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Abstract: Hepatocellular carcinoma (HCC) is an aggressive liver malignancy that is difficult to treat with no approved
biomarker based targeted therapies. FGF19-FGFR4 signaling blockade has been recently identified as a promising
avenue for treatment of a subset of HCC patients. Using HCC relevant xenograft and PDX models, we show that
Lenvatinib, an approved multi-kinase inhibitor, strongly enhanced the efficacy of FGFR4 inhibitor H3B-6527. This
enhanced combination effect is not due to enhanced FGFR4 inhibition and it is likely due to cell non-autonomous
VEGFR activity of Lenvatinib. This cell non-autonomous mode of action was further supported by strong in vivo
combination efficacy with the mouse specific VEGFR2 antibody, DC101, which cannot cell-autonomously inhibit
pathways in human xenografts. Mechanistic studies showed that the combination resulted in enhanced efficacy
through increased anti-angiogenic and anti-tumorigenic activities. Overall, our results indicate that this combination
can be a highly effective treatment option for FGF19 driven HCC patients, and provide preclinical validation of a
combination that can be readily tested in the clinical setting.
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Introduction

HCC is the most common primary liver malig-
nancy and is a leading cause of cancer-related
death worldwide with an increasing rate of inci-
dence and mortality [1]. Due to its heterogene-
ity and aggressive nature, advanced HCC is a
very difficult disease to treat and for many
years Sorafenib was the only systemic treat-
ment for advanced HCC [2]. Recent approvals
of multi-kinase inhibitors and immune check-
point inhibitors have provided much needed
treatment options for HCC patients [3]. Apart
from the immune checkpoint inhibitors, all of
the approved systemic agents in HCC mediate
their anticancer effect largely through the Vas-
cular endothelial growth factor-Vascular endo-
thelial growth factor receptor (VEGF-VEGFR)
pathway demonstrating the importance of
angiogenesis in HCC progression [4]. While
these anti-angiogenetic agents and immune
checkpoint inhibitors offered some benefit to
patients, the un-met medical need in advanced

HCC remains high [5]. Large-scale Next-Gene-
ration Sequencing (NGS) has shown mutations
in the TERT promoter, CTNNB1, TP53, and
ARID1A, and provided new avenues for poten-
tial therapies [6]. Apart from these mutations,
these studies have also reported overexpres-
sion of several cancer driver genes including
cyclin D1 (CCND1) and fibroblast growth factor
19 (FGF19) providing additional paths for new
therapies [7]. Among these genomic and tran-
scriptomic alterations, FGF19 alteration has
generated a lot of interest due to its liver-
specific physiology [8].

FGF19 is a gut-secreted endocrine hormone
that controls bile acid synthesis in the liver
through its activation of fibroblast growth fac-
tor receptor 4 (FGFR4) [8]. In genetically engi-
neered mouse model (GEMM) studies, overex-
pression of FGF19 promoted liver tumorigene-
sis through the activation of FGFR4, and FGFR4
blockade prevented tumor formation [9]. This
compelling evidence from patient samples and
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mouse models prompted drug discovery ef-
forts against FGFR4 resulting in the generation
of multiple FGFR4 selective inhibitors including
H3B-6527 [10, 11]. Consistent with the mouse
genetic studies, these pharmacological agents
prevented FGF19 induced tumorigenesis in
cell line and patient-derived mouse xenografts
[10-12]. Most importantly, early phase clinical
trials translated the preclinical work and re-
ported that 15-20% of FGF19 driven HCC
patients responded to the FGFR4 selective
inhibitor treatment [12]. While these studies
validated FGFR4 as an HCC therapeutic target,
the clinical benefit for this single-agent treat-
ment remains limited potentially requiring com-
bination approaches to improve the outcome.
Given the central role of angiogenesis in HCC
progression, we hypothesized that dual inhibi-
tion of FGFR4 and VEGFR pathways may dis-
rupt tumorigenesis and angiogenesis, and pro-
vide deeper and broader anti-tumor activity for
FGF19 driven cancers. Apart from its role in
mediating the FGF19 driven tumorigenesis,
FGFR4 also plays an important role in the de-
velopment of resistance to antiangiogenic ther-
apy [13], providing further rationale for testing
this combination. Here we test this hypothesis
using H3B-6527 as the FGFR4 inhibitor,
Lenvatinib and VEGFR2 antibodies as VEGFR
blockades in the preclinical models, and pro-
vide evidence that this combination can be a
highly effective treatment option for FGF19
driven HCC patients.

Materials and methods

Preparation of Lenvatinib, H3B-6527, and
DC101 for in vivo experiments

Lenvatinib was formulated in distilled water.
H3B-6527 was formulated in 0.5% methylcel-
lulose (Sigma, CAS: 9004-67-5) and 0.2%
Tween 80 (Sigma, Cat: P4780). DC101 (Biox-
cell, BPOO60) antibody stock solutions were
diluted in saline to get 8 mg/mL before use.

RNA-seq analysis

Total RNA was extracted and purified from 50
to 100 mg tumor fragments using RNeasy
reagent (Qiagen). mRNA libraries were pre-
pared for sequencing using standard lllumina
protocols. The sequencing reads were pro-
duced by the Illumina HiSeq 4000, and aligned
with both human reference (GRCh37) and the
mouse reference genomes (GRCm38) using
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STAR [14]. The aligned BAM files were pro-
cessed by the in-house xenotool to generate
the high quality human BAM files and remove
mouse reads. The transcripts abundance was
calculated using Kallisto [15]. EdgeR v3.16.5
Bioconductor library [16] with trimmed mean
of M values (TMM) normalization was used to
generate the normalized and log2 transformed
RNA-seq data in R v3.2.3 statistical environ-
ment (http://www.r-project.org). Non-protein
coding transcripts and low expressed genes
(genes with log2 (tpm) < 2 in all samples) were
excluded. Low variation genes (genes with vari-
ation < 0.1 across all samples) were filtered
out. 1818 genes with the most variation were
selected to generate PCA plot. 9080 signifi-
cantly differentially expressed genes (adjusted
p value < 0.05) were reported. For gene differ-
ential expression and GSEA analysis, the genes
were ranked by fold changes of the treatment
comparing to vehicle. The GSEA pre-ranked
gene list was used to obtain the enriched hall-
mark gene sets (v5.2 MSigDB) in each group
[17, 18]. Hallmark gene sets with normalized
p-value < 0.01 in at least one treatment group
were reported. The RNAseq data have been
deposited in the Gene Expression Omnibus
(GEO) repository under accession number
GSE198845.

RT-gPCR assay for CYP7A1

RNA was extracted from tumor fragments
using Tri reagent (Ambion) and Omni Bead
Ruptor. ¢cDNA was synthesized using Super-
Script Enzyme Mix (Thermo Fisher Scientific).
RT-gPCR of CYP7A1 were measured using
TagMan Gene Expression kit on the ViiA7TTM
Real-Time PCR System (Thermo Fisher Scien-
tific). RT-gPCR data were normalized by sub-
tracting the 18S endogenous control Ct value
from the CYP7A1 Ct value, then subtracting
that value from the average vehicle control Ct
value for that time point. Levels of CYP7A1
gene expression were determined by raising 2
to the delta delta Ct value.

Cell culture, compound treatment, and viability
assay

Hep3B cells (purchased from American Type
Culture Collection (ATCC), Address: 10801 Uni-
versity Boulevard, Manassas, VA 20110, USA)
were maintained in Eagle’s Minimum Essential
Medium (ATCC, 30-2003) with 10% fetal bovine
serum. The cells were cultured in a humidified
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incubator at 37°C with 5% CO,. Compounds
were dissolved in dimethyl sulfoxide (DMSO).
Stock concentration is 10 mM. The final per-
centage of DMSO in testing media was 0.1%.
Cells were harvested during the logarithmic
growth phase and seeded into 96-well plates.
The treatment was 72 h. The viability measure-
ments were performed by adding 50 pL of
CellTiter-Glo® Viability Assay reagent (Promega)
to each well. Luminescence signals were mea-
sured on the Envision plate reader after shak-
ing assay plates for 2 minutes. Gl,, (the con-
centration of test article at which cell growth is
inhibited by 50% compared to vehicle treated
cells) was calculated according to the publica-
tion from NCI [19]. Combination effects of in
vitro viability were assessed using Chalice soft-
ware (Horizon Discovery) comparing combina-
tion responses to their matched single-agent
effects using the Loewe Additivity Model [20,
21]. Quantitative assessment was made by the
Chalice synergy score.

In vivo antitumor activity in subcutaneous
xenograft and PDX models

The BALB/c nu/nu female mice approximately
8-weeks old, weighing 18-20 g were obtained
from Jackson laboratory, Bar Harbor, ME. For
the Hep3B xenografts, cells were harvested in
exponential growth phase, and suspended in a
1:1 mixture of RPMI1640 medium containing
10% fetal bovine serum and Matrigel (Corning)
at a final concentration of 5 x 107 cells/mL. 0.1
mL of the inoculum was injected subcutane-
ously into the right flank region of mice. Mice
were randomized into treatment groups when
the mean tumor volume (TV) reached approxi-
mately 120-200 mm3, 8 mice per group.
Treatment with H3B-6527 or Lenvatinib or the
combination was administered by oral gavage
either at once daily (QD) or twice daily (BID) as
indicated in the figures. DC101 was adminis-
tered via intraperitoneal injection (ip) once
every three days (Q3D). Tumors for RNA-seq
studies were collected at 8 hour post the 4th
dose at once daily (QD), 3 mice per group. The
PDX efficacy studies were performed by
Shanghai ChemPartner [22]. For these PDX
studies, 6-8 week-old female Nu/Nu mice
weighing 16-19 g were purchased from Beijing
Vital River Laboratory Animal Technology Co.
Ltd. (Beijing, China). The PDX studies were con-
ducted using 8 animals per group.
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Body weights were measured daily and tumor
measurements were performed twice weekly.
Mice with > 20% body weight loss or mice bear-
ing tumors with the longest diameter > 2000
mm were euthanized to prevent any suffering
according to IACUC guidelines defined by the
H3 Biomedicine Animal Care and Use Program
and study protocol. The TV in mm?3 was calcu-
lated according to the following formula: TV =
length x width? x 0.5 length: largest diameter
of tumor (mm) width: diameter perpendicular
to length (mm). The Tumor Growth Inhibition%
(TGI) was calculated according to the following
formula: Tumor Growth Inhibition% (TGI) =
[((Average control TV day X - TV day O) - (Aver-
age treatment TV day X - TV day 0))/(Average
control TV day X - TV day 0)] x 100, where
Day X is any day of treatment. The anti-tumor
effects of the treatment were defined as fol-
lows: Progressive disease (PD): 3 consecutive
measurements > 120% of starting volume or 3
consecutive increasing measurements from
best response, Stable disease (SD): 3 con-
secutive measurements > 50% and < 120% of
starting volume, Partial regression (PR): 3 con-
secutive measurements < 50% of starting vol-
ume, Complete regression (CR): 3 consecutive
measurements < 30 mm3.

Results

Lenvatinib enhances H3B-6527 efficacy in vivo
in the FGF19 positive HCC Hep3B xenograft
model

H3B-6527, a selective and covalent FGFR4
inhibitor, is efficacious as a single agent in the
FGF19 positive HCC models [10]. Liver tumors
are enriched with vasculature and are highly
dependent on the VEGFR pathway [23]. To test
whether combined inhibition of FGFR4 and
VEGFR provide enhanced antitumor activity in
vivo, we performed a combination experiment
with H3B-6527 and Lenvatinib, an approved
VEGFR inhibitor, in the FGF19 positive HCC
Hep3B cell line xenograft model. We had previ-
ously shown that H3B-6527 single agent at a
dose of 300 mg/kg twice daily is sufficient to
cause tumor regression in this FGFR4 depen-
dent model [10]. To examine the combination
effect, we reduced the dose level of H3B-6527
to 300 mg/kg once daily and combined this
with Lenvatinib, at dose levels of 3 or 10 mg/
kg once daily, both by oral administration.
Supporting the hypothesis, this combination
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Figure 1. Antitumor effects following H3B-6527 and Lenvatinib as single agents or in combination in Hep3B HCC
cell line xenografts grown in female nude mice. (A) Tumor volume and (B) Body weight measurements following oral
dosing of H3B-6527 and Lenvatinib at indicated doses and schedule. QD, Once daily dose; PO, Per os (oral dos-
ing). Data represent the mean + SEM (N = 8). For TV comparisons, *P < 0.05 for all treatment groups compared to
vehicle control on day 21 (Two way ANOVA with Holm Sidak’s post hoc correction); *P < 0.05 for the combination
treatment groups compared to single treatment groups on day 21 (Two way ANOVA with Holm Sidak’s post hoc cor-
rection). All tumor volume and body weight curves are from the same study.

resulted in robust tumor regression (TGl of
104% and 107% for the Lenvatinib 3 and 10
mg/kg combination treatment groups on day
21, respectively; Figure 1A), whereas the H3B-
6527 or Lenvatinib single arms led only to
tumor stasis or partial growth inhibition (TGl of
43%, 64% and 92% for the Lenvatinib 3 and
10 mg/kg, and H3B-6527 single treatment
groups on day 21, respectively; Figure 1A).
Importantly, the combination treatment is well
tolerated in mice, and the body weight loss
observed in the vehicle and the Lenvatinib sin-
gle agent treatment groups due to Hep3B xeno-
grafts-induced cachexia [24], was prevented by
the H3B-6527 single or combination treatment
with Lenvatinib (Figure 1B).

Enhanced efficacy mediated by Lenvatinib in
Vvivo is not a result of enhanced FGFR4 inhibi-
tion

Lenvatinib antitumor effects are largely medi-
ated by VEGFRs, however it is known to also
inhibit FGFRs including FGFR4 [5, 25]. To deter-
mine whether the enhanced efficacy observed
above was due to deeper inhibition of FGFR4
instead of combined effect of FGFR4 and
VEGFR, we evaluated the FGFR4 downstream
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signaling. Plasma and tumor samples were col-
lected at designated time points after a single
dose of H3B-6527 at 300 mg/kg, Lenvatinib
at 10 mg/kg and a combination of those two
agents in Hep3B cell line xenografts. First,
H3B-6527 and Lenvatinib plasma and tumor
measurements showed that the two agents did
not affect each other’'s exposure levels as the
levels were comparable to single agent treat-
ment groups (Figure 2A). Next, we measured
CYP7A1 in tumor tissue, a bona fide FGFR4
downstream effector and the major rate limit-
ing enzyme in the bile acid synthesis pathway.
Consistent with the historical data, H3B-6527
single agent treatment raised CYP7AL levels
which peaked at 4 hours and then decreased
with time (Figure 2B) [10]. In contrast, Lenva-
tinib single agent at 10 mg/kg did not ele-
vate CYP7AL expression appreciably suggest-
ing that FGFR4 is not inhibited by Lenvatinib at
this dose level. Importantly, the CYP7A1 levels
in the combination group resembled the single
agent H3B-6527 group suggesting the enhan-
ced combination efficacy is not due to deeper
FGFR4 inhibition (Figure 2B). To extend the sin-
gle dose study, we also conducted a 4-day
repeat-dose study and found only a very mod-
est transient increase of tumor CYP7A1 expres-
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dent from the strong in vitro
viability effects, however Len-
vatinib effects can be mediat-
ed through both cell autono-
mous and non-autonomous
manner [25]. To test whether
the enhanced combination
efficacy observed in Hep3B in
vivo is cell autonomously driv-
en, we conducted an in vitro
study in Hep3B and measured

cell growth via an ATP-based
cell viability assay. First, single
agent H3B-6527 or Lenvatinib,
tested in a dose response,
resulted in Gl , values (concen-
tration of inhibitor that led to

a 50% reduction in viability)
of 8.5 and 446 nmol/L, res-

pectively, in the Hep3B cells
(Figure 3A). This strong grow-
th inhibition by H3B-6527 and
weak growth inhibition by Len-
vatinib in vitro is not surprising
as these models are highly
FGFR4 dependent and H3B-
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Figure 2. FGFR4 inhibition as measured by CYP7A1 following H3B-6527
and Lenvatinib as single agents or in combination in Hep3B in vivo. A. Tu-
mor and plasma H3B-6527 and Lenvatinib concentrations at indicated time
points after a single dose of H3B-6527 at 300 mg/kg or Lenvatinib at 10
mg/kg as single agents or together as combination. B. Relative expression
levels of CYP7A1 at indicated time points after a single dose of compounds
administered orally. C. Relative expression levels of CYP7A1 at indicated
time points after a repeat dose of compounds administered orally. Data
represent the mean £ SEM (N = 3). No significance between H3B-6527 and
combination group at any time point (Two way ANOVA with Sidak’s post hoc

correction).

sion in the Lenvatinib single agent group. In
contrast, tumor CYP7AL levels in both H3B-
6527 single and combination groups were
about ~100 fold higher at the peak time point
and remained elevated across each time point
(Figure 2C). Taken together, these data sug-
gest that Lenvatinib mediated enhancement of
H3B-6527 efficacy in Hep3B does not occur
through enhanced inhibition of FGFR4.

Enhanced efficacy mediated by Lenvatinib is
likely cell non-autonomous

H3B-6527 is known to reduce tumorigenesis
largely through cell autonomous effects as evi-
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6527 is a much more potent
FGFR4 inhibitor than Lenva-
tinib. Next, we conducted a
combination study of H3B-
6527 and Lenvatinib in a dose
response matrix, and found
the combination led to very
weak additivity but no syner-
gistic growth effects in vitro
in Hep3B (Figure 3B and 3C).
These data support the possi-
bility that the in vivo enhance-
ment of H3B-6527 efficacy by
Lenvatinib is likely due to cell
non-autonomous mode of action and likely
through the VEGFR mediated tumor microen-
vironment effects. To directly and selectively
test the microenvironment effects, we appli-
ed DC101 [26, 27], a mouse-specific VEGFR2
antibody in a combination in vivo study in the
Hep3B in vivo xenograft setting. H3B-6527 at
300 mg/kg once daily as single agent resulted
in tumor stasis in this study and DC101 at 1600
ug single agent group showed partial tumor
growth inhibition (TGl of 85.9% and 49.5% for
the DC101 and H3B-6527 single treatment
groups on day 18, respectively; Figure 3D). The
dose level of DC101 at 1600 ug was chosen
based on literature evidence [28] and maxi-
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Figure 3. H3B-6527 and Lenvatinib effects in the HCC cell line Hep3B in vitro. A. Representative H3B-6527 and
Lenvatinib dose response curves for ATP based cell viability assay. B. Representative H3B-6527 and Lenvatinib
dose response matrix for ATP based cell viability assay. C. Chalice software was used to calculate excess inhibition
over Loewe additivity for H3B-6527 and Lenvatinib dose combination. D. Antitumor effects following H3B-6527 and
anti-VEGFR combination treatment in Hep3B HCC cell line xenografts grown in female nude mice. Tumor volume
and Body weight measurements following H3B-6527 and DC101 treatment at indicated doses and schedule. Tumor
weight measurements on day 21. H3B-6527 was administered by oral gavage, once daily dose (QD). DC101 was
administered via intraperitoneal injection (ip) once every three days (Q3D). Data represent the mean + SEM (N = 8).
For TV comparisons, P < 0.05 for all treatment groups when compared to vehicle control on day 21 (Two way ANOVA
with Holm Sidak’s post hoc correction); P < 0.05 for the combination treatment group compared to single treatment
groups on day 21 (Two way ANOVA with Holm Sidak’s post hoc correction). For Tumor weight comparisons, P < 0.05
for all treatment groups when compared to vehicle control (One-way ANOVA with Tukey’s post hoc correction).

mum tolerated dose (MTD) studies conducted mice with one dose of H3B-6527 or Lenvatinib
internally (data not shown). Consistent with the as single agents or in combination. Principal
Lenvatinib effects described above, the combi- component analysis and hierarchical clustering
nation of H3B-6527 and DC-101 showed tumor of differentially expressed genes (differentially
regressions in this Hep3B model pointing to expressed genes with adjusted p value < 0.05)
tumor microenvironment as the driver of en- showed two largely separated groups in which
hanced efficacy (TGl of 104.5% for the H3B- vehicle and Lenvatinib samples are close to
6527 and DC101 combination treatment group each other whereas the H3B-6527 and the
on day 18; Figure 3D). Taken together, these in combination samples show similar pattern
vitro and in vivo data suggest that tumor micro- (Figure 4A and 4B), suggesting Lenvatinib at
environment has a critical role in the Lenvatinib 10 mg/kg does not drastically alter transcrip-
mediated enhancement of H3B-6527 efficacy. tional profiles of tumor cells [29]. We then per-

formed pathway enrichment analysis of differ-
entially expressed genes, which showed bile
acid metabolism as the top upregulated path-
way in H3B-6527 single-agent group, a well-

RNA-seq based MoA analysis shows anti-
angiogenic effects as a major mediator of
combination effect

To further investigate the underlying mecha- known selective effect to the FGFR4 signaling
nism of the enhanced combination effect of pathway (Figure 4C) [30]. E2F targets and MYC
H3B-6527 and Lenvatinib, we conducted RNA- targets scored as the top downregulated path-
seq analysis of Hep3B cell line xenograft ways; an effect that is common among many
tumors following treatment of tumor bearing receptor tyrosine kinases including FGFR4
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Figure 4. RNA-seq analysis following H3B-6527 and Lenvatinib as single agents or in combination in Hep3B in vivo.
A. Principal component analysis of 1818 genes with largest variation. B. Hierarchical clustering analysis of top differ-
entially expressed genes (differentially expressed genes with adjusted p value < 0.05). The samples are ordered by
treatment. C. Functional annotation using GSEA analysis with Hallmark gene set collection by comparing treatment
groups to vehicle. * indicates functions with FDR g-value < 0.05. D. Enrichment plots of “Hallmark_E2F_TARGETS”

gene set by comparing combination to single agents.

[31]. Combination of H3B-6527 and Lenvatinib
showed significant upregulation of hypoxia and
glycolysis pathways, consistent with anti-angio-
genic effect resulting in lack of oxygen and
nutrients in tumor microenvironment (Figure
4C). Moreover, the combination groups showed
stronger effects on E2F targets as compared
with the single agent groups, and explains the
increased antitumor activity observed in effi-
cacy experiments (Figure 4D). In summary, the
RNAseq analysis provided direct mechanistic
evidence for the combined anti-angiogenic and
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anti-tumorigenic effects resulting in enhanced
efficacy.

Lenvatinib enhances H3B-6527 antitumor ef-
fect in HCC PDX models

Having established the combination effect of
H3B-6527 and Lenvatinib in the Hep3B HCC
model, we next sought to independently con-
firm these observations using additional in vivo
models. To this end, we utilized seven FGF19
positive HCC patient derived tumor xenograft

Am J Cancer Res 2022;12(6):2733-2743
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Table 1. H3B-6527 plus Lenvatinib combination in a set of HCC PDX models. Response summary of
PDX models in vivo efficacy data. Response = tumor stasis or regression

PDX Model FGF19 mRNA H3B-6527 single agent  Lenvatinib single H3B-6527 + Lenvatinib
number status response agent response combination response
500 mg/kg QD 10 mg/kg QD 500 mg/kg QD + 10 mg/kg QD

HCC PDX 15 FGF19 (+) Non responder Non responder Non responder

HCC PDX 28 FGF19 (+) Non responder Non responder Responder

HCC PDX 8 FGF19 (+) Non responder Non responder Non responder

HCC PDX 26 FGF19 (+) Non responder Non responder Responder

HCC PDX 12 FGF19 (+) Non responder Non responder Responder

HCC PDX 14 FGF19 (+) Non responder Responder Responder

HCC PDX 11 FGF19 (+) Responder Non responder Responder

1/7 Responder

1/7 Responder 5/7 Responders

(PDX) models and tested the antitumor activity
of H3B-6527 at 500 mg/kg, Lenvatinib at 10
mg/kg as single agents and in combination.
The choice of the PDX model and dose level of
H3B-6527 at 500 mg/kg was guided by the
historical work [10]. Models in this combina-
tion study that showed tumor stasis or tumor
regression following treatment are considered
responders (see methods). Five out of seven
models fell into the responder category follow-
ing combination therapy whereas only one
model can be classified as responder in the
single agent groups (Table 1; Supplementary
Figure 1 and Supplementary Table 1). Inter-
estingly, three PDX models (HCC PDX 12, 26
and 28) did not respond to either single agent,
but showed tumor stasis or regression in the
combination group (Table 1). Taken together,
these observations suggest that Lenvatinib in
combination with H3B-6527 enhances H3B-
6527 efficacy in a set of FGF19-overexpress-
ing HCC PDX models.

Discussion

Targeted therapies with patient enrichment
strategies using biomarkers such as mutations
and amplifications made inroads in many solid
tumors, however, they are completely absent in
HCC [32, 33]. The Discovery of FGF19 over-
expression as a potential driver of ~30% HCC
generated excitement due to the possibility of
blocking the pathway through FGFR4 inhibi-
tors. FGF19 overexpression is known to be
driven by amplification of the FGF19 gene
locus, 1113, in about ~5% cases and the
basis of overexpression in the rest of the sub-
set is currently unknown [34]. To block FGFR4
and test the FGF19 hypothesis, we leveraged
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the unique hinge cysteine in FGFR4 and devel-
oped a highly selective and covalent FGFR4
inhibitor, H3B-6527 [10]. Although recent clini-
cal data of FGFR4 inhibitors, including H3B-
6527 provided solid evidence for the single-
agent activity, they also showed the limitation
with regards to overall response rates and
duration of response [12]. This prompted us to
look for combination partners for H3B-6527.

We chose VEGFR pathway inhibition to com-
bine with H3B-6527 for the following reasons.
First, a hallmark of HCC is hypervasuclarity
due to the critical role played by VEGFR path-
ways. Antiangiogenic agents such as Lenvati-
nib are the front-line treatment for the advan-
ced-stage HCC patients. Second, the VEGFR
and FGFR pathways are closely related, and
they share common downstream signaling
components. Both VEGFR and FGFR4 path-
ways exert important functions in promoting
the cancer progression and metastasis th-
rough either direct tumor-autonomous or indi-
rect non-autonomous effects [23, 35]. Third,
in patients treated with anti-VEGFR therapies,
FGFR4 pathway is reported to be responsible
for the development of resistance [13], and
vice versa, activation of VEGFR pathway is
thought to confer resistance to anti-FGFR ther-
apy. These lines of evidence provided the ratio-
nale for us to test the effect of combined inhibi-
tion of the FGFR and VEGFR pathways.

Our in vivo combination data in the Hep3B cell
line xenograft model showed that Lenvatinib
strongly enhanced the anti-tumor activity of
H3B-6527. Lenvatinib is an approved agent for
first-line HCC patients and its effects are large-
ly mediated through VEGFRs. There are reports
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that Lenvatinib, at high concentrations, can
inhibit FGFR4 raising the possibility that the
enhanced combination efficacy may have been
due to deeper inhibition of FGFR4 in Hep3B [5,
25]. The lack of enhanced CYP7A1l upregula-
tion, an FGFR4 downstream marker, provides
evidence that the enhanced combination ef-
fect is not due to enhanced FGFR4 inhibition.
On the question of whether Lenvatinib combi-
nation effects were mediated by cell-autono-
mous or cell non-autonomous pathways, the
lack of a strong synergistic in vitro combination
viability effect suggested that the efficacy
observed in vivo is likely cell non-autonomous.
In addition, strong in vivo combination efficacy
with the mouse specific VEGFR2 antibody,
DC101, which cannot cell-autonomously in-
hibit pathways in human xenografts, also sup-
port cell non-autonomous mode of action in
Hep3B. DC-101 is the mouse specific sur-
rogate Ramucirumab antibody that is suitable
for selectively studying microenvironment in
mouse xenograft settings [26, 27]. Among the
VEGFRs, VEGFR2 is thought to be the critical
player supported by the FDA approval of
Ramucirumab in HCC. Hep3B cells do not
express VEGFR2 and Ramucirumab treatment
has no anti-tumor activity in Hep3B and mini-
mal to no effect in enhancing H3B-6527 (data
not shown). Mechanistic work through RNAseq
analysis in Hep3B tumors revealed significant
upregulation of hypoxia and glycolysis path-
ways, and down regulation of E2F targets, pro-
viding direct evidence for the combined anti-
angiogenic and anti-tumorigenic effects re-
sulting in enhanced efficacy. Lastly, our PDX
panel work in FGF19 positive models provided
solid evidence for the effectiveness and broad-
er application of this combination.

Combination therapies are becoming a main-
stay in cancer treatment to provide superior
efficacy and to overcome tumor resistance by
blocking escape routes. Previously we had re-
ported the discovery of CDK4/6 inhibitor com-
bination as a viable option to improve H3B-
6527 efficacy and this combination is yet to
be tested in the clinical setting [10]. CDK4/6
inhibitors are not approved in HCC and testing
the FGFR4 inhibitor and CDK4/6 inhibitor com-
bination may need lengthy development time
due to the nature of combining two novel
agents. In contrast, VEGFR combinations can
be readily applied as many VEGFR inhibitors
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and antibodies are already approved in HCC.
Our preclinical work here showed that the com-
bination of H3B-6527 and Lenvatinib resulted
in enhanced efficacy through increased anti-
angiogenic and anti-tumor activity providing
the foundation to test this combination in clini-
cal trials.
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Supplementary Figure 1. H3B-6527 plus Lenvatinib combination effect in 7 HCC PDX models. Tumor volume (A) and body weight (B) measurements of 7 HCC PDX
models at indicated days following oral dosing of H3B-6527 and Lenvatinib at indicated doses and schedule. QD, Once daily dose. PO, Per os (oral dosing). Data
represent the mean + SEM (N = 8).
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Supplementary Table 1. Summary of tumor growth inhibition in H3B-6527 plus Lenvatinib combina-
tion in 7 HCC PDX models (N = 8). TGl is calculated for each treatment versus vehicle control on the
last day of vehicle treatment

PDx Model Treatment TGl (%)/Day
HCC PDX 15 H3B-6527 31.09/D41
Lenvatinib 71.23/D41

Combination 85.52/D41

HCC PDX 28 H3B-6527 67.35/D32
Lenvatinib 82.04/D32

Combination 106.61/D32

HCC PDX 8 H3B-6527 41.51/D30
Lenvatinib 49.94/D30

Combination 65.56/D30

HCC PDX 26 H3B-6527 50.81/D19
Lenvatinib 72.97/D19

Combination 80.77/D19

HCC PDX 12 H3B-6527 -1.80/D21
Lenvatinib 57.72/D21

Combination 57.02/D21

HCC PDX 14 H3B-6527 22.70/D26
Lenvatinib 94.29/D26
Combination 102.65/D26

HCC PDX 11 H3B-6527 96.04/D28
Lenvatinib 31.94/D28
Combination 100.34/D28




