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Abstract
Alterations in the gene encoding for the FGFR and upregulation of the VEGFR are found often in cancer, which correlate
with disease progression and unfavorable survival. In addition, FGFR and VEGFR signaling synergistically promote
tumor angiogenesis, and activation of FGFR signaling has
been described as functional compensatory angiogenic signal
following development of resistance to VEGFR inhibition.
Several selective small-molecule FGFR kinase inhibitors are
currently in clinical development. ODM-203 is a novel, selective, and equipotent inhibitor of the FGFR and VEGFR families. In this report we show that ODM-203 inhibits FGFR and
VEGFR family kinases selectively and with equal potency in the
low nanomolar range (IC50 6–35 nmol/L) in biochemical
assays. In cellular assays, ODM-203 inhibits VEGFR-induced
tube formation (IC50 33 nmol/L) with similar potency as it

Introduction
The FGFR family consists of four highly conserved receptor
tyrosine kinases (FGFR 1–4; refs. 1, 2). These regulate a wide
range of physiologic processes, including embryonic development, tissue repair, angiogenesis, bone development, and regulation of phosphate homeostasis. The binding of FGF to FGFR
leads to receptor dimerization and subsequent activation of
downstream signaling pathways. Activated FGFR stimulates
tyrosine phosphorylation and direct activation of a number of
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inhibits proliferation in FGFR-dependent cell lines (IC50
50–150 nmol/L). In vivo, ODM-203 shows strong antitumor
activity in both FGFR-dependent xenograft models and in
an angiogenic xenograft model at similar well-tolerated
doses. In addition, ODM-203 inhibits metastatic tumor
growth in a highly angiogenesis-dependent kidney capsule
syngenic model. Interestingly, potent antitumor activity in
the subcutaneous syngenic model correlated well with
immune modulation in the tumor microenvironment as
indicated by marked decrease in the expression of immune
check points PD-1 and PD-L1 on CD8 T cells and NK cells,
and increased activation of CD8 T cells. In summary, ODM203 shows equipotent activity for both FGFR and VEGFR
kinase families and antitumor activity in both FGFR and
angigogenesis models.

signaling molecules, including FGFR substrate 2 (FRS2;
refs. 3, 4). This is followed by phosphorylation and activation
of the Grb2/Sos1 complex and subsequent activation of the
MAPK pathway (4, 5).
The oncogenic activity of FGFRs was originally described in
connection with their capacity to directly promote endothelial cell
proliferation and tumor angiogenesis (6, 7). In addition, several
FGFR signaling components, such as FGF ligands, have been
shown to be oncogenic in nonclinical models (2), and genetic
alterations of FGFs and FGFRs have been identiﬁed in multiple
tumor types (2, 8).
Angiogenesis is necessary for tumor growth, tissue invasion,
and metastasis growth. VEGFs and FGF2 were among the ﬁrst
identiﬁed pro-angiogenic factors to have a direct promoting effect
on tumor angiogenesis (6, 7). In animal studies, FGFR and VEGFR
have been shown to act synergistically, resulting in fast-growing
tumors (9). FGFR signaling also indirectly activates the VEGFR
pathway, and activation of FGFR signaling functions as a compensatory angiogenic signal following development of resistance
to VEGF inhibition (10–12).
Genetic alterations in FGFR and upregulation of VEGFR are
often found in the same types of cancer—such as gastric, lung, and
breast cancers—and the presence of these molecular alterations
correlate with disease progression and unfavorable survival
(12–24). This suggests a potential therapeutic advantage for
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selective dual inhibition of both FGFRs and VEGFRs in tumors
with genomic aberrations in the FGFR signaling components.
Immune checkpoint inhibitors (anti-CTLA4, anti-PD1, and
anti-PD-L1 antibodies), known to act by blocking the pathways
that inhibit immune cell activation and thereby stimulating
immune responses against the tumor cells, have been immensely successful in the treatment of several types of cancer.
The abnormal tumor vasculature, induced by production of
pro-angiogenic factors, supports an immunosuppressive tumor
microenvironment enhancing the tumor potential to evade
the host immunosurveillance (25, 26). Some proangiogenic
factors such as VEGFR and FGFR may suppress the function of
immune cells, and anti-angiogenic treatment may normalize
the structure of intratumoral blood vessels enhancing the
leukocyte-endothelial interaction, increasing the number of
tumor-inﬁltrating lymphocytes (TIL) and reducing the number
of myeloid-derived suppressor cells within the tumor (27–29).
It is therefore possible that blocking the VEGFR and FGFR
signaling pathway has an important effect on the tumor
immune microenvironment.
Several compounds targeting FGFR have recently been evaluated in clinical trials. These have either been selective FGFR
inhibitors or FGFR inhibitors with promiscuous kinase activity
(8). In general, selective FGFR inhibitors have no effect on
angiogenesis (8, 30–32), whereas the pankinase inhibitors have
predominant activity toward the VEGFR family of kinases, thus
masking their activity towards FGFR (33–36). Hence, there are
theoretical and clinical reasons supporting the development of a
selective FGFR and VEGFR inhibitor capable of suppressing both
FGFR and VEGFR for the treatment of angiogenic tumors harboring genomic alterations in the FGFR pathway. In this study, we
describe the preclinical pharmacology of ODM-203, a dual inhibitor of FGFR and VEGFR family of kinases that shows encouraging
preliminary antitumor activity in the ongoing clinical trials in
patients with advanced cancers (37).

Materials and Methods
All the animal experiments have been conducted in accordance
with and approved by an Institutional Animal Care and Use
Committee (IACUC).
All cell lines were obtained from ATCC and tested for
mycoplasma using Venor GeM Mycoplasma Detection Kit
(Sigma-Aldrich, MP0025). Cells were cultured according to the
provider instructions. Typically cells were kept in culture for
min. two passages prior and max. 20 passages when the
experiments were performed. Cell line authentication was
performed at Genomics Unit of Technology Centre, Institute
for Molecular Medicine Finland (FIMM) with the Promega
GenePrint10 System. All the cell lines had the same identity
as the ATCC clones.
Compounds
ODM-203 was synthesized according to processes described in
WO 2013 053983-Aurigene/Orion patent (Supplementary Fig.
S1). AZD4547 was synthesized according to the processes
described in the International Patent Application Publication
Number WO2008/075068. Dovitinib (TKI-258) was synthesized
according to processes described in the Patent, WO2006125130.
Sorafenib has been purchased from Waterstone and Lucitanib
from ChemScene.

www.aacrjournals.org

In vitro kinase assays
The selectivity of the compounds was tested against 317 wildtype protein kinases at a concentration of 1 mmol/L with total
1 mmol/L 33P-ATP (Perkin Elmer). Kinase inhibition IC50 values
were determined for seven kinases with 10-dose IC50 mode
starting at 1 mmol/L with a ﬁnal concentration of 10 mmol/L ATP
(Sigma) and 33P-ATP mix. Speciﬁc kinase/substrate pairs along
with the required cofactors were prepared in standard reaction
buffer [20 mmol/L HEPES, pH 7.5, 10 mmol/L MgCl2 (2 mmol/L
MnCl2 if applicable), 1 mmol/L EGTA, 0.02% Brij 35, 0.02 mg/mL
BSA, 0.1 mmol/L Na3VO4, 2 mmol/L DTT, 1% DMSO]. After
subtraction of background derived from control reactions containing inactive enzyme, kinase activity data were expressed as the
percentage of remaining kinase activity in test samples compared
with vehicle (dimethyl sulfoxide) reactions. IC50 values were
obtained using Prism (GraphPad Software).
Cell viability assays
H1581 (ATCC-CRL-5878), Kato III (ATCC-HTB-103),
SNU16 (ATCC-CRL-5974), and RT4 (HTB2) cell lines were
obtained from ATCC and maintained in the cell culture media
recommended by the supplier. For cell viability studies, cell
lines were seeded at optimized cell density on assay plates in
their respective growth media. The cells were allowed to attach
overnight and then subsequently treated with the test compounds with an eight-dose concentration series up to 3 mmol/L
for 96 hours. Cell proliferation was measured using the WST-1
Cell Proliferation Assay (Roche) and an Envision microplate
reader (Perkin Elmer). Cell proliferation in the 0.5% DMSO
control samples was considered to be the maximum and 300
nmol/L PD173074 (Sigma) was used as the full FGFR-inhibited
proliferation control. The average of the 300 nmol/L PD173074
control values was subtracted from the individual sample
values. Each concentration was studied in four replicates and
inhibition of proliferation was expressed as a percentage of the
DMSO control value. Normalized data were analyzed with
XLFit4 software (IDBS) and a sigmoidal dose–response model
was used to calculate the IC50 values. Average IC50 values were
calculated from three independent experiments.
Cell-based angiogenesis assay
Angiogenesis inhibition with the test compounds was studied
with VEGFR-driven tube formation in a GFP-AngioKit Cell Player
kinetic coculture model of angiogenesis (Essen Biosciences). GFPlabeled human umbilical vein endothelial cells (HUVECs) were
cocultured on two 96-well plates with human dermal ﬁbroblasts
for 2 days. Test compounds were added in the presence of 4 ng/mL
VEGF to different wells using an eight-point concentration series
from day 2. Vascular tube formation was monitored kinetically
using an IncuCyte-FLR live-cell imaging system (Essen Biosciences). Fluorescent and phase-contrast images (10) were gathered every 12 hours for 10 days, and analyzed for tube length and
number of branch points. Media and test agents were replaced
every 2 to 3 days. Tube formation was analyzed using the IncuCyte
angiogenesis algorithm. Data were further analyzed for IC50
values using Microsoft Excel (v7.0) by ﬁtting the concentration
response data to a four-parameter logistic ﬁt.
Phospho-FRS2 Tyrosine 196 Assay
Inhibition of FRS2 Tyrosine 196 phosphorylation by
ODM-203 in FGFR-dependent cell lines was measured using
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an MSD 96-well multiarray Phospho-FRS2 Tyr196 assay (MesoScale Diagnostics) according to the manufacturer's instructions.
Brieﬂy, the cell lines were seeded at a density of 75,000 cells/
well on poly-D-lysine-coated 96-well plates (Catalog no.
354461; Becton Dickinson) in the cell culture media recommended by the supplier. The cells were allowed to attach
overnight and subsequently treated with the vehicle (0.5%
DMSO) or increasing concentrations of ODM-203 for 20 minutes. The cell culture media were aspirated and the cells lysed in
MSD Tris Lysis Buffer (Catalog no. R60TX-2; MesoScale Diagnostics) supplemented with 10 mmol/L NaF, 1 phosphatase
inhibitor cocktail 2 and 3 (Catalog nos. P5726 and P0044;
Sigma) and Complete Protease Inhibitor Cocktail (Catalog no.
1836170; Roche). The electrochemiluminescence signal was
detected with a SECTOR Imager 2400 plate reader (MesoScale
Diagnostics) coupled to a CCD camera. Data were expressed as
percentages of vehicle control values and analyzed with GrapPadPrism 7.03 (GraphPad Software). Each test concentration
was studied at least in triplicate and inhibition percentages
were calculated for the parallel samples. Average IC50 values
were calculated from two independent experiments.
Immunoblotting
HUVEC cells (Life Sciences) were serum-starved with 1% FBS
overnight, treated for 1 hour with ODM-203, and then 20 ng/mL
VEGF (Sigma) was added for 10 minutes. The SNU16 cell line
(ATCC) was treated for 1 hour with ODM-203. HUVEC samples
were immunoblotted with phosphorylated VEGFR2 (Cell Signaling Technology) and VEGFR2 (R&D Systems). SNU16 samples
were immunoblotted with phosphorylated FGFR (Cell Signaling
Technology) and FGFR2 (Abcam) antibodies.
Subcutaneous xenograft models
Athymic Nude-Foxn1nu female mice (9 weeks old; Harlan,
the Netherlands) were subcutaneously injected with 1 million
H1581, KMS11, RT4, or SNU16 cells in 100 mL of McCoy's 5a
modiﬁed medium and Matrigel (BD) (1:1). Tumor growth was
monitored twice weekly by caliper measurements. Oral treatment with ODM-203 and AZD-4547 was started when the
average tumor volume reached 100 mm3 and continued for
21 days for the RT4 xenograft model (n ¼ 12/group) and 12
days for the SNU16 xenograft model (n ¼ 6/group). Necropsy,
and plasma and tumor sampling were carried out 4 hours after
the last dosing.
Doses for 12.5 mg/kg AZD4547 and 40 mg/kg sorafenib were
chosen based on published data [26, 32]. Oral treatment (ODM203 or AZD4547) was initiated when the average tumor volume
reached 125 mm3. Mean tumor volumes were calculated for
each treatment group.
Orthotopic Renca syngenic model
0.15 million Renca (mouse renal carcinoma; CRL-2947) cells in
40 mL of RPMI1640 media and Matrigel (1:1) were injected into
the subcapsular area of the left kidney of balb/c male mice
(8 weeks old; Aurigene). Treatments were started 2 days after
surgery (n ¼ 10 per group). Animals were sacriﬁced after 21
consecutive days of daily oral dosing with ODM-203, Sorafenib,
or AZD-4547. There were 10 animals in each group. Mean tumor
weight was measured after 21 days for each treatment group. Lung
nodules were counted at necropsy.
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Staining for CD31 in the syngenic Renca model
Five-micrometer parafﬁn-embedded sections of tumor tissues
were used for analysis. Sections were deparafﬁnized followed by
antigen retrieval in citrate buffer pH 6.0 for 30 minutes (Target
retrieval solution; DAKO). These sections were then subjected to
endogenous peroxidase block (1% H2O2) for 30 minutes followed by blocking with 10% goat-serum for 1 hour at room
temperature. This was followed by avidin–biotin block for 15
minutes each. After the washing and blocking steps, tumor sections were incubated overnight at 4  C with anti-mouse CD31
antibody (1:300 dilution; Abcam AB28364), followed by incubation with biotinylated anti-rabbit secondary antibody (1:500
dilution) at room temperature for 1 hour. Immunoreactivity was
visualized with the Vectastain ABC System and 3,3-diaminobenzidine (Vector Laboratories). The slides were ﬁnally washed for 5
minutes in water and then counterstained with hematoxylin.
Then slides were then dehydrated, mounted using DPX mount,
and viewed under a light microscope. All sections were photographed with a digital camera.
Immune pharmacodynamic analysis in subcutaneous Renca
syngenic model
For the measurement of immune pharmacodynamics (PD),
Renca cell lines were subcutaneously implanted into 5 to 7 weeks
old male Balb/c mice by injecting 1 million Renca tumor cells/
animal. When tumor volume reached 182 to 190 mm3, animals
were randomized and allocated to four treatment groups (n ¼ 5).
Mice were orally treated daily with vehicle and ODM-203 (20 and
40 mg/kg) for 5 days. As an additional control, anti-PD1 antibody
(100 mg/animal, clone J43) was dosed intraperitoneally on day 1.
After 24 hours of last dosing, animals were sacriﬁced and blood
samples and tumor tissues were collected from each animal and
processed for PD evaluation.
Around 100 mL of blood from each animal was added in a
round-bottom 96-well plate and RBC lysis was performed by
adding 100 mL of ACK lysis buffer (NH4Cl 8,024 mg/L; KHCO3
1,001 mg/L; EDTA Na22H2O 3.722 mg/L, pH 7.2) and incubating at 37  C for 5 minutes. Plate was centrifuged at 300  g for 5
minutes. Cells were washed two times using 1 PBS, pH 7.2 and
used for antibody staining.
Tumor tissues were minced using sterile scissors/blades and
forceps and were treated with 2 to 2.5 mL of tumor dissociation
buffer (Miltenyi Biotech) and incubated for 30 minutes at 37  C.
After incubation, cell preparation was washed once with 1 PBS
by centrifuging at 200  g for 10 minutes. Cell pellet was
suspended in 1 PBS and ﬁltered through 70-mm cell strainer to
remove debris. Cells were washed with 1 PBS and layered onto
Histopaque (Sigma) and centrifuged at 400  g for 20 minutes for
isolating TILs. TILs layer was carefully collected and washed twice
with 1 PBS.
Cells from blood and TILs were stained with the following
antibodies from eBioscience: FITC-conjugated anti-mouse CD4,
PE-conjugated anti-mouse CD25, PE-Cy7-conjugated anti-mouse
CD3, APC-conjugated anti-mouse FoxP3, FITC-conjugated antimouse CD49b, PE-conjugated anti-mouse CD45, PE-conjugated
anti-mouse IL2, and APC-conjugated anti-mouse IFNg from
Biolegend: APC-Cy7-conjugated anti-mouse CD8, BV-510-conjugated CD45, and BV-421-conjugated anti-mouse CD274.
Staining of cell surface markers was done by using respective
antibodies prepared in FACS staining buffer (eBioscience) and
added to respective panel tubes and incubated for 30 minutes at
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4 C under dark. After incubation, cells were washed using FACS
staining buffer and resuspended in FACS staining buffer and
acquired using FACSVerse ﬂow cytometer (BD Biosciences). Intracellular staining for regulatory T cells and cytokines was done by
following manufacturer's protocol with modiﬁcations. Brieﬂy,
cells were stained ﬁrst for cell surface markers using respective
antibodies by following above protocol. Surface stained cells were
ﬁxed using 1 ﬁxation/permeabilization buffer followed by
permeabilization using 1 permeabilization buffer and stained
for intracellular marker (FoxP3) or for cytokines (IL-2 and IFN-g)
by incubating samples with respective antibodies for 30 min at 4

C. For cytokine analysis cells from blood and TILs were stimulated ex vivo with PMA (50 ng/mL) and ionomycin (500 ng/mL)
for 6 hours in the presence of brefaldin-A. After staining, cells were
washed twice with permeabilization buffer and ﬁnally resuspended in FACS staining buffer and acquired using ﬂow cytometer. Appropriate compensation controls, isotype controls or
ﬂuorescence minus one (FMO) controls and unstained samples

were used for FACS analysis. FACS analysis was performed with
FACSuite software (v1.0.5.3841; BD Biosciences) by gating on
appropriate population using respective controls. Outliers from
each treatment group were determined by Grubb's method.
Outliers were excluded and data from treatment groups were
compared to vehicle-treated group and one-way ANOVA with
Dunnett's multiple comparisons test was performed for statistical
signiﬁcance. All statistical analyses were performed using GraphPad Prism 7 and P < 0.05 was considered as statistically signiﬁcant.
Statistically signiﬁcant differences, were designated by the asterisks
as stated:  , P < 0.05;  , P < 0.01;  , P < 0.001;  , P < 0.0001.
In vitro assessment of PD-L1 expression on Renca cells with
ODM-203 treatment was performed by ﬂow cytometry. Brieﬂy,
50,000 Renca cells/well were seeded on day 0 in a six-well plate.
Next day, adherent cells were washed once with culture media and
treated with indicated concentrations of ODM-203 for 1 hour at
37  C. After incubation, media was replaced with fresh culture
media without compound and further incubated for 16 hours.

Figure 1.
Chemical structures of ODM-203 and the reference compounds described in this article.
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Cells were harvested and stained with anti-PD-L1 antibody,
staining protocol was followed as above and acquired using
FACSVerse ﬂow cytometer (BD Biosciences).

were unaffected by incubation with ODM-203 up to a concentration of 3 mmol/L (Table 2B). These studies indicated that
ODM-203 can efﬁciently inhibit proliferation of FGFR-dependent
cell lines.

Results
ODM-203 is a potent and selective inhibitor of FGFR and
VEGFR tyrosine kinases
The activity of ODM-203 (Fig. 1) towards its primary targets
was measured using standard radiometric kinase assays with
recombinant proteins. In these studies, ODM-203 showed
approximately equal potency towards recombinant FGFR1, 2,
3, and 4, as well as VEGFR1, 2, and 3, with IC50 values in the
low nanomolar range (Table 1A). Lucitanib (Fig. 1) was less
potent (5) towards FGFR1 than VEGFR2 (Table 1A), which is
in line with previously published data [31]. Broad in vitro kinase
selectivity of ODM-203 was examined towards 317 human
kinases at a concentration of 1 mmol/L. In addition to its primary
targets, ODM-203 suppressed 9/317 additional kinases by >70%,
whereas the FGFR inhibitors AZD-4547 and dovitinib (Fig. 1;
Supplementary Table S1) suppressed 39 and 74 kinases respectively in the same assay. Six of the nine kinases suppressed by
ODM-203—DDR1, MAP4K4, MINK1, RET, PDGFRa, and SIK2—
were suppressed at IC50 <100 nmol/L (Table 1B).
ODM-203 is a potent inhibitor of FGFR signaling and
proliferation in several FGFR-dependent cell lines
Next, we studied the potency and selectivity of ODM-203 in
cellular assays. The ability of ODM-203 to inhibit growth of FGFRdependent cancer cells was studied by measuring inhibition of cell
proliferation in three different well-characterized FGFR-dependent cell lines, each having genomic alteration in one of the FGFR
subtypes 1 to 3, leading to overexpression of the respective FGFR.
The H1581 cell line originates from a primary large-cell lung
cancer specimen. It has an ampliﬁcation on chromosome 8p12,
which leads to multiple copies and, thus, to overexpression of the
FGFR1 gene (38). The SNU16 gastric cancer cell line contains an
FGFR2 gene ampliﬁcation which leads to overexpression and
constitutive activation of the receptor (39). The RT4 cell line is
a bladder cancer cell line in which chromosomal rearrangement
results in FGFR3–TACC3 fusion transcripts that make the cell line
highly dependent on FGFR3 (40). ODM-203 suppressed cell
proliferation in a dose-dependent manner in H1581, SNU16,
and RT4 cells. IC50 values ranged from 104 nmol/L in H1581 cells
to 192 nmol/L in RT4 cells (Table 2A). Similar results were
obtained with lucitanib (Table 2A). Notably, proliferation of cell
lines having no identiﬁed defects in FGFR expression or signaling

ODM-203 is equally potent in inhibiting VEGF-induced cellular
tube formation and FGFR-dependent cell proliferation
VEGFRs regulate angiogenesis both during development and
under pathologic conditions such as tumor formation (41–43).
Therefore, the initial VEGFR kinase activity of ODM-203 was
further veriﬁed by its ability to inhibit angiogenesis in the
VEGF-induced tube formation assay (44, 45). ODM-203 inhibited endothelial tubule formation in a dose-dependent manner at
nontoxic concentrations with an IC50 value of 33 nmol/L. In our
hands, lucitanib, with an IC50 of 1 nmol/L, was more potent in
suppressing VEGFR-induced tube formation than ODM-203
(Table 2A). Taken together, ODM-203 showed similar potency
in inhibiting both VEGFR-driven cellular tube formation and
suppressing FGFR-dependent cell proliferation, reﬂected in an
IC50 ratio of 1:4, whereas lucitanib (IC50 ratio approximately
1:120) was clearly less potent at suppressing FGFR-dependent cell
proliferation than VEGFR-induced cellular tube formation.
Capability of ODM-203 to inhibit cell proliferation in FGFRdependent cell lines correlates with inhibition of FGFR
signaling
FGFR signaling depends on autophosphorylation of FGFR
followed by Tyr-phosphorylation of the adapter protein FRS2,
which in turn activates downstream effector kinases (46). To verify
the mechanism by which ODM-203 exerts its antiproliferative
activity in vitro, the ability of ODM-203 to inhibit FGFR signaling
was studied by measuring tyrosine 196 (Tyr196) phosphorylation
of FRS2 in the FGFR-dependent cancer cell lines H1581 (FGFR1),
SNU16 (FGFR2), and RT4 (FGFR3). ODM-203 dose-dependently
inhibited FRS2 Tyr196 phosphorylation with IC50 values 93
nmol/L (H1581), 59 nmol/L (SNU16), and 89 nmol/L (RT4;
Supplementary Fig. S2). This study shows that reduced proliferation of FGFR-dependent cell lines in response to ODM-203 is
accompanied by inhibition of FGFR signaling, indicating that the
effects of ODM-203 on proliferation of FGFR-responsive cell lines
is likely to be caused by inhibition of FGFRs.
ODM-203 is equally potent at inhibiting FGFR and VEGFR
cellular signaling
The intended target population of ODM-203 is cancer patients
having an angiogenic tumor with a genetic alteration in the

Table 1. ODM-203 is selective and equally potent against recombinant FGFR and VEGFR family kinases
A
ODM-203
Lucitanib
IC50 (nmol/L)
FGFR1
11
58
FGFR2
16
186
FGFR3
6
253
FGFR4
35
>1,000
VEGFR1
26
162
VEGFR2
9
9
VEGFR3
5
34
Ratio FGFR1/FGFR2
1:1
1:5

B
Kinase
DDR1
MAP4K4
MINK1
RET
PDGFRa
PDGFRb
SIK2
YES1
TIE2

IC50 (nmol/L)
6
49
41
8
35
169
23
152
174

NOTE: (A) The IC50 values of ODM-203 and lucitanib for FGFR and VEGFR were determined using a standard radiometric assay. (B) IC50 values for the nine additional
kinases of the 317 tested that ODM-203 inhibited by >70% at a concentration of 1 mmol/L. Each value is the mean of at least three independent experiments and three
repetitions.
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Table 2. ODM-203 is slightly more potent at inhibiting FGFR-dependent cell proliferation than VEGF-driven tube formation in a cellular assay
A
Proliferation IC50 nmol/L
cell line (receptor)
ODM-203
Lucitanib
H1581 (FGFR1)
104
160
SNU16 (FGFR2)
132
65
RT4 (FGFR3)
192
130
Angiogenesis (VEGFR)
33
1
Ratio FGFR/Angiogenesis
1:4
1:120
B
Compound IC50, nmol/L
ODM-203

A431
55% at 10 mmol/L.
No inhibition at
ower doses

H1975
45% at 10 mmol/L.
No inhibition at
lower doses

Miapaca-2
45% at 10 mmol/L.
No inhibition at
lower doses

HCT116
37% at 10 mmol/L.
No inhibition at
lower doses

Vcap
>3 mmol/L

Renca
22% at
10 mmol/L

NOTE: (A) Summary of in vitro antiproliferative IC50 values for ODM-203 and lucitanib obtained using a standard metabolism-based proliferation assay in three
different FGFR1–3-dependent cell lines (H1581, SNU16, and RT4), as well as ODM-203, and lucitanib's capacity to inhibit VEGF-driven tube formation. (B) ODM-203
does not affect cell proliferation of control cell lines, having no identiﬁed defects in FGFR expression or signaling. Each value is the mean of at least three independent
experiments and three repetitions.

FGF/FGFR signaling pathway. To mimic the above-described
tumors in a cellular system, we compared the effect of ODM203 at suppressing autophosphorylation of FGFR on Tyr653/654
in the FGFR2-dependent SNU16 cells (Fig. 2A) with the effect of
ODM-203 at suppressing autophosphorylation of VEGFR on
Tyr1054 phosphorylation in HUVEC cells treated with VEGF (Fig.
2B). The results conﬁrm that ODM-203 suppresses both FGFR and
VEGFR signaling at concentrations corresponding to its antiproliferative effect in FGFR-dependent cell lines and suppression of
cellular tube formation. Importantly, these results also verify that
ODM-203 shows similar potency towards FGFR and VEGFR
kinases in cells.
ODM-203 inhibits FGFR phosphorylation and tumor growth in
several FGFR-dependent xenografts
The in vivo efﬁcacy of ODM-203 in FGFR-dependent models
was evaluated in subcutaneous H1581, KMS11, RT4, and SNU16
xenografts (Fig. 3; Supplementary Fig. S3). Treatment with
ODM-203 for 21 consecutive days signiﬁcantly inhibited tumor
growth when compared with the vehicle-dosed mice (Fig. 3A).
The observed tumor growth inhibition (TGI) in RT4 xenografts
was 37% and 92% with 20 and 40 mg/kg/day of ODM-203,
respectively (Fig. 3B). The FGFR-dependency of this model was
conﬁrmed by the signiﬁcant inhibition of tumor growth achieved
with once-daily doses of the selective FGFR inhibitor AZD4547
(ref. 30; Fig. 3A). In the FGFR2-dependent xenograft model using
SNU16 cells, 12 consecutive days of daily dosing with ODM-203
was associated with clear suppression of pFGFR and pFRS2 signals
in the tumor which, correlating with statistically signiﬁcant inhibition of tumor growth (Figs. 3B and C; Supplementary Fig. S4).

The observed TGI was 73% (Fig. 3B). In addition, ODM-203
showed antitumor activity in the FGFR-dependent H1581 and
KMS11 subcutaneous xenograft models (Supplementary Fig. S3)
and inhibited pFGFR signaling 8 hours after dosing in the KMS11
xenograft model (Supplementary Fig. S5). Taken together, this
suggests that ODM-203 activity in FGFR-dependent in vivo tumor
models is attributable to its capability to suppress FGFR signaling
in tumors.
ODM-203 shows strong antitumor activity in a VEGFRdependent angiogenic orthotopic syngenic model (Renca)
In the angiogenesis-dependent syngeneic model (47), tumors
were established by injection of mouse Renca cells orthotopically
into the right kidney of BALB/c mice. Treatments were started
when the animals had recovered from surgery for 2 days. Following 21 consecutive days of oral daily dosing with ODM-203 at
doses of 7, 20, or 40 mg/kg, the observed TGI was 39%, 58%,
and 75%, respectively (Fig. 4A). One daily dose of ODM-203
(40 mg/kg) signiﬁcantly inhibited primary tumor growth
(P < 0.01; Fig. 4A). The angiogenesis dependency of this model
was conﬁrmed as sorafenib, a classical VEGFR inhibitor (47),
showed signiﬁcant tumor inhibition whereas the selective FGFR
inhibitor AZD4547 did not show any activity in this model (Fig.
4A). ODM-203 also inhibited formation of lung metastasis, as
demonstrated by counting the number of lung nodules at necropsy (Fig. 4B). When staining the tumor sections at the end of the
study for CD31, we observed a decrease in CD31 expression in the
tumor treated with ODM-203 (Supplementary Fig. S6). This
further indicates that ODM-203 suppresses angiogenesis at doses
showing antitumor activity in vivo.

Figure 2.
ODM-203 is equally potent at inhibiting FGFR and VEGFR phosphorylation in cells. A, Effect of ODM-203 on FGFR phosphorylation in an FGFR-dependent cell line
(SNU16). B, Effect of ODM-203 on VEGFR phosphorylation in HUVEC cells. Each value is the mean of at least three independent experiments and three repetitions.

www.aacrjournals.org

Mol Cancer Ther; 18(1) January 2019

Downloaded from mct.aacrjournals.org on January 25, 2019. © 2019 American Association for Cancer Research.

33

Published OnlineFirst October 9, 2018; DOI: 10.1158/1535-7163.MCT-18-0204

€ m et al.
Holmstro

ODM-203 activates immune response in the tumor
microenvironment
In view of the potent antitumor activity in the syngenic kidney
capsule Renca model and earlier reports indicating a role for
inhibitors of tyrosine kinases including VEGFR (48) and FGFR
(49), we sought to characterize the impact of ODM-203 on
immune cells in circulation and tumor microenvironment in the
Renca subcutaneous tumor model. Analysis of immune population in the blood indicated that ODM-203 treatment resulted in
an increase in the percentage of total and CD4 T cells (Fig. 5A).
Considering that regulatory T cells within the CD4 T cells could be
immunosuppressive, we further analyzed the regulatory T cells
(CD25 and FoxP3 double positive cells). Results revealing a
signiﬁcantly higher ratio of total T cells to regulatory T cells
indicate that increased T cells are predominantly effector in nature
(Fig. 5A). Analysis of TILs showed a decrease in the expression of
immune check points PD-1 and PD-L1 and a concomitant
increase in IFNg expression on both CD8 T cells and NK cells
(Fig. 5B) indicating immune activation within the tumor due to
ODM-203 treatment. Furthermore, ODM-203 treatment of Renca
cells in vitro reduced PD-L1 expression on these tumor cells
(Supplementary Fig. S7).

Discussion
In this paper, we have reported the pharmacologic proﬁle of
ODM-203, a novel, selective FGFR and VEGFR family kinase
inhibitor. Several kinase inhibitors with anti-FGFR activity have
been described previously. These include selective FGFR inhibitors (8, 30–32) and pan-kinase VEGFR2 inhibitors that have
either been approved or are in clinical development as antiangiogenic agents (34–36). Some of the pan-kinase VEGFR2
inhibitors also show activity towards FGFR in nonclinical
models (34–36). However, in clinical studies, pan-kinase
VEGFR inhibitors show angiogenesis-related adverse events
which hampers increasing the dose to a level at which FGFR
activity would be suppressed.
There are several lines of evidence suggesting that dual inhibition of FGFR and VEGFR could be advantageous in deﬁned
tumors. First, several of the tumor types in which FGFR genomic
alterations have been described are known to be angiogenic
(12–24). Second, FGFR and VEGFR are known to crosstalk and
act synergistically in nonclinical models and upregulation of
FGFRs is a known escape mechanism from treatment with VEGFR
inhibitors (9, 11, 12, 43). In these particular tumors, the simultaneous inhibition of VEGFR and FGFR could be advantageous.

Figure 3.
ODM-203 suppresses in vivo tumor growth and FGFR signaling in FGFR-dependent tumor models. Effect of ODM-203 on the tumor volumes (A) of animals
bearing subcutaneous RT4 tumors during 21 days of oral treatment with ODM-203 at doses of 20 and 40 mg/kg. Effect of ODM-203 on the tumor volume (B),
phosphorylation of FGFR (C), and phosphorylation of FRS2-bearing subcutaneous SNU16 tumors (C) after 12 days of oral treatment with ODM-203 at a dose
of 30 mg/kg. TGI (%) in both models is indicated in part (A and B). Tumor samples were ﬁxed 4 hours after last dosing.    P < 0.001 and  P < 0.05 for differences
between experimental groups and vehicle (control) as determined by analysis of variance with one factor (treatment). Average tumor volumes are plotted as
bars, and error bars represent the SEM.
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Figure 4.
ODM-203 has strong in vivo antitumor activity in an angiogenic model. Effect of ODM-203 on the tumor weights (A) and lung nodules (B) of animals bearing
orthotopic Renca tumors after 21 days of oral treatment at doses of 7, 20, and 40 mg/kg. The observed primary TGI was 75% (A).   P < 0.01 and  P < 0.05
for differences between experimental groups and vehicle (control) as determined by analysis of variance with one factor (treatment). Average tumor
volumes are plotted as bars, and error bars represent the SEM.

In this paper, we have described the pharmacologic proﬁle of
ODM-203, a novel, selective dual FGFR and VEGFR family
kinase inhibitor. ODM-203 is unique as it is equally potent
for both FGFR and VEGFR family kinases, and inhibits a limited
number of additional kinases. The results of the in vitro kinase
assays were corroborated in cellular studies: ODM-203 suppresses proliferation of several well-characterized FGFR-dependent cell lines, namely H1581, SNU16, and RT4, as well as
VEGFR-induced tube formation at similar concentrations. The
target-speciﬁc activity of ODM-203 was also demonstrated in
cell-based studies in which it suppressed FGFR and VEGFR
signaling at concentrations corresponding to its capability to
suppress cell proliferation in FGFR-dependent cells and VEGFRinduced tube formation. ODM-203 also suppressed phosphorylation of the direct downstream target pFRS2 in H1581,
SNU16, and RT4 cells at concentrations corresponding closely
to the antiproliferative activity in the same cell line. Furthermore, ODM-203 inhibited autophosphorylation of FGFR in the
FGFR2-dependent cell line SNU16 and VEGFR in HUVEC cells
treated with VEGF at similar concentrations. Consistent with
the above-mentioned studies, ODM-203 did not affect cell
proliferation in cells that do not have identiﬁed defects in
FGFR expression or signaling.
The in vitro selective inhibition of FGFR and VEGFR was
further validated in a series of in vivo xenograft studies. The
FGFR-dependent in vivo models used were the RT4 and SNU16
subcutaneous xenograft models (30–32). In the FGFR3dependent RT4 model, treatment with ODM-203 led to a
signiﬁcant reduction in tumor growth in a dose-dependent
manner and, in the SNU16 model, reduction in tumor growth
was accompanied by suppression of FGFR signaling in the
tumors. It is therefore likely that ODM-203 inhibits tumor
growth in FGFR-dependent models by suppressing FGFR
signaling in vivo. To further evaluate the in vivo activity of
ODM-203 in angiogenic tumors, we used a well-characterized
angiogenic orthotopic and syngeneic model: the Renca model
(47). This model also has the advantage of being metastatic.
As expected from our in vitro data, treatment with ODM-203
led to a signiﬁcant reduction in tumor growth in a dosedependent manner. In this model, we also found potent and
signiﬁcant inhibition of formation of lung metastases. Taken
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together, ODM-203 shows good, balanced potency towards
both FGFR and VEGFR in vitro, which translates into similarly
balanced in vivo potency in angiogenic and FGFR-dependent
tumor models.
In view of the remarkable success with the immune-based
therapeutic approaches, we also evaluated the impact of
ODM-203 on immune cells in circulation and in the tumor
in the syngenic subcutaneous Renca model. In addition to a
signiﬁcant elevation in the ratio of total T cells with respect to
regulatory T cells in circulation, we also observed a dramatic
reduction in the percentage of PD-1 and PD-L1 expressing CD8
T cells and NK cells favoring an antitumor immune response.
Consistent with these changes, the total number of IFNg positive CD8 T cells and NK cells in the tumor was also elevated.
These results indicate that in a model such as Renca that is not
dependent on FGFR, observed antitumor and antimetastastic
activity are likely due to a combination of anti-angiogeneis
and antitumor immune response effects. Immune activation
observed in the tumor microenvironment upon ODM-203 is
consistent with reported immune activation by inhibitors of
tyrosine kinases including VEGFR (48) and FGFR (49). In this
context, a direct comparison of inhibitors selectively targeting
FGFR or VEGFR or dually targeting both these kinase families
such as ODM-203 will be of interest for future studies, and may
help in appropriate clinical positioning of ODM-203.
Tyrosine kinase inhibitors (TKI) mediate an antitumor
immune response likely by two mechanisms; immunogenic
modulation and by immune subset conditioning. Immunogenic modulation is characterized by an increase in tumor cell
sensitivity to immune cell-mediated lysis through an alteration
in tumor cell phenotype. In this context, Cabozantinib was
shown to improve the sensitivity of murine and human tumor
cells to T-cell–mediated lysis (50). Although immune subset
conditioning, which applies to both the peripheral immune
system and the tumor microenvironment, denotes an alteration
in the frequency and/or function of immune cell subsets, thus
supporting more productive immune interactions (51). TKIs
such as Pazopanib and Sunitinib are reported to skew the
immune response from a Th2 to antitumor Th1 response
(52, 53). In a preclinical model, Cabozantinib treatment
showed an increase in the number of CD4þ and CD8þ T cells
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Figure 5.
ODM-203 administration results in immune activation in a syngenic model. Effect of ODM-203 on T cells in circulation (A) and TILs (B) in the Renca subcutaneous
tumor model after 5 days of oral treatment at doses of 20 and 40 mg/kg is presented as a box and whisker plot. Each box indicates the numerical data through
their quartiles for each group, and the whiskers (lines extending vertical from the boxes) are used to indicate variability outside the upper and lower quartiles.
Different immune cells in blood were analyzed by gating FSC-SSC plot followed by doublets exclusion. Resultant singlets were further gated on CD3þ (total T cells)
and then on CD4þ (CD4 T cells). FoxP3 regulatory T cells were analyzed by gating CD25 and FoxP3 double positive cells in CD4 T cells. TILs were analyzed by
gating FSC-SSC plot followed by singlets gate. Within singlets, cells were further gated on CD45þ and then on CD3þ (total T cells) and CD49bþ (NK cells). Total T cells
were further gated on CD8þ to determine CD8 T cells. CD8 T cells expressing PD-1 and PD-L1 were analyzed by gating on CD8þPD-1þ and CD8þPD-L1þ
double positive cells within CD3 gate. Similarly, for NK cells, CD49bþPD-1þ and CD49bþPD-L1þ double positive cells were gated on CD45 population. Percent PD-1
positive and PD-L1 positive CD8 T cells and NK cells are plotted. For IFNg-secreting CD8 T cells and NK cells, gates were directly applied from CD8þ and
CD49bþ, respectively.  , P < 0.05,   , P < 0.01,    , P < 0.001,     , P < 0.0001. VC, vehicle control.

with a concomitant decrease in the percentage of splenic
T-regulatory cells (Tregs) and myeloid-derived suppressor cells
(MDSC; ref. 50). This is well-supported by data in sunitinibtreated patients with RCC where reduction in the levels of Treg
cells is correlated with increased IFNg secreting T cells (52). In
this study, ODM-203 favored an increase in the ratio of T cells
to Tregs thus leading to an immune stimulatory environment
enabling a successful immune response to tumor (Fig. 5A).
Axitinib-regulated NK-cell-activating ligand expression in RCC
cells, thus enhancing NK-cell recognition and activation (54),
which was also evinced by increased IFNg levels in ODM-203
treated group by NK cells (Fig. 5B).
Potent antitumor activity as a result of a combination of direct
antiproliferative activity in FGFR-altered cancer cell lines, antiangiogenesis activity and antitumor immunity reported here
supports the continued clinical development of ODM-203 for
improved outcomes in patients with angiogenic tumors harboring genomic alterations in the FGFR signaling pathway.
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