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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, METHigh cells exhib-
ited significant invasive inhibitory response to YYB-101,
in contrast to the static response of MET" cells (Fig. 4B).
As we presumed MET to be the molecular determinant of
YYB-101 response, we transduced YYB-101® 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
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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 inmunohistochemical 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.




Sa et al. Therapeutic vulnerability of HGF therapy in GBM

A s S B
§ r=0517 .
@ o 61 P=6.71E-07
g 6 S @®Mesenchymal™®"
x s M hy ILow
] e 3 @®Mesenchymal
< o
= 4 ) g— 4
o 38 o 8 L
= 8 ° o <
'S [} —g— o b
5:5 249 o ' <) [os
. j €
. . R E
] L I g *
c | - == o
o . — o D
(o)
T T T T A
Classical Mesenchymal Neural Proneural
Subtype \ P Vaiue 0
Proneural 137 2.02E-13 0 1 2 3 4
Neural 83 1.05E-08 Log, MET mRNA Expression
Classical 143 2.20E-16
Mesenchymal 155 1 HGF Expression
Non-Mesenchymal Mesenchymal
recurrent tumors recurrent tumors
3 L] L]
C a c 4
S . s4
@ @ .
o o
g S 4
L 24 w
< ] <
=z =z L)
o c
IS £ 21
L L
S 1 S
T I
N N1
D (=2}
o o
— | -
P = .3826 P =.01755
Primary Matched Primary Matched
Tumor Recurrent Tumor Recurrent Population Fraction
D Low W High
. E 9
o E: ion/Signature St
2 30 DHGF“‘Q“.HGF“’W xpression/Signature Score -
S
©
© 20
w
g
o 10
i % ﬁ
o
172} *k
2 plEm=m— = — S e — B == = [E=
(\6&' e,&oc\ 00\\% c,oo% ﬁ"ﬁo Q?'\{\@ ~\'°\Bb ?}QQ;\ &\Q’QG)\ b‘?}@ zé\\‘\\q 4"'\06 Cﬁ@% Qf"& & y e?\&m z"’.\\(\g A‘Z}Q’é e,%i\\(\CB 'Aé’@b o‘§a 0$ ®
© © > < 38 N Q @ N N 3 & & R S S S
& & & @ oF RN & é\o% Q@q Qq,@ S &o\
MRS F & TP IS F
A & b‘(& & \\9& <& & WX 0(\& & 3
5° S < «o?’
& ®
<
F YYB-1018 YYB-101R
Proneural [T 7] I I (11 = OEEEOEREECAEC
Classical [_|[ 18| 1[5 I ] 1 ([ [ 40.9%
mesenchymal [l I TR IOCICCIECIOOELOOBODOOOOE
TAO TN ONODDO " ANMITWONWOWMOODO T~ ANMTLW O©IN~
e e e - B
SSSS55SS5S5SSSSSsSsS=3s3Ss=3s3=33s3=333
OO0 O000O0O0D000000000000O0M0M0M0M0MM0MMON quareTest
[CRCRCRORCRCRCRCRCRCRORORCRCRORCRORCRCRCRORCRCRORORCRORG]

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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