rand Pvalues are shown.

(O) Survival curves of C57BL/6 mice implanted with CT2A cells (2x10* cells/mouse). Mice
were treated with SR9009 (100 mg/kg, i.p., daily) on day 7, and then received the treatment
with IgG or anti-PD1 (10 mg/kg body weight, i.p.) on day 11, 14 and 17. n=8-10 mice for
each group. n.s., not significant; **£< 0.01, ***P < 0.001.

(P) Survival curves of C57BL/6 mice implanted with CT2A cells (2x10% cells/mouse). Mice
were treated with anti-CD162 on day 8 (10 mg/kg, i.p., every other day for 6 doses), and
received the treatment with anti-PD1 (10 mg/kg body weight, i.p.) on day 11, 14 and 17.
n=6-8 mice for each group. ***~< 0.001.
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