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Identification of genomic and molecular traits that
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Abstract

Background. Cancer is a complex disease with profound genomic alterations and extensive heterogeneity. Recent
studies on large-scale genomics have shed light on the impact of core oncogenic pathways, which are frequently
dysregulated in a wide spectrum of cancer types. Aberrant activation of the hepatocyte growth factor (HGF) signal-
ing axis has been associated with promoting various oncogenic programs during tumor initiation, progression,
and treatment resistance. As a result, HGF-targeted therapy has emerged as an attractive therapeutic approach.
However, recent clinical trials involving HGF-targeted therapies have demonstrated rather disappointing results.
Thus, an alternative, in-depth assessment of new patient stratification is necessary to shift the current clinical course.
Methods. To address such challenges, we have evaluated the therapeutic efficacy of YYB-101, an HGF-neutralizing
antibody, in a series of primary glioblastoma stem cells (GSCs) both in vitro and in vivo. Furthermore, we per-
formed genome and transcriptome analysis to determine genetic and molecular traits that exhibit therapeutic
susceptibility to HGF-mediated therapy.

Results. We have identified several differentially expressed genes, including MET, KDR, and SOX3, which are asso-
ciated with tumor invasiveness, malignancy, and unfavorable prognosis in glioblastoma patients. We also dem-
onstrated the HGF-MET signaling axis as a key molecular determinant in GSC invasion, and we discovered that a
significant association in HGF expression existed between mesenchymal phenotype and immune cell recruitment.
Conclusions. Upregulation of MET and mesenchymal cellular state are essential in generating HGF-mediated
therapeutic responses. Our results provide an important framework for evaluating HGF-targeted therapy in future
clinical settings.
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Importance of the study

The HGF-MET signaling axis regulates multiple signal-
ing networks that govern essential cellular functions.
Aberrant activation of the HGF-MET signaling axis
has also been implicated across various cancer types.
However, recent clinical trials involving HGF-targeted
therapy have demonstrated disappointing results, thus
prompting exploration of alternative biomarkers that
could shift the current clinical course. Toward this goal,
we have evaluated the therapeutic efficacy of YYB-101,
an HGF-neutralizing antibody that is currently enrolled
in a phase | clinical trial. In the present study, we have

Glioblastoma (GBM) is the most common primary, malig-
nant brain tumor.'? Despite aggressive therapeutic inter-
vention, the current standard regimen provides only
palliation with a median survival of less than 15 months.?3
Prominent histopathological features of GBM consist of
rapid vascularization, infiltrative growth, and pleomorphic
vessels.*® Due to its highly infiltrative nature, complete
surgical resection remains challenging. Recent advance-
ment in the field of molecular genetics has revealed
prevalent abnormality in the structure and orientation of
proto-oncogenes. Proto-oncogenes are considered ideal
therapeutic targets due to their innate capabilities in pro-
moting tumor initiation and progression.’®

Hepatocyte growth factor (HGF) and its binding recep-
tor, c-MET, are frequently dysregulated in multiple neo-
plasms. This then leads to malignant phenotypic states
and modulates essential intracellular functions, including
cellular proliferation, stemness, angiogenesis, and thera-
peutic resistance.'®'? Upon HGF autocrine activation, MET
facilitates cellular invasion via activation of matrix metal-
loproteinase-2 (MMP2) and growth factor receptor bound
protein 2-associated-binding protein 1 (GAB1). Aberrant
activation of the HGF-MET signaling axis has been associ-
ated with dismal prognosis across multiple tumor types,
including ovarian, breast, gastric,c and lung carcino-
mas."®"® Given its profound effects on tumor malignancy,
disruption of the HGF-MET signaling axis would be a prime
therapeutic target in GBM treatment. Additionally, recent
studies have highlighted the essential role of HGF in tumor
cell and tumor microenvironment interactions, including
recruitment of tumor-associated macrophages and neu-
trophils and poor responses to checkpoint blockade thera-
pies.'®'® However, most HGF targeting clinical trials have
shown disappointing results. Anti-HGF antibodies, includ-
ing rilotumumab and ficlatuzumab, have been terminated
in phase lll and Il clinical trials, respectively, because the
overall or progression-free survival of patients with either
gastroesophageal or lung adenocarcinomas was consid-
ered insignificant. The current limitation on HGF-targeted
therapy necessitates assessment of additional biomarkers
to achieve successful clinical outcomes.?Toward this goal,
we have employedYYB-101, which is currently being tested
in solid tumors as a potential therapeutic agent in a phase
| clinical trial,2"?2 in a series of primary glioma stem cells
(GSCs) to identify genomic and transcriptomic traits that
exhibit targeted vulnerabilities to HGF-mediated therapy.

identified differentially expressed genes that show sen-
sitivity toward HGF-mediated therapy and are associ-
ated with worse prognosis in glioblastoma patients.
We have identified the HGF-MET signaling axis as a key
molecular determinant in GSC invasion. Furthermore,
we discovered that a significant association exists
between HGF transcriptome in relation to mesenchy-
mal transcriptional subtype and tumor-associated
immune cell enrichment. Collectively, our work pro-
vides an important conceptual groundwork for future
HGF-targeted clinical therapies.

Materials and Methods

Patient-Derived GBM Specimens and Primary
Cell Culture

With appropriate approval from the institutional review
board, all GBM specimens were obtained from patients
undergoing surgery at the Samsung Medical Center. The
study protocol was approved by our institution’s ethical com-
mittees, and written informed consents were received from
all patients. Surgical samples were enzymatically dissoci-
ated into single cells and cultured in Neurobasal medium.
DNA and RNA were extracted from a portion of single cells
and were then subjected to DNA and RNA sequencing.

Targeted-Panel, GliomaSCAN

GliomaSCAN is a targeted panel that covers a range of
exonic regions of specific genes that are associated with
glioma progression. An Agilent SureSelect kit was used
to capture the exonic DNA fragments. The lllumina HiSeq
2000 instrument was used for sequencing and generated
2 x 101-bp paired-end reads.

Somatic Mutation

The sequenced reads in the FASTQ files were aligned to
the human genome assembly (hg19) using the Burrows-
Wheeler aligner version 0.6.2. The initial alignment BAM
files were subjected to conventional preprocessing before
mutation calling: sorting, removing duplicated reads,
locally realigning reads around potential small indels, and
recalibrating base quality score using SAMtools, Picard
version 1.73, and Genome Analysis Toolkit (GATK) v2.5.2.
We used MuTect (v1.1.4) and Somatic IndelDetector (GATK
v2.2) to make high-confidence predictions on somatic
mutations from neoplastic and nonneoplastic cell/tissue
pairs. Variant Effect Predictor v73 was used to annotate the
called somatic mutations.

Copy Number Alterations

ONCOCNYV was used to generate estimated copy number
alterations in tumor cells.
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RNA Sequencing

RNA-seq libraries were prepared using the llluminaTruSeq
RNA Sample Prep kit. Sequenced reads were trimmed
to include 30 nucleotides from the 5 end of each read
for mRNA analysis. Afterward, the trimmed reads were
mapped onto hg19 using GSNAP, not allowing mismatch,
indels, or splicing. The resulting alignments were sorted
and summarized into BED files using SAMtools and bed-
Tools.The BED files were used to calculate values of RPKM
(reads per kilobase of transcript per million reads) for each
gene, using the DEGseq package.

Invasion Assay

Twenty-eight patient-derived GBM cells (3 x 10° cells/mL)
were plated onto the upper wells of a Matrigel-coated
24-well Transwell chamber (353383, BD Bioscience)
containing Neurobasal-A medium. Lower wells of the
Transwell chamber contained exogenous HGF (80 ng/mL,
R&D) and/orYYB-101 (10 ug/mL). Invading cells were fixed
with methanol and stained with hematoxylin and eosin,
and cell numbers were recorded with the Aperio analysis
program (Algorithm; Nuclear 9).

Proliferation Assay

Cell proliferation was measured using the ATPlite one-
step Luminescence ATP Detection Assay System kit
(PerkinElmer) according to the manufacturer’s instructions.
Briefly, the cells were seeded in 384-well plates at a density
of 5 x 102 cells/well, and incubated for 6 days. The viable
cells were measured using the EnVision Multilabel Reader
(PerkinElmer).

Immunoblot Assay

Tumor cells were lysed in radioimmunoprecipitation assay
buffer supplemented with proteinase and phosphatase
inhibitors. Total proteins were separated by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis and trans-
ferred to polyvinylidene difluoride membranes. The blots
were blocked for 1 hour in 5% bovine serum albumin and
incubated overnight with the following primary antibod-
ies: phosphorylated (p-)MET (Y1234/1235) (3077s, Cell
Signaling), MET (370100, LifeTechnologies), p-GAB1 (Y307)
(3234p, Cell Signaling), GAB1 (3232p, Cell Signaling),
p-Akt (S473, D9E, 4060s, Cell Signaling), Akt (9272, Cell
Signaling), p-Erk (T202/Y204) (9102s, Cell Signaling), or
Erk (9101, Cell Signaling). After washing with Tris-buffered
saline and 0.05% Tween 20, the blots were incubated with
horseradish peroxidase—conjugated secondary antibody
for 1 hour at room temperature. Detection was performed
using the chemiluminescence method.

Flow Cytometry

GBM patient-derived cells (GBM102) were dissociated into
single cells and labeled with the following anti-human MET
allophycocyanin (APC)-conjugated antibody (FAB3582A,
R&D Systems) at a concentration of 5 uL per 1 x 10° cells for

20 min. Antibodies against mouse immunoglobulin conju-
gated to APC were used as the isotype control (17-4714-42,
eBioscience). According to MET expression, GBM102 iso-
lates were sorted into 2 subpopulations. Stained cells were
analyzed using the FACS Aria lll instrument (BD Biosciences).

Lentivirus Production and Transduction

293FT cells were transfected using Lipofectamine 2000
(Life Technologies) with lentivirus packaging plasmid
and MET expression plasmid (37560, Addgene) or plLenti
cytomegalovirus green fluorescent protein Puro (17448,
Addgene). Forty-eight hours after the transfection, viral
supernatants were collected using Lenti-X concentrator
(631232, Clontech). Resulting products were added into the
culture medium for 2 days, and puromycin selection was
performed to eliminate non-infected cells.

Orthotopic GBM Xenograft Models

Animal experiments were conducted in accordance with the
current regulations and standards of the Laboratory Animal
Research Center at the Samsung Medical Center. To estab-
lish human GBM orthotopic xenografts, 6-week-old female
BALB/c nude mice (Orient Bio) were used. Patient-derived
GBM cells (2 x 10° cells/5 uL in Hanks Balanced Salt Solution;
Gibco) were directly injected into the brains of anesthetized
mice by using a rodent stereotactic frame. Treatment with
the anti-HGF antibody, YYB-101 (5 mg/kg or 20 mg/kg twice
a week, intraperitoneal injection), began a week after the
tumor cell injection. Mice were sacrificed when either 20%
of total body weight loss or neurological symptoms such as
lethargy, ataxia, and seizures were observed.

Immunohistochemistry

Brain tissue specimens were fixed with formalin and
embedded into paraffin.Tissue sections of paraffin-embed-
ded specimens were stained with the following primary
antibodies: p-MET (Y1234/1235) (E9P0077, Enogene),
p-GAB1 (Y307) (3234p, Cell Signaling), p—focal adhe-
sion kinase (FAK) (Y397) (ab4803, Abcam), MMP2 (6E3F8)
(ab86607, Abcam), and urokinase-type plasminogen activa-
tor (uPA)/urokinase (AF1310, R&D system).

CIBERSORT

We used normalized bulk tumor gene expression data to
infer relative proportion of 22 types of infiltrating immune
cell using the CIBERSORT algorithm.?® The 22 immune
cell types evaluate immune cell populations of T cells, B
cells, macrophages, natural killer cells, eosinophils, den-
dritic cells, neutrophils, etc. CIBERSORT is a deconvolution
algorithm that utilizes set-of-reference gene expression
data from each representative cell type and evaluates cell
type proportions from bulk tumor samples. Gene expres-
sion data were uploaded onto the CIBERSORT web portal
(http://cibersort.stanford.edu/; Accessed July 6, 2018) with
the parameter set at a default of 1000 permutations. The
output results were normalized based on tumor purity lev-
els that were derived from the ESTIMATE results.


http://cibersort.stanford.edu/

Sa et al. Therapeutic vulnerability of HGF therapy in GBM

ESTIMATE

To evaluate tumor purity level from bulk tumor sam-
ples, we employed ESTIMATE (Estimation of Stromal
and Immune cells in Malignant Tumor tissues using
Expression data).?* ESTIMATE is an algorithm tool for
predicting tumor purity and the presence of infiltrating
immune/stromal cells from bulk tumor samples using
gene expression data. The ESTIMATE algorithm is based
on a single-sample Gene Set Enrichment Analysis and
generates corresponding scores for stromal, immune,
and tumor cells.

Results

Neutralization of HGF via YYB-101 Treatment
Inhibits Tumor Cell Invasion and Growth in
Glioblastoma

To assess clinical relevance of HGF, we first surveyed tran-
scriptome expression levels of HGF between normal tissue
and glioblastoma specimens. Interestingly, HGF mRNA
level was significantly upregulated in GBM compared with
nonneoplastic brain tissues (Fig. 1A). Additionally, when
we stratified isocitrate dehydrogenase 1 (IDHT1) wild-type
GBM patients according to HGF mRNA expression levels,
patients with high HGF portrayed unfavorable survival out-
comes compared with those with low HGF expression lev-
els, thus demonstrating the clinical importance of HGF in
GBM prognosis (Fig. 1B).

Cancer stem cells are functionally defined by their
enhanced abilities for perpetual self-renewal and govern
essential cellular functions that modulate tumor survivabil-
ity. Previous studies have demonstrated that GBMs harbor
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a subpopulation of highly tumorigenic GSCs.?>28 GSCs
are responsible for conventional treatment resistance and
tumor relapse, emphasizing the need for an alternative
therapeutic avenue.

In order to evaluate the significance of HGF neutral-
ization in GSC invasion and growth, we have employed
YYB-101, a humanized version of the anti-HGF antibody,
in a series of GSCs.2%-35Twenty-eight GSCs were treated
with either 10 pg/mL of YYB-101 or vehicle and assessed
for their invasive inhibitory effects. Six GBM tumor iso-
lates exhibited significant reduction in tumor invasive
capability in response toYYB-101, termed “YYB-101 sen-
sitive,” orYYB-1015, while the rest of the tumors showed
no notable inhibitory effects, termed “YYB-101 resistant,”
or YYB-101R (Fig. 2A, B). We also investigated YYB-101's
ability to regulate cellular proliferation. Short-term pro-
liferation kinetics of YYB-101S isolates showed a signifi-
cant reduction in cellular growth compared with those
of the YYB-101% group (Fig. 2C). When we compared
mRNA and protein expression levels of HGF between the
2 groups, YYB-101° tumors showed significantly higher
levels (Fig. 2D).To investigate the downstream molecular
events of HGF signaling in GBM, we surveyed essential
molecular effectors that are frequently activated during
tumor progression. Immunoblot analysis revealed sig-
nificant attenuation of phosphorylation levels in MET,
GAB1, Akt, and extracellular signal-regulated kinase
(ERK) of YYB-101° cells in response toYYB-101 treatment,
whereas YYB-101R cells exhibited no significant changes
(Fig. 2E). Furthermore, significant differences in the
basal expression levels of these molecular effectors did
not exist (Supplementary Figure S1). Collectively, these
results support the notion that the neutralization of HGF
inhibits the invasive and proliferative properties of GSCs
in vitro.

TCGA Dataset (IDH1-wt GBM, n=371)
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Fig.1 Clinical relevance of HGFin GBM. (A) TCGA microarray data analysis for HGF expression in GBM vs normal brain tissues. Pvalue was
calculated using the Wilcoxon rank sum test. (B) TCGA /DH 1 wild-type GBM patient survival analysis based on HGF expression levels. P-value

was calculated using the log-rank test.
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Fig. 2 Invasive inhibitory effect of YYB-101 on GSC invasion and growth. (A) Invasion assays to determine the effect of YYB-101 treatment on

GSCs. P-value was calculated using the Wilcoxon rank sum test. (B) Representative immunohistochemical images of cellular invasion assays
using patient-derived GBM cells treated with or without YYB-101. (C) Relative cellular growth on GBM cells under the effect of YYB-101 treat-
ment. P-values were calculated using paired Student's t-tests. *P < 0.05; **P < 0.01; ***P < 0.001. (D) HGF mRNA (left panel) and protein
(right panel) expression comparison between YYB-101S and YYB-101% tumors. P-values were calculated using the Wilcoxon rank sum test. (E)
Immunoblots of important cellular modulators: p-MET, MET, p-GAB1, GAB1, p-Akt, Akt, p-ERK, and ERK. Glyceraldehyde 3-phosphate dehydro-

genase (GAPDH) was used as a loading control.

Genomic and Transcriptomic Characterization of
YYB-101% and YYB-101R Tumors

To assess differential genomic and transcriptomic traits
that drive YYB-101° and YYB-101R tumors, 28 GSCs
were subjected to whole-transcriptome sequencing
and targeted panel sequencing called “GliomaSCAN.
Both groups harbored multiple somatic alterations in
the core oncogenic pathways that are frequently dys-
regulated in GBM, including the p53, receptor tyros-
ine kinase, and phosphoinositide 3-kinase signaling
pathways. Interestingly, YYB-101® isolates comprised

mainly epidermal growth factor receptor (EGFR) ampli-
fied tumors, while YYB-1015 tumors harbored higher
frequency of MET amplification (Fig. 3A). Consistently,
YYB-101® tumors were enriched with EGFR-associated
pathways (Supplementary Figure S2). These results sug-
gest that YYB-101R tumors did not exhibit any phenotypic
response toYYB-101 because they are mediated by EGFR-
dependent cellular growth and invasion.

Transcriptomic analysis of YYB-1015 and YYB-101R%
revealed a set of differentially expressed genes, includ-
ing MET, KDR, and SOX3. Of the 3 genes, MET demon-
strated the most robust difference (Fig. 3B). The YYB-101S
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enriched transcriptomes, the “YYB-1018 signature,” were
associated with several biological mechanisms, including
angiogenesis and cell migration based on Gene Ontology
analysis (Fig. 3B). Notably, the YYB-101° signature demon-
strated a significant correlation with GBM prognosis, as
patients with higher expressions of the YYB-101° signa-
ture displayed worse survival probability (Supplementary
Figure S3). On the contrary, YYB-101 treatment did not
downregulate expression levels of the signature genes
except for MET in YYB-101° tumors (Supplementary
Figure S4). YYB-1015 tumors also showed enrichment of
MET, angiogenesis, invasiveness, vascular endothelial
growth factor, and transforming growth factor-1 associ-
ated pathways. These results corroborate with our pre-
vious in vitro evaluation of HGF-neutralizing effects on
tumor invasiveness. Collectively, our results highlight the

inhibitory effects of YYB-101 via combined genome and in
vitro phenotypic analyses.

Invasive Inhibitory Effect of YYB-101 Is Mediated
via the HGF-MET Signaling Axis

Previous results have demonstrated upregulation of MET
in YYB-101S tumors. This suggests that aberrant activation
of the HGF-MET signaling axis contributes to the invasive
kinetics of GSCs. Consistently, immunoblot assay dem-
onstrated enrichment of MET protein expressions in the
YYB-1018 isolates (Fig. 4A). To evaluate the HGF-MET sign-
aling axis in GBM, we employed fluorescence-activated
cell sorting technology to isolate METHigh and MET" sub-
populations (Fig. 4B). Notably, METHigh tumor cells demon-
strated higher phosphorylation levels of MET, GAB1, and
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Fig.4 The HGF-MET signaling axis promotes cellular invasion in GBM. (A) immunoblots of MET and GAPDH in YYB-1015 and YYB-101% isolates.
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from fluorescence-activated cell sorting (FACS). Right panel: Relative cellular invasion ratio of MET"9" and MET"" tumor cells in presence of
vehicle or YYB-101 treatments. P-values were calculated using Student's t-test. *P < 0.05; **P < 0.01; ***P < 0.001. (C) Immunoblots of p-MET
and MET in nontarget (NT) or MET transduced cells. (D) Relative cellular invasion ratio of NT or MET transduced cells in presence of vehicle or
YYB-101 treatments. P-values were calculated using Student's t-test. * P < 0.05; **P < 0.01; ***P < 0.001. (E) Imnmunoblots of MET, p-GAB1, GAB1,
p-Akt, Akt, p-ERK, ERK, and GAPDH on NT or MET transduced cells in presence of vehicle or YYB-101 treatments.
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ERK compared with MET“" tumor cells. After confirm-
ing the purity and viability of the sorted populations, we
determined the invasive kinetics of each subpopulation in
the presence of YYB-101. As expected, METHioh cells exhib-
ited significant invasive inhibitory response to YYB-101,
in contrast to the static response of METY cells (Fig. 4B).
As we presumed MET to be the molecular determinant of
YYB-101 response, we transduced YYB-101f GSCs with
MET-expressing lentivirus and examined whether previ-
ous phenotypic response would fluctuate (Fig. 4C). As
expected, MET transduction activated the HGF-MET sign-
aling pathway, indicated by upregulation of p-GAB1, and
showed substantially increased drug sensitivity to YYB-101
treatment (Fig. 4D, E). Consistently, YYB-101 treatment also
attenuated phosphorylation levels of GAB1, Akt, and ERK in
MET-overexpressed GSCs (Fig. 4E). Our results collectively
demonstrate that the HGF-MET signaling axis is an essen-
tial component of the tumor invasive property of GSCs.

Targeting HGF Prolongs In Vivo Xenograft
Survival in GBM

To investigate the functional role of HGF in tumor propa-
gation in vivo, we generated patient-derived xenograft
models using BALB/c nude mice. While a majority of the

animals from the vehicle group died within 1-2 months
(median survival: 51 days), animals that were treated
with either YYB-101 (5 mg/kg body weight [mpk]) or
YYB-101 (20 mpk) survived significantly longer (median
survival: 58 or 84 days, respectively) (Fig. 5A). Based on
immunohistochemical analysis where representative cel-
lular proliferative and invasive markers such as Ki-67,
MMP2, and uPA/plasminogen were used, significant
reductions in cellular index were noted. Consistently,
we also observed downregulated phosphorylation lev-
els of MET, GAB1, and FAK in the YYB-101 treated group
(Fig. 5B). Together, our results support HGF as a critical
regulator of tumor growth in vivo.

Transcriptomic Analysis Reveals Association
Between HGF and Mesenchymal Cellular State

As previous genomic studies on large sets of GBM speci-
mens portrayed distinct GBM subtypes based on transcrip-
tome profiling,®%” we determined potential correlations
between expression levels of HGF and GBM subgroups
by using the dataset of The Cancer Genome Atlas (TCGA).
When we stratified GBM specimens into 4 distinct sub-
types, HGF mRNA expression appeared to be the high-
est in the mesenchymal subgroup (Fig. 6A). Since the
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Fig.5 YYB-101 treatment impedes tumor growth in vivo and downregulates important cellular molecular effectors. (A) Kaplan—Meier survival
curves and representative boxplot of vehicle vs YYB-101-treated (5 mpk, 20 mpk) groups in BALB/c nude mice. P-values were calculated using
the log-rank test for survival curve and Student's t-test for boxplot. (B) Representative immunohistochemical images of p-MET, p-GAB1, p-FAK,
MMP2, uPA/plasminogen, and Ki-67 stainings. Scale bars: p-MET, p-GAB1, p-FAK, MMP2, and uPA/plasminogen, 200 um; Ki-67, 100 pm.
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Fig. 6 Association between HGF expression and mesenchymal transcriptional subtype in GBM. (A) TCGA GBM subtype analysis based on
HGF mRNA expression. P-values were calculated using the Wilcoxon rank sum test. (B) Coexpression of HGF and MET mRNA in mesenchy-
mal"i9" and mesenchymal'®" tumors. The P-value was calculated using Pearson’s correlation test. (C) HGF mRNA expression level between
primary and matching recurrent tumors classified as nonmesenchymal (left panel) or mesenchymal (right panel). P-values were calculated
using the Wilcoxon rank sum test. (D) Immune cell fraction analysis between HGF"9" and HGF-®" tumors. Immune cell fractions were estimated
using CIBERSORT and corrected using ESTIMATE purity scores for each sample. P-values were calculated using the Wilcoxon rank sum test.
(E) Topological representation of transcriptome data for individual tumors. Each node represents a group of tumors with similar transcriptional
profiles. A single tumor can appear in several nodes, and 2 nodes are connected by an edge if they share at least one tumor in common.
P-values were calculated using Pearson’s correlation test between the fraction distribution of corresponding transcriptome expression, gene
signature score, or population fraction over the nodes. (F) Left panel: Expression profiles of individual tumor isolates from YYB-1018 and YYB-101%
groups according to tumor-intrinsic subtypes. For each tumor, the subtype with the highest expression is marked with an asterisk. Right panel:
Representative pie charts of mesenchymal, classical, and proneural glioma-intrinsic subtype frequencies in YYB-101° and YYB-101F isolates.
P-value was calculated using the chi-square test.
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significance of the HGF-MET signaling pathway has been
implicated in GBM progression, we further investigated
the relationship between the HGF-MET signaling axis and
the mesenchymal transcriptional subtype. As a surrogate
indicator of mesenchymal activation, the metagene sets
previously reported® were used. Strikingly, mesenchymal-
High GBMs demonstrated significantly higher levels of both
HGF and MET mRNA expressions in contrast to mesenchy-
mal°¥ GBMs (Fig. 6B).

Recent large-scale longitudinal GBM studies have dem-
onstrated potential association between mesenchymal
subtype at recurrence and dismal prognosis. Therefore,
we evaluated changes in the HGF mRNA expression lev-
els of 65 paired gliomas between diagnosis and relapse.
Interestingly, we discovered significantly elevated levels
of HGF transcriptome expression in recurrent tumors that
were classified as mesenchymal, while no notable differ-
ences were observed from non-mesenchymal recurrent
tumors (Fig. 6C). Our results suggest that the functional
role of HGF could be responsible for tumor malignancy
in mesenchymal recurrent GBMs and that the employ-
ment of HGF-targeting agent could potentially prevent
such transitions from occurring. As mesenchymal sub-
type has been associated with high infiltration of immune
cell population, we further investigated the immune cell
composition between the HGFM9" and HGF-*" GBMs by
using CIBERSORT. As anticipated, tumor-promoting M2
macrophages were highly populated in HGFHigh tumors
compared with HGF-" tumors (Fig. 6D). In addition to M2
tumor-associated macrophage abundance, there was a sig-
nificantly greater fraction of monocytes and neutrophils
in the HGFHish GBMs as well. To further explore the rela-
tionship between immune cell population, transcriptome
expression, and GBM subtype enrichment, we employed
topological data analysis (TDA). TDA utilizes gene expres-
sion profiles of corresponding tumor samples, and by
using the Mapper algorithm, it generates a low-dimen-
sional network where nodes represent sets of tumors with
similar global transcriptional profiles and 2 nodes are con-
nected by an edge if they have at least one tumor in com-
mon. TDA reduces high dimensionality of large datasets
while retaining local high-dimensional structure. Notably,
our results showed that HGF transcriptome, tumor-pro-
moting M2 macrophage fraction, and mesenchymal tran-
scriptional activity were all significantly associated with
one another. Our results highlighted that infiltration of
tumor-associated macrophages and mesenchymal cellular
state have significant association with HGF expression in
GBM malignancy (Fig. 6E). Since higher expression levels
of HGF could be derived from immune cells rather than
tumor cells, HGF expression levels with mesenchymal
activities were evaluated in GSCs. Both conventional and
glioma-intrinsic subtype analyses showed significant cor-
relation (Supplementary Figure S4), indicating that tumor-
derived HGF triggers the mesenchymal cellular state
and therefore potentially recruits tumor-associated mac-
rophages in the process. Interestingly, when we applied
glioma-intrinsic transcriptional subtype analysis® to YYB-
1015 andYYB-101% tumors, we discovered that theYYB-101°
group mainly exhibited higher degrees of the mesenchy-
mal cellular state, while a majority of the YYB-101R tumors
were identified as either proneural or classical (Fig. 6F).
Collectively, our findings suggest that HGF is an important

contributing factor in the oncogenicity of the mesenchymal
GBM subgroup.

Discussion

Recent advancement in the field of genetics has uncovered
core oncogenic pathways that are frequently dysregulated.
Aberrant activation of the HGF-MET signaling axis has
been studied extensively for its prominent role in trigger-
ing a series of intracellular signaling that promotes cellu-
lar proliferation, invasion, angiogenesis, and survival.3%-44
High levels of HGF expression have been associated with
dismal prognosis in multiple cancer types, including GBM,
which makes HGF a promising therapeutic target in the
clinical perspective.

Toward this goal, we have evaluated the therapeutic
efficacy of YYB-101, an HGF-targeting antibody, in hopes
of facilitating a more progressive course within a clini-
cal framework. Through this approach, we distinguished
a subset of GSCs with specific targeted vulnerabilities
to HGF treatment and identified a set of genes that were
specifically upregulated, the YYB-101° signature. Notably,
the YYB-1018 signature was significantly associated with
tumor cell angiogenesis and invasiveness and correlated
with unfavorable survival outcomes. Interestingly, YYB-
101 resistant tumors comprised mainly EGFR-amplified
tumors, suggesting they are mediated by EGFR-dependent
cellular growth and invasion. Therefore, YYB-101% tumors
remained ineffective against HGF neutralization. On the
contrary, the YYB-101% group harbored higher frequency
of MET amplification and/or transcriptional upregulation.
We also demonstrated disruption of the HGF-MET signal-
ing axis as a key molecular determinant in inhibiting GSC
invasion and downregulating important cellular molecular
effectors, including p-GAB1, p-Akt, and p-ERK. HGF neu-
tralization also impeded GBM tumor growth in a patient-
derived xenograft model.

Finally, transcriptome analysis revealed the dominance
of mesenchymal-intrinsic tumors in the YYB-101° cohort,
while YYB-101R isolates comprised mainly proneural or
classical tumors. Consistently, TDA revealed that a sig-
nificant correlation exists between HGF expression level
with mesenchymal cellular state and the infiltrative M2
macrophage population. Previous studies have postu-
lated high degrees of GBM subtype plasticity, demon-
strating dynamic subtype transitions from diagnosis to
recurrence.>384%46 |n particular, mesenchymal transition
has been generally associated with dismal prognosis and
treatment resistance in GBM progression, largely due to
infiltration of tumor-associated immune cells. Tumor cells
release several chemoattractant factors, including CSF-1,
MCP-3, and HGF, which mediate macrophage recruitment,'®
and in such a context, HGF-mediated therapy will prove to
be an appealing therapeutic strategy against tumor-associ-
ated macrophage recruitment. In addition, a recent study
has highlighted the association between the HGF/c-MET
pathway to increased neutrophil counts and poor response
to checkpoint inhibitors.' Consistently, we have found that
patients with elevated HGF expressions also had greater
fractions of neutrophils, suggesting co-treatment of HGF
antibody may improve the response to immunotherapy.
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Mesenchymal transcriptional subtype has also been iden-
tified in various tumor classes, including colorectal can-
cer,*’8 which suggests the potential therapeutic benefits
of HGF-targeted therapy that can be acquired from a wide
spectrum of malignant tumors.

Conclusively, our results demonstrate the prevalent
role of the HGF signaling axis in GBM molecular architec-
ture. Based on genomic and molecular evaluation of the
HGF-neutralizing antibody in GBM, we showed that MET
and mesenchymal cellular state act as essential compo-
nents of therapeutic response to HGF-targeted therapy.
Furthermore, the results of this study also support a com-
binational therapeutic strategy of the HGF-targeting anti-
body with immunotherapy. These results will provide
a constructive groundwork for the assessment of HGF-
targeted therapies in future clinical trials.
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