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Abstract

Glioblastoma is a highly malignant and incurable brain tumor characterized by intrinsic and adaptive resistance
to immunotherapies. However, how glioma cells induce tumor immunosuppression and escape
immunosurveillance remains poorly understood. Here, we find upregulation of cancer-intrinsic Chitinase-3-like-
1 (CHI3L1) signaling modulating an immunosuppressive microenvironment by reprogramming tumor-associated
macrophages (TAMs). Mechanistically, CHI3L1 binding with Galectin-3 (Gal3) selectively promotes TAM
migration and infiltration with a protumor M2-like but not an antitumor M1-like phenotype in vitro and in vivo,
governed by a transcriptional program of NFKB/CEBP in the CHI3L1/Gal3-PI3K/AKT/mTOR axis. Conversely,
Galectin-3-binding protein (Gal3BP) negatively regulates this process by competing with Gal3 to bind CHI3L1.
Administration of a Gal3BP mimetic peptide in syngeneic glioblastoma mouse models reverses immune
suppression and attenuates tumor progression. These results shed light on the role of CHI3L1 protein complexes

in immune evasion by glioblastoma and as a potential immunotherapeutic target for this devastating disease.
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Introduction

Glioblastoma (GBM), the most common and lethal primary brain tumor with a median survival rate of only 15
months, remains incurable despite intensive multimodal treatment of surgical resection, radio-chemotherapy,
and anti-angiogenic therapy with bevacizumab (1-3). While immunotherapies have been highly effective against
some types of cancer, the disappointing results of clinical trials for GBM immunotherapy represent continued

challenges (4, 5). Therefore, effective therapies for patients with GBM are urgently needed.

GBM is highly immunosuppressive and resistant to immunotherapy because glioma cells escape effective
antitumor immunity by programing the tumor microenvironment (TME) (5, 6). Tumor-associated
macrophages/microglia (TAMs), the major component of the GBM TME, account for up to 30%-50% of total
tumor composition (7). GBM TAMs originate from bone marrow-derived blood monocytes (monocyte-derived
macrophages, MDMs) and brain resident microglia (MG) (7, 8). Previous studies reported that MG account for
approximately 15% of TAMs and mainly localize in peritumoral areas, whereas MDMs preferentially localize in
intratumoral regions and constitute approximately 85% of the total TAM population. MDMs significantly contribute
to the immunosuppressive microenvironment of high-grade glioma (9, 10), suggesting different functions of MG
and MDMs within the GBM TME. Increasing evidence indicates that protumor M2-like TAMs are frequently
accumulated and associated with higher-grade tumors (11, 12). In contrast, repolarization of TAMs toward an
antitumor M1-like phenotype results in tumor regression by producing pro-inflammatory cytokines and key
molecules to stimulate T cell antitumor response. This suggests a potential therapeutic strategy of converting
M2-like to M1-like TAMs for the treatment of GBM (7, 13). Therefore, the classification of M1/M2-like TAM
phenotypes and the functional plasticity of TAMs regulated through glioma cell-intrinsic mechanisms remain an

area of active investigation.

Here, we identified that CHI3L1, also known as human homolog YKL-40, predominately modulates the GBM
TME using unbiased approaches. CHI3L1 signaling selectively regulates tumor infiltration and cell migration of
MDMs and MG by forming distinct protein binding complexes. CHI3L1 protein complexes further reprogram
TAMs to regulate T cell-mediated immune response in GBM progression. Importantly, we developed a peptide
to disrupt CHI3L1 protein complexes, which can promote tumor regression in a syngeneic mouse GBM model,

providing a potential therapeutic strategy to eradicate this devastating brain tumor.
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Results

Cancer-cell-intrinsic CHI3L1 is regulated by the PISBK/AKT/mTOR pathway in a positive feedback loop

We previously developed a de novo GBM model using a myristoylated form of AKT (myr-AKT) and dominant-
negative p53 (p53DN)-engineered human neural stem cells (hNSCs), thereby enabling us to perform precise
system-level comparisons between hNSCs and their derived glioblastoma stem cells (GSCs) (14). To identify
cancer-cell-intrinsic factors for malignant transformation, we performed global analyses of differentially expressed
genes between hNSCs and GSCs. CHI3L1 is the most significantly upregulated gene in GSCs derived from
hNSCs overexpressing myr-AKT and p53DN (Figure 1A). In vitro and in vivo validations revealed that CHI3L1 is
highly expressed in GSCs and their derived tumors with activated AKT signaling (Figure 1, B-D). By contrast,
inhibiting AKT/mTOR signaling by rapamycin decreased CHI3L1 mRNA and protein expression in hNSC-p53DN-

AKT (Figure 1, E and F).

CHI3L1 is a secreted glycoprotein with chitin-binding capacity but lacking chitinase activity (15), which plays
a role in tissue remodeling, inflammation, and cancer (16). Although CHI3L1 is highly expressed and associated
with a poor clinical outcome in GBM patients (17, 18), CHI3L1 regulation and its molecular mechanism(s) of action
remain undefined. To test the hypothesis that CHI3L1 is predominantly upregulated by the PISK/AKT/mTOR
signaling pathway, we treated the GBM neurosphere line TS603 and U87 cells with NVP-BEZ235 (a dual PI3K
and mTOR inhibitor). Immunoblot analysis revealed that CHI3L1 expression was regulated by PI3K/AKT/mTOR
signaling in a time- and dose-dependent manner (Figure 1, G and H, and Supplemental Figure 1, A and B).
Furthermore, we measured CHI3L1 levels in the conditioned media (CM) of two GBM neurosphere lines treated
with NVP-BEZ235 or NVP-BKM120 (a pan-PI3K kinase inhibitor). Inhibition of PI3BK/AKT/mTOR activation
decreased CHI3L1 secretion in a dose- and time-dependent manner (Figure 1, | and J, and Supplemental
Figure 1, C and D). Importantly, the CM from GBM neurosphere line TS543 overexpressing CHI3L1 enhanced
PAKT, pS6, and CHI3L1 levels over control in TS543 cells (Figure 1K). Conversely, overexpression of myr-AKT
dramatically increased CHI3L1 levels in TS543 (Figure 1L). These results demonstrate a positive feedback loop

between CHI3L1 and the PIBK/AKT/mTOR signaling.

We analyzed a previously published single-cell GBM transcriptomic patient dataset (19), finding that glioma
cells express high levels of CHI3L1 and may represent a major source of CHI3L1 in the GBM TME (Supplemental

Figure 1, E-G). In The Cancer Genome Atlas (TCGA) GBM datasets, CHI3L1 is highly expressed in tumors
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versus nhon-tumor tissues and mesenchymal versus proneural and classical subtypes (Figure 1M and
Supplemental Figure 1H). Moreover, higher levels of CHI3L1 mRNA expression are significantly associated with
PTEN deletions/mutations, PI3BK/AKT/mTOR signaling activation, and poor outcome in patients with IDH wildtype
(IDHwt) GBM (Figure 1, N and O, and Supplemental Figure 1, | and J). Together, these results reinforce that a
positive regulatory feedback loop of the PIBK/AKT/mTOR-CHI3L1 signaling may play a pivotal role in regulating

GBM progression and treatment response.
CHI3L1 plays a predominant role in shaping the landscape of the GBM immune TME

To determine the main function of CHI3L1 in GBM, we performed in vivo CHI3L1 gain-of-function studies in
an orthotopic  xenograft model of TS543 intracranially implanted in severe combined
immunodeficiency (SCID) mice. Surprisingly, enforced CHI3L1 expression did not significantly promote tumor
progression compared with vector controls (Supplemental Figure 2, A-C). From the GBM TCGA dataset,
CHI3L1 correlated genes (1,960 genes) are mainly associated with cellular movement, immune cell trafficking,
and cell-to-cell signaling by Ingenuity Pathway Analysis (IPA) (Figure 2A and Supplemental Table 1). These
data indicate that CHI3L1 may play a pivotal role in regulating the GBM immune TME. To this end, we compared
tumor progression between SCID and immunocompetent (C57BL/6) mice intracranially implanted with murine
glioma GL261 cells that have low levels of endogenous CHI3L1 but forced expression of human CHI3L1 gene
(GL261-CHI3L1) (Figure 2, B and C). Notably, CHI3L1 overexpression increased tumor size and decreased
survival in C57BL/6 mice, but not in SCID mice (Figure 2, D and E). Conversely, we generated an orthotopic
syngeneic mouse model of GBM using QPP7 cells that were derived from a spontaneous murine glioma model
Nes-CreER™QkY"Pten“ Trp53-* (20) with high levels of endogenous CHI3L1 (Figure 2F and Supplemental
Figure 2D). In vivo loss-of-function studies revealed that knockdown (KD) of the mouse Chi3l1 gene (shChi3l1#1
and #2) in QPP7 cells significantly repressed tumor growth in the syngeneic mice by magnetic resonance imaging
(MRI) 4 weeks after implantation (Figure 2F, Supplemental Figure 2, E and F). Importantly, comparative
analyses of tumor progression in SCID and C57BL/6 mice bearing QPP7 tumors demonstrated that Chi3l1 KD
decreased tumor size and extended the survival of immunocompetent mice, but not immunodeficient mice
(Figure 2, G and H). Together, these results suggest that CHI3L1 predominantly regulates the tumor immune

TME, rather than tumor cells per se.
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To determine the effect of CHI3L1 on immune cell distribution in the TME of GBM, we analyzed the major cell
populations, including TAMs, T cells, Natural Killer (NK) cells, and myeloid-derived suppressor cells (MDSCs).
Flow cytometry of tumors revealed that enforced CHI3L1 expression in GL261 mouse models significantly
increased the M2-like TAMs (CD45*CD11b*CD14*MHCII*Ly6C") but decreased CD3*, CD4*, and CD8* T cell
populations (Figure 2 I and Supplemental Figure 2, G and H). By contrast, Chi3l1 KD in QPP7 syngeneic models
significantly decreased the M2-like TAMs but increased CD3" and CD4" T cell populations (Figure 2J and
Supplemental Figure 2lI). These findings were further validated by performing single-cell mass cytometry
(CyTOF) analysis in the QPP7 tumors with Chi3l1 KD vs controls using the additional markers to identify cell
populations (e.g., Argl, iNOS, F4/80, CD90.2, etc.) (Supplemental Figure 2J-L). Notably, QPP7 tumors,
compared to GL216 tumors, did not show significant changes of CD8" T cells, which may support the low
mutational load in QPP7 but not in GL261 cells determining the modest CD8* T cell infiltration in these syngeneic
GBM mouse models (20, 21). Collectively, the gain/loss-of-function studies reveal a predominant role of CHI3L1

in regulating GBM progression by reprogramming the tumor immune microenvironment.

CHI3L1 selectively promotes infiltration of M2-like versus M1-like MDMs and MG

Previous studies reported the involvement of CHI3L1 in macrophage differentiation and recruitment
associated with other pathological conditions (22, 23) although the mechanism of its action remains elusive.
Furthermore, the M2-like TAMs consistently and significantly changed in response to CHI3L1 expression in our
syngeneic mouse models. Therefore, we focused on how CHI3L1 reprograms TAMs in the GBM TME. Further
flow cytometry analyses showed that overexpression of CHI3L1 increased the percentage of M2-like TAMs but
decreased M1-like TAMs (CD45*CD11b*CD14*Ly6C*) and the M1-/M2-like TAM ratio in GL261 tumor models
(Figure 3A and B). Conversely, Chi3ll KD decreased the percentage of M2-like TAMs but increased M1-like
TAMs and the M1-/M2-like TAM ratio in QPP7-derived GBM models by flow cytometry (Figure 3, C and D, and
Supplemental Figure 3, A and B). Moreover, additional markers used for TAM polarization analyses revealed
a significant decrease of the CD45*CD68*CD11b*CD206* and CD45*Argl* populations but an increase in the
ratios of CD206/CD206* and iINOS*/Argl* cells in QPP7 tumors (Figure 3E and Supplemental Figure 3C).

These results suggest that CHI3L1 regulates TAM polarization toward M2-like phenotype in the GBM TME.

To specifically investigate CHI3L1-regulated MDMs and MG tumoral infiltration, we performed co-

immunofluorescence (IF) staining to detect F4/80, a mature phagocytic cell marker, and P2Y12, a classic marker
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for microglia (24, 25). Notably, overexpression of CHI3L1 in GL261-derived glioma models greatly increased
F4/80* cell accumulation in intratumoral regions but did not significantly change infiltration of P2Y12* MG, which
predominantly reside in peritumoral regions (Figure 3, F and G). In contrast, there was a decreased F4/80" cell
infiltration in QPP7-derived gliomas without a significant change of peritumoral P2Y12* MG in Chi3I1 KD versus
controls (Figure 3, H and I). Furthermore, intratumoral MDMs (M2-like) were significantly accumulated in GL216-
CHI3L1 tumors but reduced in Chi3ll KD QPP7 tumors, respectively, based on IF staining using additional
markers (CD206 and CD49D) (Supplemental Figure 3D-G). These data reveal that cancer-cell-intrinsic CHI3L1
promotes accumulation of MDMs over MG within the tumor, which provides a mechanistic explanation for the
observation of abundant MDM infiltration in tumor lesions while the preferential occupation of MG in the periphery

(9, 10, 19).

To further verify the effect of CHI3L1 on TAM infiltration, we performed in vitro scratch-wound healing and
transwell assays to examine cell migration of bone marrow-derived macrophages (BMDMs) and microglial cells
treated with recombinant CHI3L1 protein (rCHI3L1). We generated and confirmed the polarization states of MO,
M1, and M2 macrophages using isolated BMDMs from C57BL/6 mice according to a previous standard protocol
(26) (Supplemental Figure 3H). Strikingly, rCHI3L1 treatment promoted M2 BMDM migration but not MO and
M1 BMDMs (Figure 4, A and B). However, rCHI3L1 treatment did not increase cell migration in a mouse
microglial cell line (SIM-A9) (Supplemental Figure 3l), supporting our observation that MG tumor infiltration is
unaffected by CHI3L1. Moreover, a transwell assay confirmed that rCHI3L1 promoted cell migration in M2

BMDMs, but not in MO BMDMs, M1 BMDMs, or microglial cells (Figure 4C and Supplemental Figure 3J-M).

Based on CIBERSORT for gene signatures and correlation analysis in the GBM TCGA datasets (12, 27),
CHI3L1 mRNA expression is positively correlated with tumor-promoting M2-like macrophages but negatively
correlated with tumor-killing M1-like macrophages (Figure 4D). Furthermore, analysis of gene set signatures (28)
revealed that MDMs, rather than MG, are significantly enriched in tumors with higher levels of CHI3L1 expression
in GBM patients (Supplemental Figure 3N). Altogether, these results demonstrate that CHI3L1 regulates TAM

polarization and selectively promotes the migration and accumulation of M2-like MDMs in GBM.

Gal3BP binding to CHI3L1 negatively regulates M2-like macrophage migration

To elucidate how CHI3L1 promotes M2-like MDM migration, we explored CHI3L1 binding proteins

using immunoprecipitation coupled to liquid chromatography-mass spectrometry (LC-MS). LC-MS analysis of
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extracellular or membrane-associated proteins revealed 7 putative binding proteins encoded by the ANXAL,
LGALS3BP, GAPDH, PDIA6, BCAP31, ARL6IP5, and MARCKS gene, which are highly associated with CHI3L1
in GBM (Supplemental Figure 4A; Supplemental Table 2). None of these genes have been previously
identified as binding partners of CHI3L1. An orthogonal structure-based screening identified Gal3BP, encoded
by the LGALS3BP gene, as a possible binding partner of CHI3L1 (Figure 5, A and B). Gal3BP, also known as
90K or Mac-2-binding protein, is a secreted glycoprotein upregulated and involved in innate immunity against
viral and bacterial infections (29). Interestingly, the domain of Gal3BP predicted to interact with CHI3L1
corresponds to Gal3BP main dimerization domain (Supplemental Figure 4B), indicating that CHI3L1 can bind
monomeric Gal3BP to disrupt its dimerization. Co-IF staining demonstrated strong colocalization of Gal3BP and

CHI3L1, which was further supported in live cells by co-immunoprecipitation (Co-IP) (Figure 5, C and D).

To test whether Gal3BP binding to CHI3L1 promotes MDM migration, we treated M2 BMDMs with rCHI3L1
and recombinant Gal3BP protein (rGal3BP). Surprisingly, rGal3BP significantly attenuated rCHI3L1-induced M2
BMDM migration, as found by scratch-wound healing assay (Figure 5E) and transwell migration assay (Figure
5F). Analyzing IF staining of tumors derived from GL261-CHI3L1 bearing syngeneic mice, we observed the
mutually exclusive expression patterns of Gal3BP and F4/80 (Supplemental Figure 4C), indicating a negative
correlation between Gal3BP expression levels and MDM distribution in glioma. Assessment of correlation
between Gal3BP expression and gene signatures of M1/M2-like macrophages revealed a significant positive
correlation between LGALS3BP mRNA expression and Ml-like macrophages compared with M2-like
macrophages in the GBM TCGA database (Supplemental Figure 4D). Furthermore, M1-like macrophage
signature was found to be highly enriched in GBMs with low levels of CHI3L1 expression but high levels of
LGALS3BP expression, whereas a decrease of M2-like macrophage signature was shown in these tumors
(Figure 5G). These results indicate that Gal3BP binding to CHI3L1 could negatively regulate CHI3L1-induced

M2-like MDM infiltration in the GBM TME.

CHI3L1 binds to Gal3 resulting in selective migration of MDMs, which is negatively regulated by

Gal3BP

Gal3, encoded by the LGALS3 gene as a binding partner of Gal3BP, plays a critical role in macrophage migration
and activation (30-32). Therefore, we hypothesized that Gal3 is also involved in CHI3L1-mediated MDM

migration. In silico docking of the N-terminal domain of Gal3 and CHI3L1 suggests that Gal3 interacts with
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CHI3L1 in the same binding pocket as Gal3BP (Figure 6, A and B). Consistent with this prediction, we verified
Gal3-Gal3BP binding as well as Gal3-CHI3L1 binding by Co-IF and Co-IP assays (Figure 6, C and D). Gal3BP
was shown to bind with a conserved carbohydrate recognition domain (CRD) at the C-terminal domain of Gal3
(32). Interestingly, the Co-IP assay demonstrated that TD139, a high-affinity and potent inhibitor of Gal3,
completely disrupted Gal3-Gal3BP but not Gal3-CHI3L1 interactions, indicating a novel binding mechanism of
Gal3 and CHI3L1(Figure 6D). Importantly, Gal3 and Gal3BP are predicting to compete for the same binding site
in CHI3L1, which was validated by a Co-IP assay by adding an increasing amount of rGal3BP into the mixture
of rCHI3L1 plus recombinant Gal3 protein (rGal3) with or without TD139 treatment in vitro (Figure 6E).
Computational estimates of the interaction free energy between these proteins using the FastContact server (33)
suggests that Gal3BP binds to CHI3L1 more strongly than Gal3 (AGyinding = -9.9 kcal/mol and -4.3 kcal/mol,
respectively). Of note, sequence alignments of the binding domains in CHI3L1, Gal3, and Gal3BP showed high
conservation between the human and mouse, indicating the evolutionarily conserved functions of these genes

(Supplemental Figure 5A).

To examine whether Gal3 and Gal3BP are associated with selective migration of M1/M2-like MDMs, we
detected expression levels of Gal3 and Gal3BP in polarized BMDMs. gRT-PCR and immunoblot analyses
revealed highly expressed Gal3 in M2 BMDMs compared to MO and M1 BMDMs (Supplemental Figure 5, B
and C). Interestingly, we observed that a microglia cell line (SIM-A9) expresses higher levels of Gal3BP
compared with polarized BMDMs and the murine macrophage cell line RAW264.7 (Supplemental Figure 5, C
and D), indicating a potential mechanism by which CHI3L1 effectively induces cell migration in M2-like MDMs
but not MG. We, therefore, hypothesized that CHI3L1 cooperates with Gal3 to selectively promote M2 BMDM
migration. To this end, scratch-wound healing and transwell assays revealed that treatment of MO BMDMSs (lower
endogenous levels of Gal3 expression) with rCHI3L1+ rGal3 significantly increased cell migration (Figure 7A-
D). To test whether Gal3BP inhibits CHI3L1-Gal3 induced MDM migration, MO BMDMs were treated with
rCHI3L1 + rGal3 + rGal3BP, resulting in a significant decrease in cell migration compared with those treated with
rCHI3L1+rGal3 (Figure 7A-D). These data suggest that Gal3BP competes with Gal3 to bind CHI3L1, leading to
inhibition of MDM migration by disrupting the CHI3L1-Gal3 protein complex. We analyzed the enrichment of
M1/M2-like macrophage signatures associated with the expression of these genes in TCGA GBM samples and

observed increased M2- and decreased M1-like macrophage signatures in tumors with high mRNA expression
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levels of CHI3L1 and LGALS3 (Figure 7E). Furthermore, a significant increase of Ml-like macrophage
signatures was shown in the GBMs with low levels of CHI3L1 and LGALS3 expression but high levels of
LGALS3BP expression (Supplemental Figure 5E), indicating a predominant association between Gal3BP and
a proinflammatory M1-like phenotype. Collectively, these results suggest that CHI3L1 binds with Gal3 forming a
protein complex, promoting infiltration of M2-like MDMs, which is negatively regulated by Gal3BP via a

competitive interaction.

CHI3L1-Gal3 protein complex induces tumor immunosuppression by reprogramming MDMs

To delineate molecular mechanisms of CHI3L1 protein complexes-induced tumor progression, we performed
RNA-seq analysis on TAMs isolated from orthotopic xenograft glioma models in C57BL/6 mice bearing the
isogenic line QPP7 with shChi3l1, relative to QPP7 with shSC. Gene-Ontology (GO) analysis showed that
signaling pathways regulating cell killing, leukocyte-mediated cytotoxicity, and lymphocyte-mediated immunity
were enriched in TAMs derived from Chi3I1 KD tumors (Figure 8A). We hypothesized that CHI3L1 signaling
reprograms TAMs toward a protumor phenotype, leading to dysregulation of the tumor-infiltrating lymphocyte
(TIL)-mediated antitumor immune responses. To this end, we observed that CHI3L1 overexpression significantly
decreased the active CD4* (CD69°CD62L") and CD8* (CD69"CD62L") TILs in GL261 tumors (Figure 8B).
Conversely, the active CD4" T cells were significantly increased in QPP7 Chi3l1 KD tumors while enrichment
of active CD8* T cells did not reach significance (Figure 8C). These results suggest that dysregulation of T cell-

mediated antitumor immune response contributes to CHI3L1-induced tumor progression.

Previous studies revealed that TAM depolarization, rather than depletion, profoundly affects cancer
progression by changing gene expression and switching between phenotypes of immune suppression and
immune stimulation (34, 35). We further demonstrated that depleting peripheral and intratumoral MDMs but not
MG by systemic delivery of clodronate liposomes (36, 37) did not repress tumor progression in the syngeneic
orthotopic glioma model of C57BL/6 mice bearing GL261-CHI3L1 (Supplemental Figure 6, A-E). Gene set
enrichment analysis (GSEA) showed that hallmark pathways in immune stimulation, including IFNa, IFNy, IL6-
JAK-STAT3 signaling, and inflammatory response, were enriched in TAMs derived from tumors with Chi3|1 KD
compared to controls (Supplemental Figure 6, F and G). Moreover, genes associated with immune suppression
(Argl, Ym1, Ccl2, 1110) were downregulated in TAMs from shChi3l1 tumors; however, genes associated with

immune stimulation (Nos2, 116, 1112b, Ifng) were upregulated in these TAMs (Supplemental Figure 6H). To
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further examine the involvement of T cells in CHI3L1-mediated tumor progression, we performed antibody
depletion studies of CD4* and CD8" cells in GL261-CHI3L1 and QPP7-shChi3l1#1 derived syngeneic tumor
models, respectively. Treatment with anti-CD4 and anti-CD8 antibodies significantly enhanced CHI3L1
overexpression-induced tumor progression in GL261 models (Figure 8, D and E) but attenuated Chi3l1 KD-
mediated tumor regression in QPP7 models (Figure 8, F and G; Supplemental Figure 6l1). Together, these
results reveal that silencing CHI3L1 reprograms a TAM switch from immune suppression to stimulation, which

is required for T cell-mediated antitumor response.

To elucidate the downstream signaling pathways of CHI3L1 protein complex-regulated TAM reprogramming,
we treated MO BMDMs with rCHI3L1+rGal3. Interestingly, genes related to anti-inflammation (Argl, Ym1, Ccl2,
1110) were increased compared to any single agent treatment by qRT-PCR assessment. Notably, upregulation
of these genes by rCHI3L1+rGal3 treatment was significantly inhibited in MO BMDMs treated with rGal3BP
(Figure 8H). These data indicate that the CHI3L1-Gal3 protein complex reprograms TAMs toward an M2-like
phenotype by regulating gene expression associated with immune suppression, which is negatively regulated
by Gal3BP. Given the positive feedback loop of the CHI3L1-PI3K/AKT/mTOR singling (Figure 1), we
hypothesized that the CHI3L1-Gal3 protein complex activates the PISBK/AKT/mTOR pathway, which significantly
controls a macrophage switch between immune stimulation and suppression by regulating NFkB and CEBPf3
activation (35). Immunoblot analysis showed that rCHI3L1 + rGal3 treatment increased the levels of p-AKT (T473
and S308), p-S6, and p-mTOR compared to either agent alone (Figure 8l), which were inhibited by the addition
of rGal3BP in MO BMDMs (Figure 8J). To evaluate the activation of PI3K/AKT/mTOR downstream transcription
factors, we found that rCHI3L1 plus rGal3 stimulated C/EBP expression and simultaneously inhibited p65—RelA
phosphorylation in MO BMDMSs, which were also reversed by treating with rGal3BP (Figure 8K). GSEA showed
enrichment of mMTOR1 signaling in TAMs derived from tumors with shSC, and enrichment of TNFA signaling via
NFkB pathway in TAMs derived from tumors with shChi3l1, further supporting the involvement of these
transcription factors in MDM reprogramming by CHI3L1 protein complexes (Figure 8L). Collectively, these
results indicate that CHI3L1 protein complexes reprogram MDMs toward an immunosuppression or
immunostimulation phenotype by controlling a transcriptional regulatory program of PI3K/AKT/mTOR-

NFkB/CEBP (Supplemental Figure 6J).

Gal3BP mimetic peptide inhibits CHI3L1-Gal3 complex-induced tumor progression
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To investigate whether disruption of CHI31L-Gal3 protein binding complex can reverse MDM-mediated
immune suppression and thereby attenuate glioma progression, we designed a Gal3BP Mimetic Peptide (GMP)
to disrupt the interaction between Gal3 and CHI3L1. Molecular dynamics showed that GMP
(T132LDLSRELSEALGQI146), rather than scrambled control peptide (SCP, LiRTRLEETLSSDTSH;s), behaves as
a linear peptide capable of recapitulating interaction with CHI3L1 (Figure 9A). To test GMP inhibiting CHI3L1-
Gal3-induced macrophage migration in vitro, M2 BMDMs were treated with rCHI3L1 in combination with GMP
and SCP, respectively. Of note, scratch-wound healing assay analysis revealed that rCHI3L1-promoted M2
BMDM migration was significantly inhibited by GMP compared with SCP treatment (Figure 9, B and C). In
contrast to SCP, GMP also attenuated rCHI3L1+ rGal3-induced MO BMDM migration (Supplemental Figure 7,
A and B). To verify that GMP recapitulates Gal3BP to compete with Gal3 binding with CHI3L1, we found that
GMP treatment resulted in decreasing binding of CHI3L1 and Gal3 in THP-1 cells by the Co-IP assay (Figure
9D). Moreover, GMP inhibits rCHI3L1-induced BMDM migration in a dose-dependent manner (Supplemental
Figure 7C). These data demonstrate that this new-developed peptide can mimic Gal3BP to disrupt CHI31L-Gal3

protein interaction and BMDM migration.

To assess the antitumor effect of GMP in vivo, GMP and SCP were administered directly into brain tumors
by an implantable guide-screw system in C57BL/6 mice bearing GL261-CHI3L1 orthotopic tumors. Notably, GMP
treatment reduced tumor growth and extended animal survival (median survival of 36 days) compared to SCP
(median survival of 29 days) (Figure 9, E and F). To validate the antitumor effect of GMP on tumors with the
endogenous level of CHI3L1, the orthotopic syngeneic mice bearing QPP7 glioma were treated by local delivery
of GMP and SCP into the brain, respectively. Consistently, we found that the treatment of GMP decreased tumor

size and increased mouse survival in the QPP7 model (Supplemental Figure 7, D and E).

To evaluate the changes of immune cell populations following peptide treatment, we performed flow
cytometry of cells harvested from syngeneic C57BL/6 mice bearing GL261-CHI3L1 glioma. Following GMP
treatment, an increase of M1-like TAMs (49.5 + 4.0 % vs 38.2 £ 6.7 %, P = 0.0719) and decrease of M2-like
TAMs (42.8 £ 3.8 % vs 52.7 + 3.9 %, P = 0.0536) were observed compared to SCP treatment (Figure 9G). In
contrast to SCP, GMP treatment significantly increased T cells (CD3"), particularly CD8* cells (Figure 9H and
Supplemental Figure 7F). The CD4" cell population increased under GMP versus SCP treatment (41.9 + 4.5 %

vs 39.8% 4.0 %), indicating that Tregs, a subset of CD4" cells, could influence the total CD4 cell composition,
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proliferation, and recruitment (Supplemental Figure 7G). These results suggest that GMP could reprogram
TAMs from protumor to antitumor phenotype, which indirectly promotes CD8" T cell-mediated antitumor immune

response.

Despite increasing the tumor-infiltrating T cells after GMP treatment, T cell exhaustion is a hallmark of GBM
local immune dysfunction due to the upregulation of multiple immune checkpoints such as PD-1 and CTLA-4
(38, 39). Therefore, we assessed expression levels of these immune checkpoints in CD4* and CD8* T cells; and
found that both PD-1 and CTLA-4 were significantly upregulated in CD8" T cells from GMP-treated tumors
compared to those in the SCP-treated tumors in the GL216-CHI3L1 model (Figure 9H). The CD4* T cells from
tumor-bearing mice displayed a trend of elevated levels of PD-1 and CTLA-4 following the treatment with GMP
vs SCP, respectively (Supplemental Figure 7G). We also evaluated the expression of PD-L1, a ligand of PD-1,
which is upregulated in activated leukocytes and cancer cells (40). Interestingly, GMP treatment significantly
decreased PD-L1 expression in CD45*, CD8*, and glioma cells, which suggests that disrupting CHI3L1-Gal3

interaction may lead to the reduction of T cell exhaustion (Supplemental Figure 7, H and |).

Together, our results indicate that CHI3L1 protein binding complexes with Gal3 or Gal3BP modulate TAM-
mediated immune suppression and stimulation, leading to resistance or response to immune checkpoint therapy.
To evaluate whether gene expression of CHI3L1, LGALS3, and LGALS3BP is associated with patient response
to immunotherapy with immune checkpoint inhibitors (ICIs), we analyzed bulk RNA-sequencing profiles of GBM
from 16 GBM patients with treatment of PD-1 inhibitors (nivolumab or pembrolizumab) (41). Consistently, higher
levels of LGALS3BP expression are associated with anti-PD-1 responders, whereas lower levels of LGALS3BP
expression are associated with anti-PD-1 non-responders (Figure 10A and Supplemental Figure 7J).
Moreover, higher levels of LGALS3BP combined with lower levels of LGALS3 and/or lower levels of CHI3L1 are
associated with anti-PD-1 responders and vice versa (Figure 10A). Collectively, these data suggest that the
CHI3L1 protein binding complex modulates TAM and T cell-mediated immunity, which underlies these proteins
as the key determinants of the response to immune checkpoint therapy. Therapeutically, disrupting the CHI3L1-
Gal3 protein complex using GMP may synergize with ICIs to effectively promote tumor regression for GBM

patients (Figure 10B).
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Discussion

Although the GBM TME plays a crucial role in regulating tumor progression and is increasingly recognized
as a therapeutic target, understanding the underlying cellular and molecular mechanisms governing glioma cells
and their surrounding components remains challenging. In this study, we discovered that cancer-cell-intrinsic
CHI3L1 plays a predominant role in modulating the GBM TME by forming a protein complex with Gal3 or Gal3BP
to promote macrophage-mediated immune suppression. Our efforts to understand the mechanisms governing
GBM immune suppression resulted in a newly developed peptide as an immunostimulatory drug candidate and
pharmacological modifications of CHI3L1-Gal3/Gal3BP protein complexes as potential therapeutics for patients

with GBM.

Increasing evidence suggests that tumor-intrinsic mechanisms dictate various non-cancerous cells within the
tumor microenvironment, which exert multifaceted functions, ranging from antitumor to protumor activities (12,
13, 42). The findings in this study demonstrate that cancer-cell intrinsic CHI3L1 is upregulated by the
PISK/AKT/mTOR signaling axis in a positive feedback loop, which plays a predominant role in modulating the
GBM immune microenvironment by inducing M2-like MDM infiltration and repolarization in a paracrine
mechanism. Genetically, CHI3L1 gene expression is significantly associated with loss of chromosome 10q
encompassing PTEN in GBM (18). Our work reinforces the positive correlation between CHI3L1 gene
expression and PTEN deletions/mutations or other mechanisms leading to PI3K/AKT/mTOR activation (e.g. NF1
mutations). These findings deepen our understanding of tumor-intrinsic signaling pathways driven by genetic

alterations in the regulation of the GBM immune microenvironment for tumor progression and treatment response.

In exploring the role of CHI3L1 for regulating the GBM immune microenvironment, we discovered that
CHI3L1 binding with Gal3 promotes MDM infiltration and reprograms MDMs toward a tumor-promoting M2-like
phenotype, which is negatively regulated by Gal3BP. Increased expression and secretion of Gal3 were observed
in both human and mouse M2-polarized macrophages compared to monocytes and M1-polarized macrophages
(30, 43). However, increased levels of Gal3BP and a proinflammatory phenotype were observed in human
monocyte-derived M1 macrophages in vitro and plasma from patients with cardiovascular disease or hepatitis
C infection (44, 45). In this study, our finding of CHI3L1-Gal3 protein complex-induced selective migration of M2-
polarized BMDMs provides a mechanistic explanation for a long-standing observation, namely highly infiltrating

M2-like MDMs associated with both human and mouse GBM (9, 10, 12, 19). In addition to promoting M2-like
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MDM accumulation, the present study also provides the mechanisms for immunosuppression that enables GBM
to escape immune surveillance, by which CHI3L1-Gal3 protein complex activates AKT/mTOR-mediated
transcriptional regulatory network (NFkB and CEBP), leading to a macrophage switch toward immune

suppression from immune stimulation (35).

Reducing immunosuppression and overcoming immunotherapy resistance are becoming therapeutic areas
of great interest for the treatment of GBM as well as other solid tumors (46, 47). Our findings provide a rationale
for disrupting the CHI3L1-Gal3 protein complex by the addition of Gal3BP to reduce the degree of tumor
immunosuppression and improve antitumor immune response in the GBM TME. Interestingly, a previous study
showed that local and systemic increases in Gal3BP levels inhibited tumor growth by stimulation of the residual
cell-mediated immune defense of the nude mouse (48). Although the function of Gal3BP is controversial in
physiologic and pathologic conditions, elevated levels of Gal3BP in bacterial and viral infections and
the neoplastic context suggest its crucial role in immune response as an immunostimulatory molecule (29, 49,
50). In our study, GMP being locally delivered into brain tumor led to tumor regression in the treated animals
combined with reduced M2-like MDMs and increased M1-like MDMs and CD8" T cells in the TME, indicating
that this peptide can modify CHI3L1 protein complexes and thereby reprogram the immune microenvironment.
Although CD8" T cells were significantly increased by GMP treatment, we observed elevated levels of CTLA-4
and PD-1 expression in these T cells, a hallmark feature of T-cell exhaustion, suggesting that GMP may
synergize with immune checkpoint inhibitors to form more effective immunotherapy for GBM treatment. Based
on analyzing a publicly available clinical dataset (41), the higher and lower levels of LGALS3BP combined with
LGALSS3 or CHI3L1 gene expression are associated with response to anti-PD-1 immunotherapy, reinforcing the
mechanism of CHI3L1-Gal3/Gal3BP protein complexes in regulating protumor or antitumor immunity in GBM. In
summary, the findings in this study shed light on a crucial molecular mechanism of macrophage-mediated
immunosuppression in GBM, indicating the development of a more effective treatment for patients with this

devasting brain cancer.
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Methods
Detailed methods can be found in the supplemental material.

Cell lines. GBM patient-derived neurosphere lines (TS543, TS603, BT112) and human neural stem cell lines
(hNSCs) were used and cultured as described previously (14). Mouse glioma cell line QPP7 provided by Dr. Jian
Hu (MD Anderson Cancer Center, Houston, TX) was cultured in the serum-free NSC medium. U87, GL261,
RAW246.7, and 293T from ATCC were cultured in DMEM supplemented with 10% FBS (Sigma-Aldrich,) and
penicillin/streptomycin (P/S) (Gibco). SIM-A9 from ATCC was cultured in DMEM/F12 supplemented with 10%
FBS, 5% horse serum, and P/S. THP-1 cell line was purchased from ATCC and cultured in RPMI-1640
supplemented with 10% FBS, 0.05 mM 2-mercaptoethanol, and P/S. All cell lines were verified to be
mycoplasma-free using MyCoAlert PLUS Mycoplasma Detection Kit (Lonza, Cat# LT07-710), and cultured at

37°C with 5% COs..

BMDM culture and polarization. BMDMs were isolated from male and female C57BL/6 mice as previously
described (26). Briefly, femur bones were isolated from mice, and IMDM (ATCC) supplemented with 10% FBS
and P/S was used to flush the bone marrow into a petri dish. After 4-6-hour incubation, the floating cells were
collected and resuspended in the medium with 20 ng/mL M-CSF (PrproTech). On day 6, the fully differentiated
cells were designated as an MO state. To induce BMDM polarization toward an M1 state, 100 ng/mL LPS
(Invitrogen) and 50 ng/mL IFNy (PrproTech) were added to the MO cells for 24 hours. To induce BMDM

polarization toward an M2 state, 20 ng/mL IL-4 (PrproTech) was added to the MO cells for 72 hours.

Intracranial xenograft tumor models, macrophage depletion, T cell depletion, and peptide treatment. Male and
female ICR SCID and C57BL/6 mice (4-6 weeks of age) were purchased from Taconic Biosciences and The
Jackson Laboratory, respectively. The intracranial xenograft tumor models were established as previously
described (14). Cells in 5 uL DPBS were injected at the following numbers: TS543 vector control or CHI3L1
overexpression (OE), 1 x 10* cells; QPP7 scrambled control or CHI3L1 knockdown (KD), 1 x 10° cells; and
GL261 vector control or CHI3L1 OE, 1 x 10° cells. For tumor models with macrophage depletion, Chodrosome
or control liposome (Clodrosome, Cat# CLD-8901) was injected into animals through the tail vein. For tumor
models with T cell depletion, 1gG (BioXCell, Cat# BE0090) or anti-CD4 (BioXCell, Cat# BEO003-1) and anti-CD8

(BioXCell, Cat# BE0061) antibodies were injected into animals through intraperitoneal injection. For mice treated
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with peptides, 5 uL of 20 uM SCP or GMP was delivered into the mouse brain every 4 days with a total of seven

times.

Enzyme-linked immunosorbent assay (ELISA). Secreted CHI3L1 protein in the cell culture supernatant was
measured by using the Quantikine Human CHI3L1 Immunoassay (R&D Systems, Cat# DC3L10). CHI3L1
content in the conditioned media was quantified per million cells and no CHI3L1 was detected in DMEM or NSC

medium supplemented with EGF and bFGF.

Co-Immunoprecipitation (Co-1P) and mass spectrometry (MS). TS603 cells overexpressing CHI3L1 with V5 tag
(TS603 CHI3L1_V5 OE) or THP-1 cells treated with the peptides were collected and protein-protein interaction
was crosslinked with 2 mM Dithiobis (succinimidyl propionate, DSP). Membrane proteins were extracted with
the Membrane Protein Extraction Kit (ThermoFisher, Cat# 89842) and ~ 500 ug of protein was used for Co-IP
assay by the Co-Immunoprecipitation Kit (ThermoFisher, Cat# 26149). For mass spectrometry, 10 ug of each of
the TS603 CHI3L1_V5_OE Co-IP samples were separated in a 12% SDS-PAGE gel and analyzed by MS at the

University of Pittsburgh Biomedical MS Center.

Immunoblotting (IB), Immunohistochemistry (IHC), and Immunofluorescence (IF). Cells were lysed on ice using
RIPA buffer (Millipore) supplemented with protease and phosphatase inhibitors (Roche). The protein
concentration was determined by the BCA method and 15~30 ug of total proteins were loaded and analyzed by
Western blotting with indicated antibodies. For IHC staining, brain tissues were fixed in 10% formalin overnight
and embedded in paraffin. For IF staining, fresh brain tissues were immediately frozen in OCT on dry ice. IHC
and IF staining were performed as we described previously (14). Additional information about antibodies is

provided in the Supplementary Material and Methods section.

Scratch-wound healing assay. BMDM were polarized to the indicated status (MO, M1, or M2) and seeded in 12-
well plates at 80-90% confluency. The cells were switched to the medium without FBS for 6 hours of starvation.
Scratches were made using pipettor tips and fresh IMDM with indicated recombinant proteins and/or peptides
were added. Images of the scratches were captured at indicated times. For the SIM-A9 scratch-wound healing
assay, 12-well plates were coated with 10 pg/mL fibronectin (Sigma-Aldrich) at 37 °C overnight before seeding

cells.
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Transwell migration assay. Polarized BMDMs were starved by removing FBS for 6 hours. Cells were collected
and 2 x 10°cells in 200 pL of IMDM were added into each transwell insert (Millipore, Cat# MCMP24H48). 700
pL of IMDM containing 2% FBS and the indicated recombinant proteins was added to the bottom of the plates.
After 14-hour incubation, transwell inserts were stained with HEMA 3 Stain Set (Fisher Scientific). Insert
membranes were separated and mounted on glass slides with CYTOSEAL XYL (ThermoFisher) and images
were taken by an inverted microscope (Leica DM 2500). For the SIM-A9 cells, the inserts were coated with 10

pg/mL fibronectin overnight in advance of seeding cells.

RNA isolation, gRT-PCR, and RNA-seq. RNA was extracted and cDNA was synthesized as described previously
(14). gRT-PCR was performed using PowerSYBR Green PCR Master Mix (Applied Biosystems) and detected
with a StepOnePlus Real-Time PCR System (Applied Biosystems). Primers are listed in Supplementary Table
S3. Each reaction was performed in duplicate or triplicate. The relative expression of genes was normalized to
human RPL39 or mouse 18S ribosomal RNA. For RNA-seq experiments, cells from intracranial xenograft tumors
were isolated and incubated with antibodies for immune cell types. Macrophages were isolated by FACS and
RNA was then isolated and sent to Health Sciences Sequencing Core at UPMC Children's Hospital of Pittsburgh

for RNA-seq. RNA-seq data are available in the NCBI's GEO (accession number GSE174177).

MRI and bioluminescent Imaging. MRI and bioluminescent imaging of mice were performed at Rangos
Research Center Animal Imaging Core. The tumor size of mice detected by MRI was analyzed with ITK-SNAP.
For bioluminescent imaging, mice were intraperitoneally injected with D-Luciferin (150 mg/Kg; GoldBio), and

images were captured by the IVIS Lumina S5 system (PerkinElmer).

Brain tumor cell isolation. Mice with neurological deficits or moribund appearance were sacrificed. Tumors were
separated and homogenized for 15 min at 37°C in Collagenase IV Cocktail (3.2 mg/mL collagenase type IV, 2
mg/mL soybean trypsin inhibitor, and 1.0 mg/mL deoxyribonuclease I; Worthington Biochemical). Red blood cells
were lysed using ACK lysing buffer (Gibco). Cell suspensions were filtered through 70-um strainers, centrifuged,

and resuspended in cold FACS buffer (DPBS with 1% BSA) for further analysis.

Flow cytometry and CyTOF. About 3 x 10° cells were used for each staining panel. Cells were incubated with
1.0 pg of TruStain fcX (BioLegend) for 10 min on ice to block Fc receptors, followed by staining with the

combination of indicated antibodies. After staining, cells were washed with FACS buffer three times and
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incubated with Fixation Buffer (BioLegend) at RT for 20 min. Cells were washed with FACS buffer, resuspended
in Cyto-Last Buffer (BioLegend), and analyzed by either a BD LSRFortessa or BD FACSAria Il SORP. For
CyTOF, samples were prepared as described above for flow cytometry. Three pairs of samples (scrambled
shRNA vs Chi3ll KD) with similar tumor sizes were chosen and the staining procedure was followed as
previously described (51). The samples were analyzed on a Helios2 CyTOF system (Fluidigm) at the Longwood
Medical Area CyTOF Core. Additional information about flow cytometry antibodies is provided in the

Supplementary Material and Methods section.

Structure analysis of protein-protein interaction. Prediction of protein-protein interaction was based on available
human protein structures for binding of CHI3L1 and other putative protein candidates. Protein structures of
CHI3L1 (PDB 1HJV), Gal3 (PDB 6FOF), and Gal3BP monomer (PDB 6GFB) were used for protein-protein
interaction analyses. Docked poses of CHI3L1 with Gal3BP (monomer of dimerization domain) and CHI3L1 with
Gal3 were predicted using ClusPro (52) and further analyzed with FastContact for energetic complementarity

(33).

Peptide design. GMP was designed using molecular dynamics (MD) simulations in AMBER18 on the GPU-
accelerated code with AMBER ff14SB force field (53, 54). The tLeap binary was used to solve structures in an
octahedral TIP3P water box with a 15 A distance from the peptide surface to the box edges and a closeness
parameter of 0.75 A. The system was neutralized and solvated in 150 mM NaCl. The non-bonded interaction
cutoff was set to 8 A. Hydrogen bonds were constrained using the SHAKE algorithm and an integration time step
of 2 fs. Simulations were carried out by equilibrating the system for 5 ns at NPT, using a Berendsen thermostat

to maintain a constant pressure of 1 atm followed by 300 ns NVT production at 300 K.

Data analysis. Data are calculated with GraphPad Prism and presented as the mean = SD or = SEM. P <0.05

was considered as the statistical significance and it was determined by the indicated tests in figure legends.
Scratch-wound healing areas of cell migration, Transwell migration assay cell number, and IF staining positive
cells were analyzed by using Fiji software (ImageJ). Flow cytometry data were gated, analyzed, and visualized
using FlowJo software (BD). CyTOF data were analyzed with Cytobank (Cytobank Inc.). TCGA GBM datasets
were used for clinical GBM analysis, and RNA-seq data (41) were used for correlation analysis between gene

expression (CHI3L1, LGALS3, and LGALS3BP) and GBM patient response to anti-PD-1 treatment.
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Study approval. All animal experiments were performed with the approval of the University of Pittsburgh’s

Institutional Animal Care and Use Committee (IACUC) (Protocol # 18031339, #21049271).
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Figure Legends

Figure 1. CHI3L1 upregulation is associated with activation of the PI3BK/AKT/mTOR signaling in GBM.

(A) Top 10 upregulated genes in hNSC vs hNSC-p53DN-AKT ranked by fold change of gene expression. qRT-
PCR for CHI3L1 expression (B) and immunoblot analysis of indicated proteins (C) in hNSC expressing p53DN
or/and myr-AKT. (D) Representative H&E and IHC images showing indicated proteins in tumors derived from
hNSCs-p53DN-AKT. Scale bar, 50 um. gRT-PCR (E) and immunoblot analysis (F) of indicated gene and proteins
in hNSC-p53DN-AKT with rapamycin (RAPA) treatment (100 nM, 24 hours); CHI3L1 signal was shown in both
long and short exposure time. Immunoblot analysis of indicated proteins in U87 treated with NVP-BEZ235 in a
dose (G) and time (H) dependent manner. CHI3L1 secretion in the conditioned media (CM) was assessed by
ELISA from human GBM neurosphere lines treated with NVP-BEZ235 at indicated concentrations after 12 hours
of treatment (I) or at the concentration of 1 uyM in indicated times (J). (K) Immunoblot analysis of indicated
proteins in human GBM neurosphere line TS543 treated with CM of TS543 overexpressing (OE) CHI3L1 vs
control (K) or overexpressing myr-AKT vs control (L). (M) CHI3L1 mRNA expression in TCGA IDHwt GBM
tumors compared to non-tumor brain tissues. Gene expression was normalized by RMA and the P-value was
calculated by Wilcoxon rank-sum test. (N) Association between CHI3L1 mRNA expression and the
PISK/AKT/mTOR signature score. Gene expression was normalized by RMA and P-value was calculated by
Spearman rank correlation. (O) Enrichment of the PI3BK/AKT/mTOR signature in IDHwt GBM with high and low
levels of CHI3L1 mRNA expression. Data are presented as the mean + SD (n= 3 replicates); P-value was
calculated using one-way ANOVA (B) or one-tailed unpaired t test (E, I, and J); *P < 0.05, “P < 0.01, **P < 0.001,

and **P < 0.0001.
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Figure 2. Tumor progression and the immune microenvironment are implicated in glioma mouse models

with alerting CHI3L1 expression.

(A) Top 10 biological functional pathways are enriched in CHI3L1 correlated genes in TCGA GBM datasets using
the Ingenuity Pathway Analysis (IPA). (B) gRT-PCR and immunoblot analyses of the expression levels of
CHI3L1 mRNA and protein in GL216 overexpressing (OE) vector control or human CHI3L1 gene. Data are
presented as the mean + SD; P-value was calculated using a one-tailed unpaired t test. (C) lllustration of two
orthotopic xenograft models with GL261 CHI3L1 OE or vector control. (D) Representative MRI from mice after
intracranial injection of GL261 with CHI3L1 OE or Vector. T2 sequences demonstrate infiltrative tumors in the
mouse brain (yellow line). Tumor volume was measured by the T2 MRI scan. (E) Kaplan—Meier tumor-free
survival analysis of GL261 models. (F) gRT-PCR and immunoblot analyses of the expression levels of CHI3L1
MRNA and protein in QPP7 cells infected with lentivirus carrying shRNA targeting mouse Chi3l1 gene
(shChi3l1#1 and #2) vs shRNA scrambled controls (shSC). Data are presented as the mean + SD; P-value was
calculated by one-way ANOVA with Dunnett's multiple comparison test. (G) Representative MRI from two
orthotopic xenograft glioma mouse models bearing QPP7 with shChi3l1#2 vs shSC. Tumor volume was
measured by the T2 MRI scan. (H) Kaplan—Meier tumor-free survival analysis of QPP7 models. Flow cytometry
analyses of the indicated cell populations in GL216 (I) and QPP7(J) syngeneic mouse models with altering
CHI3L1 expression. The dots represent mice from the group; data are presented as the mean + SEM; P-value
was calculated using a one-tailed unpaired t test (I) or one-way ANOVA (J); *P < 0.05, “P < 0.01; ns represents

no significance.
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Figure 3. CHI3L1 induces M2-like MDM accumulation in vivo.

Representative flow cytometry analyses and quantitation showing the percentage of M1- and M2-like MDMs in
tumors derived from GL261 (A and B) and QPP7 (C and D) glioma-bearing mice with altering CHI3L1 expression.
(E) The ratio of CD206/CD206" cells from the CD45*CD68*CD11b* cell population, and the ratio of INOS*/Argl*
cells from the CD45" cell population in QPP7-derived tumors. Each dot represents 1 mouse; data are presented
as the mean + SEM; P-value was calculated using a one-tailed unpaired t test. (F) Representative IF images for
F4/80" and P2Y12" cells in tumor sections from the syngeneic mice bearing GL261-CHI3L1 vs vector control.
(G) Quantitation of the indicated cells in peritumoral and intratumoral regions, respectively. Representative IF
images and quantitation for F4/80" (H) and P2Y12" (I) cells in tumor sections from QPP7 glioma-bearing mice
with shChi3l1#2 vs shSC. Peritumoral and intratumoral regions were separated using yellow lines. Each dot
represents one field of the peritumoral or intratumoral region from indicated tumors (n=3); Data are presented
as the mean £ SD; P-value was calculated using a one-tailed unpaired t test; ns represents no significance; scale

bar, 100 um.
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Figure 4. CHI3L1 induces cell migration of M2-like MDM in vitro.

(A) Representative brightfield images showing cell migration in O and 6 hours after treatment with CHI3L1
recombinant protein (rCHI3L1) at the concentration of 0.6 pg/mL in MO, M1, and M2 BMDMs by the scratch-
wound healing assay. (B) Cell migration was assessed by quantifying occupied areas by migrated cells. (C)
Representative brightfield images for cell migration of M2 BMDMs by the Transwell assay. Migration was
assessed by determining the number of migrated cells. Data are presented as the mean + SD from at least three
independent experiments; P-value was calculated using a one-tailed unpaired t test; P < 0.001, P < 0.0001;
ns represents no significance. (D) Association between CHI3L1 mRNA expression and M1/M2-like macrophage
scores in IDHwt GBM. Gene expression was normalized by RMA and P-value was calculated by Spearman rank

correlation.
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Figure 5. Gal3BP interacts with CHI3L1 for inhibition of BMDM migration in vitro.

(A) A binding model of Gal3BP monomer (cyan from PDB 6GFB) and CHI3L1 (green surface with red/blue/white
shades corresponding to O/N/H atoms from PDB 1HJV_A). (B) Detailed view from (A) of the binding mode of
Serl29-Glul41 of Gal3BP (cyan) and CHI3L1 (green). The 10 hydrogen bonds are indicated with dashed lines
and distances. Several hydrophobic contacts are also shown in the protein binding complex. (C) Representative
IF images showing co-localization of proteins in TS603 cells; scale bar, 20 um. (D) Immunoblot (IB) analysis of
protein binding complexes after Co-IP with indicated antibodies in TS603 overexpressing V5-tagged CHI3L1. (E)
Representative brightfield images from the scratch-wound healing assay showing M2 BMDM cell migration in O
and 6 hours after treatment with recombinant CHI3L1protein (rCHI3L1, 2.5 pg/mL) and/or recombinant Gal3BP
protein (rGal3BP, 5.0 ug/mL). Cell migration was assessed by quantifying occupied areas by migrated cells. (F)
Representative brightfield images from the Transwell assay for M2 BMDM cell migration under treatment with
rCHI3L1 (2.5 pg/mL) and/or rGal3BP (5.0 pg/mL). Migration was assessed by determining the number
of migrated cells. In (E) and (F), data are presented as the mean + SD from at least three independent
experiments. P-value was calculated using one-way ANOVA with Tukey’s multiple comparison test; P < 0.001;
“*P < 0.0001; ns represents no significance; scale bar, 50 um. (G) Boxplots showing enrichment of M1/M2-like
macrophage signature in two indicated groups of TCGA GBMs. P-value was calculated by Wilcoxon rank-sum

test.
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Figure 6. Gal3BP competes with Gal3 for binding with CHI3L1.

(A) A binding model of N-terminal Gal3 (magenta Asp3-Prol17 from PDB 6FOF) and CHI3L1 (green surface with
red/blue/white shades corresponding to O/N/H atoms from PDB 1HJV_A). (B) Detailed view from (A) of the
binding mode of Asp3-Asnl16 of Gal3 (yellow) and CHI3L1 (green). (C) Representative IF images showing co-
localization of proteins in TS603 cells. Scale bar, 20 pm. (D) Immunoblot (IB) analysis of protein binding
complexes using Co-IP with Gal3 antibody in TS603-V5-CHI3L1 cells treated with DMSO or TD139 (10 uM for
24 hours). (E) Immunoblot analysis of Gal3 and CHI3L1 protein binding in the mixture of recombinant Gal3 and
CHI3L1 (200 ng rGal3 + 200 ng rCHI3L1) by adding different amounts of recombinant Gal3BP (0, 100, 200, 400,

800 ng/sample) with or without TD139 (10 puM for 1 hour).
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Figure 7. The CHI3L1-Gal3-Gal3BP binding complex regulates BMDM migration.

Representative brightfield images and quantitation for cell migration of MO BMDMs treated with rCHI3L1 (2.5
Mg/mL), rGal3 (2.5 pg/mL), rGal3BP (5.0 ug/mL), and combinations in the scratch-wound healing assay (A and
B) and the Transwell assay (C and D). Cell migration was assessed by quantifying the occupied area or by
counting the number of migrating cells, respectively. Data are presented as the mean + SD from at least three
independent experiments. P-value was calculated using one-way ANOVA with Tukey's multiple comparison test;
“*P < 0.001, ***P < 0.0001; ns represents no significance; scale bar, 50 um. (E) Boxplots showing enrichment of
M1/M2-like macrophage signature in two indicated groups of TCGA GBMs. P-value was calculated by Wilcoxon

rank-sum test.
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Figure 8. CHI3L1 protein complexes regulate MDM reprogramming in immune suppression and

stimulation.

(A) Enrichment of top 10 GO biological pathways in TAMs derived from C57BL/6 mice bearing QPP7 with
shChi3I1 compared to shSC. (B) Flow cytometry analysis showing active CD4 and CD8 cells in GL261 tumors
with CHI3L1 overexpression compared to vector controls. (C) Flow cytometry analysis showing active CD4 and
CDS8 cells in QPP7 tumors with Chi3l1 KD compared to shSC. Depletion antibodies against CD4 and CD8
(10mg/kg) were injected intraperitoneally every 3 days for a total of 8 times after tumor implantation. Kaplan—
Meier tumor-free survival analysis of mice bearing GL261 overexpressing CHI3L1 vs vector controls (D) and
mice bearing QPP7 with Chi3l1 KD vs shSC (F). Flow cytometry analysis showing CD4* and CD8* cell
populations within the tumors from GL261 models (E) and QPP7 models (G) with antibody depletion. Each dot
represents 1 mouse; data are presented as the mean + SEM; P-value was calculated using a one-tailed unpaired
t test. (H) gRT-PCR for indicated gene expression in MO BMDMs treated with rCHI3L1 (2.5 pug/mL), rGal3 (2.5
Mg/mL), rGal3BP (5.0 ug/mL), and combinations for 24 hours. Data are presented as the mean = SEM from at
least two independent experiments. P-value was calculated using one-way ANOVA with Tukey's multiple
comparison test."P < 0.05, “P < 0.01 **P < 0.001, P < 0.0001. (I-K) Immunoblot analysis of indicated protein
levels in MO BMDMs treated with rCHI3L1 (2.5 pg/mL), rGal3 (2.5 pg/mL), rGal3BP (5.0 ug/mL), and
combinations for 30 minutes or 4 hours (p-p65 and p65). (L) GSEA plots depicting mTOR1 and TNFA-NFKB
signaling pathways in TAMs derived from C57BL/6 mice bearing QPP7 with shChi3l1 compared to shSC. NES

stands for normalized enrichment score.
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Figure 9. A peptide mimicking Gal3BP attenuates BMDM migration and CHI3L1-induced tumor

progression.

(A) Snapshot from MD of Gal3BP mimetic peptide (GMP) and scrambled control peptide (SCP). (B)
Representative brightfield images for cell migration of M2 BMDMs treated with rCHI3L1 (0.6 ug/mL) with/without
GMP or SCP at a concentration of 30 uM in the scratch-wound healing assay. (C) Cell migration was assessed
by quantifying the occupied area of migrated cells. Data are presented as the mean + SD from at least three
independent experiments. P-value was calculated using one-way ANOVA with Tukey's multiple comparison test;
P < 0.001; ™P < 0.0001; ns represents no significance. (D) Immunoblot analysis of protein binding complexes
using Co-IP with Gal3 antibody in THP-1 cells treated with SCP or GMP (20 uM for 24 hours). (E) Representative
MRI from mice after intracranial injection of GL261-CHI3L1 cells after the treatment of SCP and GMP,
respectively. Tumor volume was measured by T2 sequences for infiltrative tumors in the mouse brain (yellow
line). (F) Kaplan—Meier tumor-free survival analysis of mice bearing GL261-CHI3L1 tumors treating with
indicated peptides. Frequency of M1/M2-like MDMs (G) and CD8* T cells with expression of PD-1 and CTLA-4
(H) in tumors derived from syngeneic mice bearing GL261-CHI3L1 under the treatment with GMP vs SCP. Each
dot represents 1 mouse; data are presented as the mean + SEM; P-value was calculated using a one-tailed

unpaired t test.
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Figure 10. The levels of CHI3L1, LGALS3, and LGALS3BP mRNA expression predict anti-PD-1 response

in GBM patients.

(A) Histogram analysis of the distribution of anti-PD-1 treatment responders and non-responders in GBM patients
following anti-PD-1 treatment from a previous dataset (41). The n represents the number of patients
characterized with indicted gene expression. (B) Schematic cartoon indicates that glioma cell-intrinsic CHI3L1
binding with Gal3 forms a protein binding complex modulating the TAM-mediated immune microenvironment for

tumor progression, which is negatively regulated by Gal3BP or Gal3BP mimetic peptide.
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