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Age of Reason.
thetrial in humans, these data support a specialized inhibition of mitogenic FGFs. Cancer drug design is truly entering 

and treatment in animal models had minimal toxicity. Although this drug has only been tested in early-stage clinical
cancers) were especially well targeted by this drug. In contrast, FP-1039 did not bind tightly to the hormonal FGFs, 
types. Tumors with amplified expression of, or mutations in, FGF receptors (such as certain lung and endometrial
FP-1039 binds to mitogenic FGF ligands, blocking angiogenesis and inhibiting growth of tumors of many different 

The authors tested the specificity of FP-1039 both in vitro and in vivo across a wide swath of cancer types.

FGF receptor Fc fusion protein (FP-1039) to overcome these difficulties.
 have designed a solubleet al.growth and angiogenesis but also contributes key metabolic hormones. Now, Harding 

pathway that has proved particularly intractable is the fibroblast growth factor (FGF) pathway, which promotes tumor 
are actually caused by the nonspecific breadth of the treatments. One−−weight loss, tiredness, hair loss, nausea

 severe−−Unfortunately, this is also the case for cancer therapies. The most obvious outward signs of some cancers
 increasingly difficult to both be broad and have sufficient depth of knowledge to be successful in any one field.

 The Renaissance man (or woman) is held up as an ideal of someone with diverse knowledge. Yet, today, it is

Treating Cancer by Design

 http://stm.sciencemag.org/content/5/178/178ra39.full.html
can be found at: 

 and other services, including high-resolution figures,A complete electronic version of this article

http://stm.sciencemag.org/content/suppl/2013/03/25/5.178.178ra39.DC1.html 
can be found in the online version of this article at: Supplementary Material 

 http://stm.sciencemag.org/content/scitransmed/5/203/203ra124.full.html
 http://stm.sciencemag.org/content/scitransmed/3/113/113ra126.full.html

 http://stm.sciencemag.org/content/scitransmed/2/15/15ps3.full.html
 http://stm.sciencemag.org/content/scitransmed/4/162/162ra153.full.html

 http://stm.sciencemag.org/content/scitransmed/2/62/62ra93.full.html
 can be found online at:Related Resources for this article

 http://www.sciencemag.org/about/permissions.dtl
 in whole or in part can be found at: article

permission to reproduce this of this article or about obtaining reprintsInformation about obtaining 

 is a registered trademark of AAAS. Science Translational Medicinerights reserved. The title 
NW, Washington, DC 20005. Copyright 2013 by the American Association for the Advancement of Science; all
last week in December, by the American Association for the Advancement of Science, 1200 New York Avenue 

 (print ISSN 1946-6234; online ISSN 1946-6242) is published weekly, except theScience Translational Medicine

 o
n 

Ju
ly

 2
1,

 2
01

4
st

m
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

 o
n 

Ju
ly

 2
1,

 2
01

4
st

m
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

http://stm.sciencemag.org/content/5/178/178ra39.full.html
http://stm.sciencemag.org/content/suppl/2013/03/25/5.178.178ra39.DC1.html 
http://stm.sciencemag.org/content/scitransmed/2/62/62ra93.full.html
http://stm.sciencemag.org/content/scitransmed/4/162/162ra153.full.html
http://stm.sciencemag.org/content/scitransmed/2/15/15ps3.full.html
http://stm.sciencemag.org/content/scitransmed/3/113/113ra126.full.html
http://stm.sciencemag.org/content/scitransmed/5/203/203ra124.full.html
http://www.sciencemag.org/about/permissions.dtl
http://stm.sciencemag.org/
http://stm.sciencemag.org/


R E S EARCH ART I C L E
CANCER
Blockade of Nonhormonal Fibroblast Growth Factors by
FP-1039 Inhibits Growth of Multiple Types of Cancer
Thomas C. Harding, Li Long, Servando Palencia, Hongbing Zhang, Ali Sadra, Kevin Hestir,
Namrata Patil, Anita Levin, Amy W. Hsu, Deborah Charych, Thomas Brennan, James Zanghi,
Robert Halenbeck, Shannon A. Marshall, Minmin Qin, Stephen K. Doberstein, Diane Hollenbaugh,
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The fibroblast growth factor (FGF) pathway promotes tumor growth and angiogenesis in many solid tumors. Although
there has long been interest in FGF pathway inhibitors, development has been complicated: An effective FGF inhibitor
must block the activity ofmultiplemitogenic FGF ligands butmust spare themetabolic hormone FGFs (FGF-19, FGF-21,
and FGF-23) to avoid unacceptable toxicity. To achieve these design requirements, we engineered a soluble FGF recep-
tor 1 Fc fusion protein, FP-1039. FP-1039 binds tightly to all of the mitogenic FGF ligands, inhibits FGF-stimulated cell
proliferation in vitro, blocks FGF- and vascular endothelial growth factor (VEGF)–induced angiogenesis in vivo, and in-
hibits in vivo growth of a broad range of tumor types. FP-1039 antitumor response is positively correlated with RNA
levels of FGF2, FGF18, FGFR1c, FGFR3c, and ETV4; models with genetic aberrations in the FGF pathway, including FGFR1-
amplified lung cancer and FGFR2-mutated endometrial cancer, are particularly sensitive to FP-1039–mediated tumor
inhibition. FP-1039 does not appreciably bind the hormonal FGFs, because these ligands require a cell surface co-
receptor, klotho or b-klotho, for high-affinity binding and signaling. Serum calcium and phosphate levels, which
are regulated by FGF-23, are not altered by administration of FP-1039. By selectively blocking nonhormonal FGFs,
FP-1039 treatment confers antitumor efficacy without the toxicities associated with other FGF pathway inhibitors.
 
or

g

st

m
.s

ci
en

ce
m

ag
.

D
ow

nl
oa

de
d 

fr
om

 

INTRODUCTION

Fibroblast growth factor (FGF)–FGF receptor (FGFR) signaling is a
complex and redundant pathway comprising four receptors and
22 ligands, including the mitogenic FGFs (FGF-1 to FGF-10, FGF-16
to FGF-18, FGF-20, and FGF-22) and hormonal FGFs (FGF-19, FGF-21,
and FGF-23). The FGFRs are activated by formation of a cell surface
complex comprising two FGFRs, two FGF ligands, and heparin sulfate
(1, 2). The hormonal FGFs additionally require a membrane-anchored
co-receptor, klotho or b-klotho, for high-affinity binding and signaling
(3–5). FGFRs are tyrosine kinases that can phosphorylate signaling inter-
mediates such as FRS2 and activate multiple signal transduction path-
ways including mitogen-activated protein kinase (MAPK)/extracellular
signal–regulated kinase (ERK) andAKT. The FGFpathway regulates cell
proliferation, metabolism, and survival, as well as plays instrumental
roles in angiogenesis and tissue repair (6–9). FGFR signaling increases
the mitotic rate of tumor cells, promotes tumor angiogenesis, and en-
hances tumorigenicity of cancer stem cells (10, 11).

Mutation and overexpression of several FGFs and FGFRs, includ-
ing activating mutations, chromosomal translocations, gene ampli-
fications, and altered splicing patterns, are observed in cancer (12–18).
Tumors with specific genetic alterations in the FGF pathway may be
especially responsive to FGF inhibition. A recent survey of the ge-
nomic landscape of human cancer indicated that a highly focal region
of DNA on chromosome 8 encompassing the FGFR1 gene is frequently
amplified in lung cancer tumors (12, 16, 19, 20). In addition, somatic
mutations in FGFR2 are observed in 15 to 16% of endometrial carci-
nomas (15, 21). The most common FGFR2 mutation is S252W (~7%
of all cases), which is identical to the germline activating mutation in
FGFR2 seen in Apert syndrome, a congenital human skeletal disorder
Five Prime Therapeutics Inc., 2 Corporate Drive, South San Francisco, CA 94080–7047, USA.
*Corresponding author. E-mail: kevin.baker@fiveprime.com
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(22). Structure-function studies of FGFR2 S252W demonstrate that the
mutant receptor has altered ligand specificity and enhanced affinity for
multiple FGFs compared to wild-type FGFR2 (23).

Despite many years of research pointing to an important role for
FGF signaling in cancer, the development of drugs specifically target-
ing the FGFR pathway has been difficult. A monoclonal antibody di-
rected against the FGFR1 receptor failed because of severe weight loss
associated with hypothalamic binding (24). Broad blockade of FGFR
signaling using small molecules has also been associated with toxicity
(25). In rats, treatment with PD176067, a small-molecule inhibitor of
FGFR1 kinase activity, resulted in hyperphosphatemia and calcium-
phosphorus deposition in various organs (25). In human clinical trials,
the FGFR-specific inhibitors NVP-BGJ398 (Novartis) (26) and AZD4547
(AstraZeneca) (27) have caused increases in serum phosphate when
administered to patients. These effects on phosphate metabolism are
most likely on-target toxicities caused by inhibition of FGF-23 signal-
ing (25). FGF-23, a hormone originally identified as the cause of hypo-
phosphatemic rickets (28), reduces phosphate and calcium levels in the
blood by acting on sodium-phosphate cotransporters in the kidney (29).

To achieve blockade of the mitogenic FGFs while avoiding inhibition
of hormonal FGFs, we developed a soluble decoy receptor, FP-1039.
The FGFR1c isoform (FGFR1 containing the c-splice region in do-
main III) (30) was chosen because it has a broad FGF ligand–binding
profile (31) and does not bind the hormonal FGFs with high affinity in
the absence of klotho or b-klotho (3, 32). Consistent with these find-
ings, FP-1039 binds to and inhibits the mitogenic members of the FGF
family but exhibits little or no affinity for the hormonal FGFs. FP-1039
inhibits angiogenesis and the FGF/FGFR autocrine growth loops that
drive tumor cell proliferation. Preclinical cancer models with genetic
aberrations in the FGF pathway, including FGFR1-amplified lung cancer
and FGFR2-mutated endometrial cancer, are particularly sensitive to
FP-1039–mediated tumor inhibition.
ceTranslationalMedicine.org 27 March 2013 Vol 5 Issue 178 178ra39 1
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RESULTS

Design and initial characterization of FP-1039
The extracellular domain (ECD) of the FGFR1c isoform was coupled
to the Fc domain of immunoglobulin G1 (IgG1) to create a trap for
FGF ligands (Fig. 1A). Surface plasmon resonance (SPR) spectroscopy
(Table 1) shows that FP-1039 binds to FGF-1, FGF-2, FGF-4, FGF-6,
FGF-8b, FGF-9, FGF-16, FGF-17, and FGF-18 with high affinity [dis-
sociation constant (Kd), <10

−10 M], to FGF-3, FGF-5, and FGF-20
with moderate affinity (Kd, 1 × 10−9 to 7 × 10−9 M), and to FGF-23
with low affinity (Kd, 3.28 × 10−8 M). There was no measurable bind-
ing to FGF-7, FGF-10, FGF-12, FGF-19, FGF-21, and FGF-22. FP-1039
also binds to FGF ligands from other species: Its affinity for FGF-1,
FGF-2, and FGF-4 is similar for human and rat proteins. FP-1039 does
not bind to other classes of growth factors including epidermal growth
factor (EGF), platelet-derived growth factor (PDGF), and vascular
endothelial growth factor (VEGF).

FP-1039 inhibited FGF-2–induced ERK phosphorylation in L6 cells
modified to overexpress FGFR1 with a median inhibitory concentration
(IC50) value of 0.023 mg/ml (Fig. 1B) and blocked FGF-2–stimulated
A549 cell proliferation with an IC50 of 0.01 mg/ml (Fig. 1C).

Inhibition of VEGF- and FGF-induced angiogenesis
by FP-1039
Administration of FP-1039 (5 mg/kg or higher) completely blocked
in vivo angiogenesis induced by a Matrigel plug impregnated with
www.Scien
FGF-2 (Fig. 1D and fig. S1). Administration of FP-1039 (15 or 45 mg/kg)
also completely blocked in vivo angiogenesis in response to a Matrigel
plug impregnated with VEGF-A only or FGF-2 plus VEGF-A (fig. S1).
Antiangiogenic activity against VEGF-induced angiogenesis in this
model system likely reflects inhibition of the synergistic activity between
VEGF in the plug andmurine-derived stromal FGFs because SPR anal-
ysis shows that FP-1039 does not directly interact with VEGF-A. Like-
wise, FP-1039 does not block VEGF-induced proliferation of human
umbilical vein endothelial cells (HUVECs), although it is capable of
blocking FGF-induced HUVEC proliferation (fig. S2).

Antitumor activity of FP-1039 in xenograft models
The antitumor activity of FP-1039 was evaluated in a panel of 35
xenograft models (table S1). In addition to standard cell line–derived
tumor models, five patient-derived xenograft (PDX) lung cancer
models (tables S1 and S2) were also examined in which human tumor
fragments are expanded solely within mice rather than cell culture
(33). In responding tumors, FP-1039 significantly reduced tumor vol-
ume as assessed by area under the curve analysis. Responses were ob-
served in 19 of 35 (54%) of the models examined, with a range of 25 to
96% inhibition (table S1). Representative tumor growth curves are
presented in Fig. 2. In the renal cell carcinoma (RCC) Caki-1 model,
administrationof FP-1039 at 10mg/kg twice aweek for 6weeks resulted in
81% (P < 0.001) tumor growth inhibition (TGI; Fig. 2A). In the MSTO-
211Hmesotheliomamodel, FP-1039 administration reduced tumor growth
(Fig. 2B) by 64% (P < 0.0001). No additional antitumor activity was ob-
ceTranslationalMedicine.org
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served above the dose level of 15 mg/kg.
Antiangiogenic activity was observed di-
rectly in the Caki-1 tumor xenografts by
staining for CD31; following treatment
with FP-1039 (fig. S3) reduced CD31 stain-
ing is observed.

Inhibition of FGFR1 signaling by
FP-1039 in vivo
Inhibition of FGFR1 signaling by FP-1039
was examined in vivo in the JIMT-1 xeno-
graft model by preparing tumor lysates 24
and 72 hours after dose and measuring
levels of phosphorylated FGFR1, FRS2,
and AKT (fig. S4). FP-1039 reduced levels
of phosphorylated FGFR1 by 24 hours af-
ter dose and completely abolished FGFR1
phosphorylation by 72 hours after dose.
Phosphorylated FRS and AKT levels were
reduced 24 hours after dose and further
reduced 2 days later.

Preclinical efficacy of FP-1039
in an endometrial model with
FGFR2 mutation
We examined the in vivo sensitivity of
FGFR2 S252W bearing mutant (MFE-
280) and wild-type (HEC-1-B) human en-
dometrial carcinoma cell lines to FP-1039.
FP-1039 treatment of mice bearing HEC-
1-B xenografts resulted in a 30% (P < 0.01)
TGI (table S1). In comparison, FP-1039
Fig. 1. Design andpreliminary analysis of FP-1039. (A) Schematic diagramof FP-1039. A soluble FGFR1 receptor
was constructedby addition of the human IgG1 Fc region to the extracellular ligand-binding domain of FGFR1c

receptor splice isoform. (B) Inhibitionof FGF-2–inducedERKphosphorylationby FP-1039 in L6 cells overexpress-
ing human FGFR1c. OD, optical density. (C) FP-1039–mediated inhibition of FGF-2–stimulated A549 cell prolif-
eration. The percentage of inhibition was determined by comparison to proliferation in the presence and
absence of FGF-2 alone. IC50 represents the concentration of soluble receptor required for half-maximal inhibi-
tion. (D) Inhibition of FGF-2–induced angiogenesis in vivo by FP-1039 as determinedby theMatrigel plug assay.
27 March 2013 Vol 5 Issue 178 178ra39 2
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administration in theMFE-280 xenograftmodel yielded 95%TGI (P <
0.001) when compared to vehicle-treated controls (Fig. 3A).

Antitumor activity of FP-1039 in lung cancer models
with FGFR1 genomic amplification
We identified five lung cancer cell lines that displayed genomic FGFR1
gene amplification on chromosome 8. Small cell lung cancer (SCLC)
lines DMS53 and DMS114 contained 5 and 10 copies per cell, respec-
tively, of the FGFR1 gene. Three non-SCLC (NSCLC) lines—NCI-
H1581, NCI-H520, and NCI-H1703—had six, eight, and six copies,
respectively. FP-1039 inhibited growth of each of the five cell lines
in vitro (figs. S5 and S6).

FP-1039 inhibited growth of subcutaneous xenografts generated
from each of the five cell lines (Fig. 3, B to D). The degree of TGI by
FP-1039 for DMS114, DMS53, NCI-H1581, NCI-H520, and NCI-H1703
was 64, 64, 74, 47, and 31%, respectively. The NCI-H1703 cell line
(31%TGI) contains a drug-sensitive PDGFRA/PDGFC genomic ampli-
fication in addition to FGFR1 amplification (34, 35), possibly explaining
the modest efficacy observed for FP-1039 in this model.

Lung cancer xenografts with FGFR1 gene amplification had an av-
erage 56%TGIwith FP-1039 treatment versus control (Fig. 3D). In com-
parison, lung cancer xenografts without FGFR1 gene amplification
displayed an average 22% TGI. The difference in FP-1039–mediated
xenograft inhibition between FGFR1 gene–amplified and nonamplified
lung cancer xenograft models was statistically significant (P = 0.0333).
Note, however, that FGFR1 gene amplification is not the sole determi-
nator of FP-1039 antitumor effect because lung xenograft models with
www.Scien
a normal, diploid copy number of FGFR1 can have a significant re-
sponse to FP-1039, comparable to lung models with FGFR1 am-
plification (Fig. 3D).

In these experiments, FP-1039 reduced tumor growth but did not
cause tumor regression (table S2). It is possible that in these xenograft
models, trapping of the ligands alone may not be sufficient to com-
pletely shut down these pathways. Previous studies of small-molecule
FGFR tyrosine kinase inhibitors (16) caused regression of tumor xe-
nograft possibly because the inhibitors block ligand-independent FGFR ac-
tivity or because they block additional kinases such as the VEGF
receptor KDR.

The efficacy of FP-1039 was also examined in preclinical models
in combination with standard-of-care chemotherapy regimens for
broad cancer indications. In an SCLC DMS53 (FGFR1 gene–amplified)
model, FP-1039 efficacy was examined in combination with cisplatin
and etoposide (Fig. 4). Addition of FP-1039 to the cisplatin/etoposide
combination resulted in an additional decrease in DMS53 tumor growth,
which was statistically significant compared to all other groups
(P < 0.001).

Identification of molecular markers predictive
of preclinical FP-1039 efficacy
To further understand the potential molecular determinants that
make xenograft models (n = 35; table S1) sensitive to treatment with
FP-1039, we examined the RNA expression of a panel of FP-1039–
related genes including FGF ligands, FGFRs, FGF-binding proteins,
and FGF signaling molecules using quantitative reverse transcription
polymerase chain reaction (qRT-PCR) (table S3). Gene expression was
then correlated to FP-1039 response to determine RNA expression sig-
natures positively and negatively correlated with antitumor impact
(Table 2 and table S4). Expression of FGFR1 (P = 0.01669; Fig. 5A),
specifically the FGFR1c splice variant (P = 0.0431), was positively
correlated with FP-1039 antitumor activity. Expression of the FGFR1b
splice variant was not correlated with FP-1039 response (table S4). In
addition to FGFR1, expression of the FGFR3c receptor (P = 0.01944)
was also positively correlated with FP-1039 antitumor response (Fig. 5B),
reflecting the broad overlap in FGF ligand–binding specificity between
the c-splice isoforms of FGFR1 and FGFR3 receptors (31, 36).

Expression of FGF2 (P = 0.03569) was positively associated with
FP-1039 response (Fig. 5C). Of all the gene expression targets
Table 1. FGF ligand–binding profile of FP-1039 as determined by Biacore.
Ligand
 Affinity to FP-1039 (M)*
FGF-1
 3.10 × 10−11
FGF-2
 4.62 × 10−10
FGF-3
 2.92 × 10−9
FGF-4
 6.75 × 10−10
FGF-5
 2.95 × 10−9
FGF-6
 3.40 × 10−10
FGF-7
 0
FGF-8b
 4.56 × 10−10
FGF-9
 9.19 × 10−10
FGF-10
 0
FGF-12
 0
FGF-16
 4.04 × 10−10
FGF-17
 5.94 × 10−10
FGF-18
 2.99 × 10−10
FGF-19
 0
FGF-20
 1.51 × 10−9
FGF-21
 0
FGF-22
 0
FGF-23
 6.70 × 10−8
*FP-1039 ligand-binding affinity was determined in the presence of heparin sulfate (50 mg/ml).
Fig. 2. Antitumor activity of FP-1039 in selected xenograft models.
(A and B) Efficacy of FP-1039 in a renal cancer, Caki-1 (A), and meso-

thelioma, MSTO-211H (B), xenograft cancer model. Five million cells
were implanted subcutaneously over the right flank of severe combined
immunodeficient (SCID) mice (n = 10 per group). FP-1039 or albumin was
administered intraperitoneally twice a week at a dose of 10 or 15 mg/kg,
Caki-1 and MSTO-211H, respectively. *P < 0.05.
ceTranslationalMedicine.org 27 March 2013 Vol 5 Issue 178 178ra39 3
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examined, FGF2 displayed the highest ratio
(247.7-fold) of median gene expression
between FP-1039 responder and non-
responder xenograft models. The associ-
ation of FGF2 with FP-1039 efficacy in
xenograftmodels was confirmed at the pro-
tein level using tumor lysates (Fig. 5D). In
addition to FGF2, RNA expression of the
FGF18 ligand (P = 0.02227) was also posi-
tively (6.9-fold) correlated with FP-1039
antitumor activity. The downstream target
gene of FGF signaling, ets variant 4 (ETV4),
was themost significant (P=0.01639) gene
for its positive (2.897-fold) associationwith
FP-1039 activity. Significant genes with a
negative association with FP-1039 activity
were not found in this analysis.

To determine what RNA markers
may determine lung xenograft response
in the absence of FGFR1 gene amplifica-
tion (Fig. 3D), we analyzed the correlation
of FP-1039 response in the non–FGFR1-
amplified subset of lung models (n = 13;
table S5). Results indicated that FGF2 ex-
pression was the only significant (P = 0.029)
gene up-regulated >3000-fold in respond-
ing versus nonresponding FGFR1 non-
amplified lung models. The expression
of FGFR1c and FGFR3c did display a pos-
itive trend with FP-1039 response in the
non–FGFR1-amplified lung subset; how-
ever, this did not reach statistical signifi-
cance in these experiments.

We next examined if there was a cor-
relation in gene expression among the
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significant gene markers identified for their association with FP-1039
response (Table 2) in all models. Results from this analysis (table S6)
indicate that there is a significant, positive correlation between most
of the individual RNA markers identified as predictive for FP-1039
xenograft response. For example, xenograft FGF2 RNA expression
is positively correlated with FGFR3c, FGFR1c, and FGFR1 expression
(P < 0.05); FGFR1 RNA expression is positively correlated with
FGFR3c, FGF2, and FGF18. The expression ofETV4was the only gene
identified for which a significant association with other FP-1039–
responsive genes was not identified.

FP-1039 has no impact on serum phosphate levels in rats
FP-1039 binds to the mitogenic FGFs with 10- to 100-fold higher af-
finity than to FGF-23 (Table 1). The binding affinity of FP-1039 for
rodent FGF-23 is comparable to that of human FGF-23 by SPR anal-
ysis (6.0 × 10−8 M versus 6.7 × 10−8 M). We investigated the potential
biological impact of this relatively weak FP-1039/FGF-23 binding in rats
after four weekly doses of FP-1039 at a dose range of 10 to 200 mg/kg
twice per week. Plasma exposure of the drug was confirmed by an
ELISA that measures free drug (Fig. 6A). At a dose of 200 mg/kg twice
per week, the maximal plasma concentration of the drug was 3.6 and
4.2 mg/ml for female and male rats, respectively. Despite these sustained
high levels of the drug, no significant changes in plasma phosphate were
Fig. 3. FP-1039 inhibits tumor growth in endometrial and lung cancer models with genetic aberrations
in FGFR1 or FGFR2. (A) Efficacy of FP-1039 in the FGFR2-mutated (S252W) endometrial cancer model

MFE-280. Five million MFE-280 cells were implanted subcutaneously over the right flank of SCID mice (n =
10 per group). FP-1039 or albumin was administered intraperitoneally twice a week at a dose of 15 mg/kg.
*P < 0.01. (B and C) Efficacy of FP-1039 in the FGFR1 gene–amplified NCI-H1581 NSCLC model (B) and
DMS114 SCLC (SCLC) model (C). Five million NCI-H1581 or DMS114 cells were implanted subcutaneously
over the right flank of SCID mice (n = 10 per group). FP-1039 or albumin was administered intra-
peritoneally twice a week at a dose of 15 mg/kg. *P < 0.01. (D) Comparison of FP-1039–mediated TGI
in FGFR1-amplified (n = 5) and nonamplified (n = 10) lung cancer models. Lung xenograft models without
FGFR1 amplification examined in this experiment were as follows: A549, NCI-H460, NCI-H226, NCI-H2126,
NCI-H441, NCI-H358, NCI-H522, Calu-1, D35087, and D37638.
Fig. 4. Combination of FP-1039 with cisplatin and etoposide in the DMS53
SCLC xenograft model. Five million DMS53 cells were implanted subcuta-

neously over the right flank of SCID mice (n = 10 per group). FP-1039 or
albumin was administered intraperitoneally at 15 mg/kg twice per week
starting on day 17 after tumor implantation when the average tumor vol-
ume reached 100 mm3. Cisplatin was administered intraperitoneally at
3 mg/kg once per week starting on day 17 after tumor implantation.
Etoposide was administered intraperitoneally at 4 mg/kg daily for three
consecutive days per week starting at day 17 after tumor implantation. *P <
0.01 comparing cisplatin + etoposide to cisplatin + etoposide + FP-1039.
27 March 2013 Vol 5 Issue 178 178ra39 4
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observed for any FP-1039 dose compared to animals that received vehicle
[9.61 mg/dl versus 10.19 mg/dl for vehicle and FP-1039 (200 mg/kg twice
per week), respectively]. In contrast, daily dosing of rats with the
small-molecule FGFR kinase inhibitor PD173043 resulted in signifi-
cantly elevated plasma phosphate levels at either 24 hours or 1 week
of daily dosing (Fig. 6B). Additionally, histological analysis of 55 tissues
in animals treated with high-dose FP-1039 failed to reveal any changes
consistent with those reported by Brown et al. (25), who observed hy-
perphosphatemia and calcium-phosphorus deposition in various organs
after administration of a small-molecule inhibitor of FGFR1 kinase activ-
www.Scien
ity. In addition, FP-1039 has completed a phase 1 dose-escalation study
(n = 39) of up to 16 mg/kg twice per week in patients with solid tu-
mors. No impact of FP-1039 on serum phosphate was observed at any of
the dose levels examined (37). In summary, these in vivo data support
the biophysical data that FP-1039 does not bind to FGF-23 with high
affinity and does not induce hyperphosphatemia as was shown for
other broad inhibitors of the FGFR pathway.
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DISCUSSION

FP-1039 has two distinct mechanisms of action: it inhibits tumor cell
proliferation (Fig. 1C and figs. S5 and S6) and blocks angiogenesis
(Fig. 1D and figs. S1 to S3). FP-1039 inhibits both VEGF-A– and
FGF-2–induced angiogenesis in the Matrigel plug model, consistent
with findings that both FGF and VEGF signaling are required in con-
cert for vessel growth in vivo (38). The impact of FP-1039 on VEGF-A–
induced angiogenesis appears to be indirect requiring the in vivo
environment, because (i) FP-1039 does not bind VEGF-A directly
as determined by SPR analysis and (ii) no in vitro activity of FP-1039
was observed against VEGF-A in a HUVEC proliferation assay (fig.
S2). Experimentally, synergy of VEGF and FGF-2 in the angiogenic
process has previously been demonstrated (38, 39). Despite observing
inhibition of VEGF-induced angiogenesis in preclinical models, no
clinical toxicities consistent with VEGF inhibition were observed in a
completed phase 1 clinical trial of FP-1039 including proteinuria or hyper-
ceTranslationalMedicine.org
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tension (manuscript in preparation).
The tumor expression of FGFR1, spe-

cifically the c “mesenchymal” splice isoform
FGFR1c, which forms the extracellular
ligand-binding domain of FP-1039, pos-
itively correlates with response in xeno-
graft models. In addition, the expression
of FGFR3c, which binds several ligands
that bind FP-1039 (36), and the expression
of FGF18 and FGF2 RNA and protein also
positively correlate with FP-1039 response.
The association of FP-1039 response and
FGF-2 expression in vitro has previously
been reported in head and neck squamous
cell carcinomacell linesbyMarshall andcol-
leagues (40).We also found that the expres-
sion of ETV4, a downstream target gene of
FGF signaling, was positively associated
with FP-1039 response.

The FGFR1 gene is frequently ampli-
fied in lung cancer tumors (12, 16, 19, 20).
Subtype analysis indicates that FGFR1
gene amplification is observed in about
22% of squamous NSCLCs and 6% of
SCLCs (16, 19, 20). Preliminary data also
support the existence of FGFR1 amplifi-
cation in about 10% of pulmonary pleo-
morphic carcinomas (41). Amplification
of the FGFR1 gene in lung cancer cell
lines is associated with overexpression
of the FGFR1 protein and increased
signaling through the FGFR1 pathway,
Table 2. RNA levels of FGF ligands and receptors correlated with FP-
1039 efficacy in xenograft models.
Gene
 Ratio*
 P†
ETV4
 2.897
 0.01639
FGFR1
 2.447
 0.01669
FGFR3c
 9.863
 0.01944
FGF18
 6.915
 0.02227
FGF2
 247.7
 0.03569
FGFR1c
 3.647
 0.0431
*Gene expression ratio was determined bymedian gene expression in FP-1039 responders/median
gene expression in nonresponders. †P value was determined by Mann-Whitney.
Fig. 5. FGF ligands and receptors correlated with FP-1039 antitumor efficacy. (A to C) Tumor FGFR1
(A), FGFR3c (B), and FGF2 (C) gene expression was determined with qRT-PCR in FP-1039–responsive

and nonresponsive xenograft models. (D) Tumor FGF-2 protein levels were determined by enzyme-
linked immunosorbent assay (ELISA) and compared between FP-1039–responsive and nonresponsive
xenografts models.
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resulting in enhanced cell proliferation and resistance to apoptosis
(16, 20). Cell lines with FGFR1 amplification are highly sensitive to
RNA interference–mediated down-regulation of FGFR1 expression
and small-molecule FGFR inhibitors (16, 20). It has been suggested that
amplification of FGFR1 may result in a ligand-independent activation
(16, 42). The sensitivity to FP-1039, a ligand trap, demonstrated in this
report suggests that many tumors containing FGFR1 amplifications re-
main responsive to FGF ligands and therefore represent good targets
for therapy with FP-1039.
MATERIALS AND METHODS

Construction and expression of FP-1039
FP-1039 fusion protein was constructed by linking the complementary
DNA (cDNA) encoding the ECD of human FGFR1c to the cDNA
www.Scien
encoding the hinge and Fc domain of human IgG1 with standard mo-
lecular biology techniques. The fusion cDNA construct was inserted
into a CHEF1 expression vector (43) and used to stably transfect
Chinese hamster ovary (CHO) cells. Stable cell clones were selected
for high-level FP-1039 production and grown to large volume in sus-
pension. FP-1039 protein expressed from recombinant host cells was
purified to homogeneity from cell culture supernatant with sequen-
tial protein A affinity, ion exchange, and hydrophobic interaction
chromatography.

SPR studies of FP-1039 FGF-binding affinity
The specificity of FGF ligand binding to FP-1039 was assessed by SPR
with a Biacore T100. Protein A or anti-human IgG antibody (Biacore)
was covalently linked to a CM5 chip by amine coupling. FP-1039 protein
was captured, and FGF ligands were flowed over the FGFR fusion pro-
tein in the presence of HBS-P running buffer (Biacore) supplemented
with heparin sulfate (50 mg/ml) (Sigma). All the recombinant FGF
ligands were from R&D Systems and PeproTech, except for FGF-
18, which was from Wako Chemicals. FGF ligands were each tested
at six to eight concentrations ranging from 4.5 ng/ml to 10 mg/ml. The
FGF ligands were of human origin, except for FGF-8b and FGF-18,
which were of recombinant mouse origin.

Matrigel plug assay
Recombinant human FGF-2 (final concentration, 250 ng/ml; PeproTech)
and/or recombinant human VEGF-A (final concentration, 100 ng/ml;
PeproTech) were added to Matrigel (BD Biosciences) with sodium
heparin (2 U/ml; Sigma). FGF-2 and/or VEGF-A containing Matrigel
plugs (one per animal) were implanted subcutaneously in the abdomen
region of C57BL/6 mice (Charles River Laboratories). FP-1039 was
administered by tail vein injection on days 1, 4, and 7 after Matrigel im-
plantation. On day 9, plugs were excised and processed for hematoxylin
and eosin staining. Digital images of the stained Matrigel sections were
generated with a Retiga-2000R digital camera (QImaging). Image anal-
ysis was performed with Image-Pro Plus 5.1 (Media Cybernetics Inc.).
Neovascularization was defined as the cellular response in the Matrigel
plugs, consisting of newly formed blood vessels and migrated cells.

Cells
Cell lines were obtained from the Health Protection Agency, German
Collection of Microorganisms and Cell Cultures, and American Type
Culture Collection and cultured according to the vendors’ instructions.
A panel of lung cancer cell lines displaying potential amplification of
the FGFR1 gene was identified with CONAN (http://www.sanger.
ac.uk/cgi-bin/genetics/CGP/conan/search.cgi) and Tumorscape
(http://www.broadinstitute.org/tumorscape/pages/portalHome.jsf).

FGFR1 amplification assay
Amplification status of the FGFR1 gene in the cell lines was determined
by QuantiGene Plex DNA Assay (Panomics/Affymetrix). Individual,
bead-based, oligonucleotide probe sets (including capture, capture ex-
tenders, blockers, and label probes) specific for FGFR1 (NM_023110),
ALB (NM_000477), and DCK (NM_000788) genes were designed to
prevent cross-reactivity and synthesized by Panomics. ALB and DCK
were used as reference genes for normalizing FGFR1 copy number.
Cells were lysed to release DNA and incubated overnight with gene-
specific capture bead probe sets. The beads and bound target DNAs
were washed and subsequently incubated with amplifier reagents,
Fig. 6. FP-1039 does not alter plasma phosphate homeostasis in rats.
(A) Plasma concentrations of drug in rats administered FP-1039. Animals

(n = 5 per group) were dosed with vehicle and FP-1039 (10, 50, or 200 mg/kg
twice per week) for four weekly doses, and plasma concentrations of FP-1039
were determined throughout the study by an ELISA-based detection method.
(B) Female Sprague-Dawley rats were administered the FGFR kinase inhib-
itor PD173074 or vehicle control by oral gavage daily for 7 days or FP-1039
and appropriate vehicle by intravenous (IV) administration. Serum phos-
phate levels were determined at 24 and 168 hours after initiation of dosing.
*P < 0.05 comparing oral PD173074 to vehicle groups.
ceTranslationalMedicine.org 27 March 2013 Vol 5 Issue 178 178ra39 6
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followed by biotinylated label probes and finally streptavidin-
conjugated R-phycoerythrin (SAPE), with thorough washing in be-
tween each step. SAPE fluorescence was detected at 575 nm for each
capture beadwith a Luminex 200 flow cytometer instrument (Luminex).
All data were normalized to the reference genes and expressed as a ratio
(FGFR1/ALB).

FGF-2–stimulated phospho-ERK assay
Rat skeletal muscle L6 cells transfected with FGFR1c (ETR) were seeded
in a 96-well flat-bottomed plate (Becton Dickinson) at 1 × 104 cells per
well in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 0.5% fetal bovine serum (FBS) and 0.1% bovine serum albumin
(BSA) and incubated for 16 hours. Activation medium containing FP-
1039 or human IgG1, at concentrations from 0 to 10 mg/ml, was pre-
pared [in 0.1% BSA/DMEM containing FGF-2 (100 ng/ml) and heparin
(10 mg/ml)] and incubated for 30 min at 37°C on a plate shaker. The
L6-FGFR1c cells were then exposed to 25 ml of activation medium per
well for 5 min at 37°C. The cells were then washed and lysed, and cell
lysate phospho-ERK levels were determined with the PathScan
Phospho-p44/42 MAPK Sandwich ELISA Kit (Cell Signaling) follow-
ing the manufacturer’s instructions.

FGF-2–stimulated cell proliferation assay
Human lung adenocarcinoma A549 cells were plated in a Microtest
96-well tissue culture plate (Becton Dickinson) at a density of 5 × 103

cells per well in F-12K medium supplemented with 0.1% FBS, FGF-2
(10 ng/ml), and heparin (10 mg/ml) in the presence of varying concen-
trations of FP-1039 or an unrelated ECD-Fc negative control. Plates
were incubated at 37°C at 5% CO2 for 4 days and then assayed with
the CellTiter-Glo Luminescent Cell Viability Assay (Promega). Lumi-
nescence was determined on an EnVision Multilabel Plate Reader
(PerkinElmer) with a 0.2-s integration time. Results were expressed
as relative light units per well.

Quantification of FP-1039 by ELISA
FP-1039 concentration in plasma was determined with a quantitative
ELISA. Briefly, recombinant human FGF-2 (R&D Systems) was im-
mobilized on a half-well microtiter ELISA plate, blocked, and incu-
bated with test samples [diluted 1:10 with blocking buffer/heparin
(20 mg/ml)]. The plate was subsequently washed, and a dilute goat
anti-human IgG-Fc horseradish peroxidase antibody solution (Sigma)
was added and incubated. After a final wash step, a tetramethylbenzidine
peroxidase substrate solution was added and incubated at ambient
temperature with gentle shaking. The reaction was stopped with a
phosphoric acid solution. Plates were read on a plate reader (450 nm).
FP-1039 concentrations were determined on a standard curve obtained
by plotting optical density versus concentration.

Efficacy studies in tumor xenograft models
All in vivo work was conducted under appropriate Institutional Animal
Care and Use Committee–approved protocols. Six- to 8-week-old fe-
male SCID mice were obtained from Charles River Laboratories
and housed under specific pathogen–free conditions. For subcuta-
neous tumor models, 5 × 106 tumor cells were resuspended in 50 ml
of sterile phosphate-buffered saline, mixed 1:1 (v/v) with Matrigel (BD
Biosciences), and injected subcutaneously into the right dorsal flank.
For studies in PDX models (table S1), tissue fragments were obtained
from primary tumor samples serially passaged in donor SCID mice
www.Scien
and cut into 1- to 2-mm-diameter fragments (~25 mg). Recipient mice
were anaesthetized by isoflurane inhalation, a small pocket was formed
with blunt forceps, one fragment of tumor PDX was placed in the
pocket, and the wound was sealed. In all studies, unless indicated, FP-
1039, vehicle control, or a negative control human IgG1 antibody was
each administered intravenously or intraperitoneally twice weekly. The
length of treatment was determined based on the growth kinetics of
each tumor model. Study endpoints included tumor growth and body
weight observation. Tumor volume was calculated in cubic millimeters
(volume = length × width2 × 0.5). Mice were euthanized and recorded
as a “conditional death” when the tumor volume exceeded 2000 mm3 or
when the tumors became excessively necrotic. The mean tumor volume
in the treatment group(s) versus control group was compared with ei-
ther Student’s t test for studies with only two groups or analysis of var-
iance (ANOVA) followed by Tukey’s test for studies with more than
two groups. Data are presented as means ± SEM.

Impact of PD173074 and FP-1039 on serum
phosphate in rats
Sprague-Dawley rats (Charles River Laboratories; n = 5 per group)
were administered the FGFR kinase inhibitor PD173074 (Chemdea;
50 mg/kg per day) or vehicle control by oral gavage for 7 days. In
separate experimental arms, FP-1039 (200 mg/kg) or appropriate ve-
hicle was dosed weekly by intravenous administration. Blood samples
were collected at the time points indicated, and serum phosphate was
determined (IDEXX Laboratories).

qRT-PCR analysis of xenograft RNA expression
RNA was extracted from cell lines grown in vitro or tumor xenografts
grown in vivo with the RNeasy Mini kit (Qiagen). Extracted RNA was
treated with deoxyribonuclease I before creating cDNA with random
hexamer priming and reverse transcriptase using the QuantiTect Re-
verse Transcription Kit (Qiagen). Human and mouse RNA expression
was determined using QuantiTect Primer Assays (Qiagen) with a hu-
man GUSB control reference QuantiTect Primer Assay (Qiagen).
QuantiTect SYBR Green PCR Kits (Qiagen) were used to quantify
mRNA expression levels with real-time qRT-PCR and an ABI Prism
ViiA 7 Real-Time PCR System (Applied Biosystems). Relative gene ex-
pression quantification was calculated according to the comparative Ct

method with human GUSB as a reference and commercial RNA con-
trols (Stratagene). Relative quantification was determined according to
the following formula: 2−(DCt sample − DCt calibrator).
SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/5/178/178ra39/DC1
Fig. S1. FP-1039–mediated inhibition of FGF-2– and VEGF-A–induced angiogenesis in the Matrigel
plug assay.
Fig. S2. FP-1039 does not inhibit VEGF-A–induced HUVEC proliferation.
Fig. S3. FP-1039 inhibits tumor angiogenesis in the Caki-1 RCC xenograft model.
Fig. S4. FP-1039–mediated inhibition of FGFR1 signaling in the JIMT-1 breast cancer xenograft
model.
Fig. S5. Lung cancer cell lines with FGFR1 gene amplification are inhibited by FP-1039 in vitro
as assessed by CellTiter-Glo Luminescent Cell Viability Assay.
Fig. S6. Lung cancer cell lines with FGFR1 gene amplification are inhibited by FP-1039 in vitro
as assessed by tritiated thymidine incorporation assay.
Table S1. Summary of FP-1039 antitumor activity in a panel of xenograft models.
Table S2. Characteristics of lung cancer PDX models.
Table S3. qRT-PCR gene expression data for xenograft models.
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Table S4. Statistical analysis of FGF-related gene expression in relation to FP-1039 antitumor
response in xenograft models.
Table S5. Statistical analysis of FGF-related gene expression in relation to FP-1039 antitumor
response in non–FGFR1-amplified lung xenograft models.
Table S6. Spearman correlation of gene expression markers predictive of FP-1039 efficacy in
xenograft models.
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