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Abstract

The IGFI receptor promotes malignant progression and has
been recognized as a target for cancer therapy. Clinical trials with
anti-IGFIR antibodies provided evidence of therapeutic efficacy
but exposed limitations due in part to effects on, and the
compensatory function of, the insulin receptor system. Here,
we report on the production, characterization, and biologic
activity of a novel, IGF-targeting protein (the IGF-Trap) com-
prising a soluble form of hIGFIR and the Fc portion of hIgG;.
The IGF-Trap has a high affinity for hIGFI and hIGFII but low
affinity for insulin, as revealed by surface plasmon resonance. It
efficiently blocked IGFIR signaling in several carcinoma cell
types and inhibited tumor cell proliferation, migration, and
invasion in vitro. In vivo, the IGF-Trap showed favorable phar-

Introduction

The receptor for type I insulin-like growth factor (IGFIR) and its
ligands IGFI and IGFII play an important role in cancer progres-
sion and metastasis (reviewed in refs. 1, 2). Recent evidence has
linked the IGF axis to all the major steps in the initiation and
progression of malignant disease, including the development and
maintenance of the cancer stem cell, epithelial-mesenchymal
transition, and regulation of the tumor microenvironment
(reviewed in ref. 3).
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macokinetic properties and could suppress the growth of
established breast carcinoma tumors when administered ther-
apeutically into tumor-bearing mice, improving disease-free
survival. Moreover, IGF-Trap treatment markedly reduced
experimental liver metastasis of colon and lung carcinoma
cells, increasing tumor cell apoptosis and reducing angiogen-
esis. Finally, when compared with an anti-IGFIR antibody or
IGF-binding protein-1 that were used at similar or higher
concentrations, the IGF-Trap showed superior therapeutic effi-
cacy to both inhibitors. Taken together, we have developed a
targeted therapeutic molecule with highly potent anticancer
effects that could address limitations of current IGFIR-targeting
agents. Mol Cancer Ther; 14(4); 982-93. ©2015 AACR.

Several inhibitors of the IGF axis have been tested clinically.
For example, humanized or fully human neutralizing antibo-
dies against IGFIR are presently being evaluated as monothera-
pies or in combination with other drugs, for the treatment of
various malignancies (4, 5). In addition, neutralizing antibo-
dies [MEDI-573 (6), BI836845 (7)] and recombinant IGF-
binding proteins (IGFBP; refs. 8, 9) that react with IGFI and
IGFII and small-molecule tyrosine kinase inhibitors have also
been developed and some have advanced into clinical trials
(reviewed in refs. 3, 10, 11). The results of early and more
advanced clinical trials with some of these inhibitors exposed
several obstacles to their successful use in cancer therapy (12).
Because of the homology between IGFIR and the insulin
receptor (IR), several inhibitors of IGFIR signaling (including
tyrosine kinase inhibitors) were found to also disrupt IR sig-
naling, resulting in undesirable side effects such as hyperinsu-
linemia and hyperglycemia. The responses to more specific
drugs, such as anti-IGFIR antibodies, were also disappointing,
and this has been attributed to several potential factors, includ-
ing (i) a compensatory feedback mechanism that leads to
increased IGF production due to increased growth hormone
release (13) and (ii) insulin receptor isoform A (IR-A) signaling
that can be initiated by IGFII (the main plasma IGFIR ligand in
humans) or insulin and lead to enhanced tumor cell growth
(14-16). New insight into IGFIR signaling regulation has also
recently led to the proposition that the targeting of IGFIR by
antibodies or kinase inhibitors may result in alternative, kinase-
independent, ERK signaling mediated via recruitment of inter-
acting proteins such as P arrestins, thereby limiting the effec-
tiveness of these inhibitors (17). Some anti-IGFIR antibodies
have been withdrawn from clinical trials due to lack of benefit
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(CP-751871, Pfizer; RG1507, Roche; ref. 10), whereas others
are currently being tested in combination with other drugs.

An effective strategy for blocking the action of cell surface
receptors is the use of soluble decoys that bind the ligand with
high affinity and reduce its bioavailability to the cognate receptor
in a highly specific manner (18-20). For example, a soluble TNFo.
receptor-Fc fusion protein (Etanercept or Enbrel) is currently in
clinical use for the treatment of rheumatoid arthritis (21) and a
VEGFR1/VEGFR2-Fc decoy (VEGF Trap) is in clinical trials as an
antiangiogenic, anticancer drug (18). Although the development
of IGFIR decoys for cancer treatment has been reported (22), to
date, none have advanced into clinical use.

A soluble IGFIR receptor decoy offers key advantages over
receptor targeting antibodies and small-molecule inhibitors. With
high specificity for IGFI and IGFII, and an expected poor affinity
forinsulin, a decoy should have minimal negative effects on the IR
system. Because the decoy binds circulating ligands, penetration
and diffusion into tumor sites are not major obstacles. Moreover,
although antibodies to IGFIR or receptor-specific inhibitors do
not target IR-A/IGFIl-initiated signaling, a decoy receptor with
high binding affinities for both circulating ligands should reduce
IGFII bioavailability and IR-A activation.

Previously, we reported that metastatic lung carcinoma cells
genetically engineered to produce a 933-amino acid, soluble
protein spanning the entire extracellular domain of the IGFIR
(sIGFIR), failed to produce liver metastases in 88% of injected
mice, resulting in increased long-term, disease-free survival (23).
Subsequently, we developed a novel therapeutic approach for
sustained in vivo delivery of this soluble receptor by genetically
engineered autologous bone marrow stromal cells (24), and this
resulted in growth inhibition of several tumor types, due to
reduced tumor cell growth and increased apoptosis. More recent-
ly, a third-generation gutless adenovirus engineered to express the
soluble receptor was used for sustained production of the soluble
receptor in vivo, and this resulted in protection of the animals from
tumor growth in the liver (25).

Here, we describe the production, characterization, pharma-
cokinetic properties, and therapeutic potency of the next-gener-
ation decoy—a recombinant soluble protein consisting of the
extracellular domain of human IGFIR fused to the Fc portion of
human IgG, (the IGF-Trap). We show that this novel IGF-Trap was
highly effective in vivo in multiple preclinical models of aggressive
carcinoma types, causing regression of established tumors and
comparing favorably with an anti-hIGFIR antibody and an IGF-
binding protein. Collectively, these data identify the IGF-Trap as a
potential anticancer drug.

Materials and Methods

Cells

The origins and metastatic properties of murine colon carci-
noma MC-38 and Lewis lung carcinoma subline H-59 cells and
their culture conditions and testing were described in detail
elsewhere (24). MC-38 cells were originally from an NCI repos-
itory and were obtained as a kind gift from Dr. Shoshana Yakar
(New York University, NY) in 2005. They were recently authen-
ticated by Didion and colleagues (26) using SNP profiling as
described. H-59 is a subline of the Lewis lung carcinoma that was
developed by the Brodt laboratory in 1986, as previously
described in detail (27). The 4T1 and MDA-MB-231 cell lines
were obtained from the ATCC in 2002. Subline 2776 of 4T1 was
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obtained in 2010, as previously described (28). All cell lines were
periodically tested for mouse and human pathogens and myco-
plasma infection, as per the McGill University Animal Care
committee and the McGill University Biohazard committee
guidelines, and were last retested in 2014. To avoid cross-con-
tamination and phenotype changes, these cell lines have not been
maintained in long-term cultures. All cells used in this study were
maintained as frozen stocks and cultured for 2 to 4 weeks only in
DMEM (MC-38, MDA-MB-231) or RPMI (H-59, 4T1) media
supplemented with 10% FBS and antibiotics before use in the
experiments. Authentication of these cell lines based on mor-
phology, growth curve analysis, and metastatic phenotype was
performed regularly, and no phenotype changes were observed
through the duration of this study.

Reagents and antibodies

Recombinant mIGFI was from Cedarlane and R&D Systems,
rhIGFI was from Cedarlane and BioVision, rhIGFIl was from
Calbiochem (EMD-Millipore/ThermoFisher) and BioVision, and
human insulin was from Sigma-Aldrich. The mouse monoclonal
antibody to human IGFIR-MAb 391 (R&D Systems; ref. 29) was
used to treat tumor-bearing mice in vivo. For IHC, rabbit poly-
clonal antibodies to pIGFIR, Ki67, and cleaved caspase-3 (all from
Abcam) and a rat monoclonal antibody to CD31 (Clone MEC
13.3) from BD Biosciences were used. Secondary antibodies Alexa
Fluor 647-goat-anti-rabbit and Alexa Fluor 568-goat anti-rat
antibodies from Molecular Probes were used as appropriate.

Generation of CHO cells stably producing IGF-Traps

The construction of the sIGFIR and IGF-Trap is detailed in
Supplementary Materials and Methods. Lentivirus particles
expressing SIGFIR or IGF-Trap were generated in the packaging
cell line 293PacLV, as detailed previously (30). Two stable cell
lines (CHO-cum2-CR5-sIGFIR and CHO-cum2-CR5-IGF-TRAP)
were generated by transduction of the CHO-Cum?2 cell line with
the respective lentivirus particles using the protocol described
previously (31). Clonal populations of the transduced cells were
obtained by limiting dilution and clones identified as highest
producers were expanded. Protein production was initiated by
the addition of 1 ug/mL cumate in fresh medium, followed by
24-hour incubation at 37°C, and 7 to 8 days incubation at 30°C.
Cells were removed by centrifugation, and the supernatants were
filtered and concentrated (10x) using the Tangential Flow Filtra-
tion Systems (Pellicon ultrafiltration cassettes; EMD-Millipore).
The sIGFIR and IGF-Trap fusion proteins were purified on ceramic
hydroxyapatite (type I) columns (CHT; Bio-Rad) followed by size
exclusion chromatography performed on Sephacryl S400 HR
columns (GE Healthcare), and the purity of the eluted proteins
was verified by SDS-PAGE. Where indicated, further purification
using protein A columns was performed using a MabSelect SuRe
column (8 ml; GE Healtcare). The proteins were stored at —80°C
until used for the analyses described.

Production of the rhIGFBP-1

The construction of rhIFBP-1 is described in Supplementary
Materials and Methods. The IGFBP-1 was purified by sequential
affinity chromatography on Fractogel EMD-chelate (EMD-Milli-
pore) charged with cobalt. The purified protein was desalted in
PBS on a desalting column (GE Healthcare) as per the manufac-
turer's instruction.
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Surface plasmon resonance

Binding of mIGFI, hIGFI, hIGFII, and human insulin to sIGFIR,
IGF-Trap, or IGFBP-1 was examined using label-free, real-time
BIACORE 3000 instrumentation (GE Healthcare). Experiments
were performed on research-grade CM5 sensor chips. Purified
sIGFIR and IGF-Trap preparations (15 pg/mL in 10 mmol/L
sodium acetate, pH 4.5) were immobilized using the Biacore
Amine Coupling Kit [4,000-8,000 resonance units (RU) final];
corresponding reference surfaces were prepared in the absence of
any IGF-Trap. Maltose-binding protein (negative control) and
ligands were injected over reference and receptor-immobilized
surfaces in-tandem, using variable flow rates (10, 25, 50 uL/min)
and contact times (5-20 minutes association/dissociation), and
sensor chip surfaces regenerated between sample injections.
Between sample injections, surfaces were regenerated at 50 uL/
min using two 30-second pulses of solution A (1 mol/Limidazole)
and B [0.03% (v/v) Empigen detergent in 1/10 diluted Pierce
Gentle Elution buffer]. SPR data were double-referenced (32) and
arerepresentative of duplicate injections acquired from at least two
independent trials. The binding of hIGFI and -II to amine-coupled
IGFBP-1 (10 pug/mL in 10 mmol/L NaOAc, pH 4.5; 600-800 RU
final) was examined in a similar manner. Consistent with previous
IGF-based SPR methods (33-36), individual association (k,) and
dissociation (k4) rate constants, as well as overall equilibrium
dissociation constants (Kp), for the IGF titrations were determined
by global fitting of the data to a "1:1 kinetic" model (BIAevaluation
v4.1 software; GE Healthcare). K, values for the insulin titrations
were determined by global fitting of the data to a "steady-state
affinity” model in BIAevaluation.

Functional in vitro assays

Tumor cell proliferation was measured using the colorimetric
MTT assay, as described (23).

Anchorage-independent cell growth was measured using the
semi-solid agar clonogenicity assay, as described (37). IGFI with
or without the IGF-Trap was added to the agar overlay and
replenished 2 to 3 times weekly for 14 days. Colonies with a
diameter of >80 um were scored.

Apoptosis was analyzed using the anoikis assay, as described
previously (38), and the In Vivo Cell Death Detection-RED stain-
ing Kit (Roche Diagnostics) for quantification.

Cell migration was analyzed using a standard Boyden Chamber
assay (37) or a real-time, electrical-impedance-based technique
with the automated xCELLigence system (Roche Diagnostics;
ref. 39). Tumor cells were plated in wells (5 x 10* cells/well) of
CIM-Plates 16 (Roche Diagnostics) and placed on top of a lower
chamber containing 10* ng/dL IGFII in SF media with or without
the IGF-Trap. Incubation at 37°C was for 12 hours with contin-
uous reading and recording by the xCELLigence software.

Cell invasion was also measured with the xCELLigence system.
Tumor cells were plated at 5 x 10" cells per well in CIM-Plates 16
on membranes precoated with a 1:40 dilution of Matrigel (BD
Biosciences), placed on top of a lower chamber containing 5,000
ng/dL IGFI with or without the IGF-Trap at the indicated molar
ratios and incubated at 37°C for 48 hours.

Pharmacokinetic analysis

Mice were injected intravenously with 10 mg/kg IGF-Trap. The
mice were divided into several groups of 3 mice each and blood
collected from alternate groups, beginning at 5 minutes and up to
10 days after injection. Plasma IGF-Trap levels were analyzed
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using the soluble IGFIR ELISA Kit (R&D Systems). Data for each
group of mice bled at the same interval were pooled. Noncom-
partmental analysis was performed using Phoenix Win-Nonlin
Software v6.2 (Pharsight Corporation), and pharmacokinetic
parameters were determined.

Measurement of pAKT

To measure the effect of the IGF-Trap on ligand-induced IGFIR
signaling, tumor cells cultured overnight in serum-free media
were stimulated for 2 or 20 minutes (as determined based on
preliminary experiments) with 10* ng/dL IGFI in the presence or
absence of the IGF-Trap that was added at a molar ratio of 2:1. The
cells were lysed (40) and pAKT levels in the cell lysates quantified
using the RayBio Phospho Akt (Ser473) ELISA Kit (PEL-Akt-S473-
T; Raybiotech) as per the manufacturer's instructions.

Measurement of plasma IGFI and insulin levels

IGFI was quantified using the mouse IGF-I DuoSet ELISA Kit
(R&D Systems), circulating Trap:IGFI complexes were semiquan-
tified using a combination ELISA, as we previously described (24),
and insulin was quantified using the Mercodia mouse insulin
ELISA Kit (Mercodia AB). Plasma obtained from mice injected
with vehicle only (PBS) was used to establish baselines.

Orthotopic breast cancer models

All mouse experiments were carried out in strict accordance
with the recommendations of the Canadian Council on Animal
Care (CCAC) and under the conditions and procedures approved
by the Animal Care Committee of McGill University (AUP num-
ber: 5733). Mammary carcinoma 4T1 cells were injected into the
mammary fatpads (MFP) of Balb/c female mice (Charles River)
using 5 x 10* cells in 0.05 mL PBS. Tumors were measured on
alternate days using a caliper, and tumor volumes were calculated
using the formula 1/2 (length x width?). One million MD-MBA-
231 cells in 0.05 mL Matrigel diluted 1:1 with PBS were implanted
in the MFPs of Ncr nu/nu mice (Taconic Farm). When tumors
were established (50-100 mm?), the animals were randomized
and treated with the indicated concentrations of IGF-Trap, MAb
391, or vehicle (i.v.), twice weekly until day 33. Longitudinal
bioluminescence imaging was performed following the i.p. injec-
tion of 150 mg/kg XenoLight RediJect D-Luciferin using the IVIS
Spectrum/200 (Caliper Lifesciences; Caliper/PerkinElmer).

Experimental metastasis assays

Experimental liver metastases were generated by intrasplenic/
portal injections of 5 x 10* (MC-38) or 10° (H-59) tumor cells
into C56BL/6 mice (Charles River) followed by splenectomy, as
previously described (23, 37). Treatments with the IGF-Trap or
IGFBP-1 were as indicated. Metastases were scored as previously
described (23).

IHC and confocal microscopy

IHC and confocal microscopy were performed as previously
described (40) using the indicated antibodies. The sections were
analyzed with a Zeiss LSM 780 laser scanning confocal microscope
(Carl Zeiss Canada Ltd) equipped with a Zen image analysis station.

Statistical analysis

All cell-based data (in vitro assays and IHC) and tumor volumes
were analyzed by the two-tailed Student t test. The nonparametric
Mann-Whitney test was used to analyze experimental metastasis
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data, and the Mantel-Cox and Gehan-Breslow-Wilcoxon tests
were used to analyze survival data.

Results

Production of an IGF-Trap with high binding affinity and
specificity

The engineering and production of the IGF-Trap involved two
steps. Initially, we generated a soluble receptor decoy (sIGFIR)
consisting of the entire extracellular domain of the receptor (933
amino acid residues = ~370 kDa; Supplementary Fig. S1A) and
confirmed its high binding affinity for hIGFI and its specificity,
using SPR (Supplementary Fig. S1B and S1C; Supplementary
Table S2). To evaluate the biologic activity of this protein, we
analyzed its effect on tumor cell proliferation (Supplementary Fig.
S2A), invasion (Supplementary Fig. S2B), colony formation in
semi-solid agar (Supplementary Fig. S2C), and detachment-
induced apoptosis (anoikis; Supplementary Fig. S$2D), using the
Lewis lung carcinoma subline H-59 cells that are highly responsive
to IGFI (41, 42). These analyses confirmed the IGFI-inhibitory
activity of the decoy.

To improve the pharmacokinetic properties of sIGFIR, we
generated a sIGFIR-hFc-IgG, fusion protein (the IGF-Trap =
~430 kDa) that was produced in CHO cells (Supplementary Fig.
S3A). Comparison of the SPR profiles of the native Fc-free SIGFIR
(Supplementary Fig. S1B and S1C) and the IGF-Trap (Supple-
mentary Fig. S3B-S3D) revealed that the addition of the Fc

An IGF-Trap for Cancer Treatment

fragment did not alter the individual binding kinetics or overall
affinity. Specific dose-dependent binding with the IGF-Trap was
most significant with hIGFI (slow-on, slow-off kinetics; Fig. 1A),
whereas maltose-binding protein (MBP, negative control; Fig. 1B)
exhibited little or no specific binding. Similar slow-on, slow-off
kinetics with mIGFI (Fig. 1C) and hIGFII (Fig. 1D) yielded lower
binding overall, whereas insulin exhibited distinctly different
rapid-on, rapid-off kinetics (Fig. 1E). The observed binding
responses correlated well with theoretical R, predictions,
and replicate titration series (e.g., for hIGFl; Fig. 1F) generated
nearly superimposable data, validating the robustness of the SPR
assay. Overall, binding of hIGFI to the IGF-Trap was strongest
(Kp ~5 nmol/L; Fig. 1A and Supplementary Table S2) and most
stable (i.e., slowest dissociation rate constants), whereas mod-
erately weaker affinities were observed for hIGFII (~22 nmol/L),
mIGFI (~32 nmol/L), and a 1,000-fold weaker affinity for
insulin (>5 umol/L; Fig. 1A; Supplementary Table S2). Taken
together, the results confirmed the high affinity and specificity of
the IGF-Trap for both hIGFI and hIGFII ligands with Kp, values
consistent with published data on the native cell surface recep-
tor (34, 36, 43).

The IGF-Trap inhibits IGFIR signaling and blocks IGFI- and
IGFII-mediated cellular functions

We next assessed the biologic activity of the IGF-Trap using a
series of in vitro functional assays with several highly aggressive
carcinoma cell types (44, 45). The PI3-K/Akt pathway is

A 200 200
. hIGFI Kp = 5.3 £ 0.1 nmol/L MBP
Figure 1. R .
Binding kinetics and specificity of the g 150 2 180
IGF-Trap. Shown are representative g 7(.”7
SPR data for the indicated ligands S 100 S 100
(3-fold serial dilutions) to amine- § §
coupled IGF-Trap (~8,000 RU) at o 50 o 50
25 pL/min (5-minute association +
10-minute dissociation) at the
following concentrations: A, 0-90 0 0
nmol/L hiGFT: B, 0-270 nmol/L MBP: 100 300 50f|)_ime (3(7;;()) 900 1,100 100 300 so?ﬁme (Szcc);) 900 1,100
C, 0-90 nmol/L mIGFI; D, 0-90 nmol/
L hIGFII; E, 0-70 umol/L h-insulin; C 200 D 200
F, to verify the robustness, reliability, mIGFI KD =132 +2 nmol/L hIGFII KD =22 + 1 nmol/L
and reproducibility of the SPR S 150 S 80
technique used, a second (repeat) o o
titration of hIGFI was performed 2 2
following the ordered series shown in §_ 100 é 100
A to E. The experimental data were 2 2
analyzed using the "1 kinetic” (hIGFI, T ¢4 T 5
hIGFIl, mIGFI) or "steady-state
affinity” (h-insulin) models in
BlAevaluation. The values shown So0 30 500 700 900 1,100 %00 30 500 700 900 1,00
(4SE) represent the means of Time (sec) Time (sec)
duplicate injections acquired from
three independent trials. Theoretical E 200 F 200
binding maxima were predicted using h-insulin Kp = 5.7 + 2.7 umol/Ll hIGFI Kp =5.3 0.1 nmol/L
the equation Rmax = (MWa/MW,) (RL) S 150 S 150
(n); where Rmax is maximal binding T L
response (RU) at saturating ligand § %
concentration; MW, molecular % 100 é_ 100
weight of solution-phase ligand; MW/, e 2
molecular weight of immobilized 50 50
IGF-Trap; Ri, amount (RU) of IGF-Trap
immobilized; n, predicted binding o L 0
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activated downstream of IGFIR phosphorylation and mediates
tumor cell rescue from apoptosis (46). In response to IGFI, a
marked increase in Akt phosphorylation, as measured by ELISA,
was observed in all carcinoma cells tested, and this increase was
abolished in the presence of the IGF-Trap (Fig. 2A). This
blockade of IGFIR signaling was also reflected in a loss of
IGFIR-mediated cellular activities, such as proliferation (Sup-
plementary Fig. S4A), anchorage-independent growth (Supple-
mentary Fig. S4B), invasion (Fig. 2B), and rescue from detach-
ment-induced apoptosis (Fig. 2C) in the presence of IGFI, as
measured using lung carcinoma H-59 cells. Similarly, cell
migration in response to IGFI or IGFII, as measured using
mammary carcinoma 4T1 (Fig. 2D and Supplementary Fig.
S$4C) or colon carcinoma MC-38 (Fig. 2E) cells, was blocked
in the presence of the IGF-Trap. For each cell type, assays and
conditions were selected based on preliminary optimization
studies. Collectively, these results showed that the IGF-Trap was

A 8,000
6,000

4,000

2,000

pAKT (units/ug protein)

I

[l

biologically active, able to block IGFIR signaling and functions
in different cell types, suppress a range of cellular activities
essential for cancer growth and metastasis, and inhibit the
response to both IGFI and IGFII.

Improved pharmacokinetic properties of the IGF-Trap

To compare the pharmacokinetic properties of sIGFIR and the
IGF-Trap in vivo, mice received a single 10 mg/kg i.v. injection of
the proteins and underwent a serial blood collection for up to 240
hours thereafter. Plasma concentrations were evaluated by ELISA.
The area under the plasma drug concentration-time curve (AUC),
which reflects the actual body exposure to the drug after admin-
istration (Fig. 3A and B; Supplementary Table S3), was increased
4-fold (from 98 to 405 pug - h/L) for sSIGFIR-Fc as compared with
SIGFIR, where the maximum concentration (C,,x) increased 2-
fold (from 28.6 to 55.4), and the plasma half-life increased 2.15-
fold (from 21.9 to 47.5 hours). The results indicated that the IGF-

Figure 2.

The IGF-Trap inhibits IGFIR signaling
and blocks IGFI- and IGFIl-induced
cellular activities in vitro. Shown are
pPAKT levels (A) measured following
stimulation of the indicated tumor
—r— cells for 2 (4T1) or 20 (H-59, MDA-MB-
231) minutes with 10? ng/dL IGF, in the
1.

IGFI +
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presence or absence of the
IGF-Trap added at a 2:1 molar ratio (to
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59 invasion (B) was measured using
the xCELLigence system with 5,000
ng/dL IGFI and the IGF-Trap at a 1:1
molar ratio. Shown are representative
results of 5 experiments, each
performed in duplicate. Real-time
invasion values are shown on the left

* and relative invasion values at 48

hours on the right. Apoptosis (C) was

m Ll [ H

measured using H-59 cells plated in
PolyHEMA-coated wells and

10% SF = SF + IGFI —J

FBS L4+ IGF-Trap J

incubated for 48 hours with
IGFLIGF-Trap: 21 1:1 1:2
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1,000 ng/dL IGFI with or without the
IGF-Trap at the indicated molar ratios.
Shown are representative results of
3 experiments expressed as a ratio to
cells cultured in 10% FBS (& SD).
Migration of 4T1 cells (D) was
measured using a Boyden chamber
with 2 x 10* ng/dL IGFI and the
e IGF-Trap at the indicated molar ratios.
* The results are mean (£SD) of two

experiments performed in triplicate.

Migration of MC-38 cells (E) in
response to 10* ng/dL IGFIl was
SF — sF+iGFII —!
L+ 1GF-Trap

measured using the xCELLigence
system. Shown are representative
results (= SEM) of one of 2
experiments, each performed in
triplicate. SFM, serum free medium.
*,P<0.05;**, P<0.01; ***, P< 0.005;
*eer, P < 0.001; *****, P < 0.0005.
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Figure 3.

Pharmacokinetic properties and the effect of the sIGFIR and the IGF-Trap on
circulating IGFI. Mice were injected intravenously with 10 mg/kg of the
purified and LPS-free sIGFIR (A) or 10 mg/kg (A-C) or 5 mg/kg (D) of the IGF-
Trap. Soluble IGFIR levels (A and B), IGF-Trap complexes (C), and plasma IGFI
(D) were analyzed by ELISA. The results are based on 3 plasma samples per
time point. Shown in A and B are results based on 3 serum samples per time
point that were analyzed using the PK software (see additional data in
Supplementary Table S3). Results in C are mean (& SE) of three
measurements per time point and represent net values after deduction of
background levels that were detected in vehicle-treated mice (35-57 pg/mL).
Results in D are expressed as mean (& SE) of 3 plasma samples per time point.
On days 4 and 8, blood was collected and plasma IGFI concentrations (D)
were measured 20 minutes before and 1 hour after IGF-Trap injection.

Trap had significantly improved pharmacokinetics properties in
comparison with the native sIGFIR. They also placed the phar-
macokinetic properties of the IGF-Trap within the range of other
targeted drugs currently in the clinic (18, 47).

We confirmed that in mice injected with the IGF-Trap, sIGFIR:
IGFI complexes were detectable within 3 hours of the injection
and remained at measurable levels when additional injections
were administered every 3 to 4 days, declining progressively after
treatment was terminated (Fig. 3C), likely due to proteolytic
degradation (48). Total (bound and unbound) circulating IGFI
levels during the same period were not significantly different from
those in control (vehicle-injected) mice at any of the time points
analyzed, although minor fluctuations (up to 15% change) were
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observed on the days of IGF-Trap injections (Fig. 3D). Impor-
tantly, circulating insulin levels during the same period were not
significantly different from those in vehicle-injected mice (Sup-
plementary Fig. S5).

The IGF-Trap inhibits growth of established breast carcinoma
tumors and improves survival

Having established the favorable pharmacokinetic properties
of the IGF-Trap, we next assessed its therapeutic efficacy in several
metastatic carcinoma models. Therapeutic effects were evaluated
in two orthotopic breast carcinoma models, namely, the murine
mammary carcinoma 4T1 (28) and triple-negative human breast
carcinoma MDA-MB-231 cells (44, 49). Balb/c female mice,
orthotopically injected with 10° 4T1 cells in the MFP, received
a total of 4 i.v. injections of the IGF-Trap; 10 mg/kg at 4 and
72 hours and 5 mg/kg at 6 and 10 days after tumor inoculation
(Fig. 4A, red arrows). Local MFP tumors grew rapidly in all
nontreated mice, and these mice were moribund by day 14 after
tumor inoculation (Fig. 4A and B). In treated mice, however,
tumors did not significantly progress for the duration of IGF-Trap
treatment. Tumor growth was seen only after cessation of treat-
ment (day 14 onward, Fig. 4A) and mice survived for up to 35 days
after tumor injection (Fig. 4B; P < 0.01 using both the Mantel-Cox
and Gehan-Breslow-Wilcoxon tests).

To test the effect of the IGF-Trap on the growth of human breast
carcinoma cells, 10° MD-MBA-231 cells were implanted with
Matrigel in the MFP of nu/nu mice. When tumors were established
(50-100 mm>; day 11, Fig. 4C, red arrow), the animals were
randomized for i.v injection with 5 mg/kg of the IGF-Trap or
vehicle as control, twice weekly, up to day 33. An additional group
of mice was injected with 5 to 10 mg/kg of the anti-IGFIRMAb 391
(Kp 0.02 nmol/L; ref. 29). Mice in the control group were all
moribund by day 48 (Fig. 4C, red dashed line). In the IGF-Trap-
treated group, tumors did not progress during treatment. Growth
arrest followed by complete regression (and long-term survival)
was seen in 2 of 5 mice (dotted line). In 3 of 5 mice, tumors began
to grow only 20 days after the last treatment was administered
(day 53) and morbidity eventually developed in these mice by day
85 following tumor injection (Fig. 4C). In comparison, the effect
of MAb 391 on tumor growth was more variable and limited with
2 of 5 mice showing progressive tumor growth at a rate similar to
controls and 3 of 5 having reduced tumor growth rate, but no
growth arrest, during treatment (P > 0.05 from days 10-41).
Significantly, no complete regressions were observed in this
treatment group, and morbidity was observed from day 65
onward (Fig. 4C, green dashed line). Longitudinal biolumines-
cence imaging of the tumors showed an increase in signal intensity
in the control and MAb 391-treated groups and a marked reduc-
tion in signal in the IGF-Trap-treated group over time (Fig. 4D
and E).

The IGF-Trap inhibits experimental liver metastasis of colon
and lung carcinoma cells

Cancer metastasis to vital organs such as the liver and lung is the
major cause of cancer-related death. We assessed the ability of the
IGF-Trap to inhibit the growth of metastatic cancer cells in the
liver. Mice were injected with colon carcinoma MC-38 or lung
carcinoma H-59 cells via the intrasplenic/portal route to generate
experimental liver metastases and treated 24 hours later, when
micrometastases began to develop (50), with 2 to 10 mg/kg IGF-
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Figure 4.

Growth arrest and regression of mammary tumors in mice injected therapeutically with the IGF-Trap. Balb/c mice were injected into the MFP with 5 x 10% 4T1 cells
(A and B). Intravenous IGF-Trap injections were administered 4 hours and 3, 6, and 10 days (arrows) after tumor inoculation (10 mg/kg for the first 2 injections
and 5 mg/kg subsequently). Shown in A are mean tumor volumes (= SD) and in B a Kaplan-Meier survival curve (P < 0.01 using Mantel-Cox or Gehan-Breslow-
Wilcoxon Tests). Nu/nu mice (5-8 per group) were injected in the MFP with 10° MDA-MB-231 cells in Matrigel (C-E). Mice were randomized when the

tumors measured 50 to 100 mm® (day 11, arrow) and injected i.v. with 5 mg/kg IGF-Trap, 5 to 10 mg/kg MAb 391, or vehicle, twice weekly up to day 33. Mean tumor
volumes (and SD) are shown in C. Red dashed line, the time when all control mice were moribund; green dashed line, when morbidity was seen in the MAb
391-treated group. Mean tumor volumes in the IGF-Trap-treated were significantly lower than controls (P < 0.05) from day 20 onwards and in the Mab
391-treated group on days 44 and 48 only. D and E, longitudinal bioluminescence images obtained at the indicated days after tumor injection (D) and
bioluminescence signal intensity values in the three groups (E), as a function of time based on 3 to 5 mice per group.

Trap or vehicle, followed by one or two additional injections as
indicated. Liver metastases were enumerated and sized 18 days
after tumor injection. In a separate experiment, and as a compar-
ison, we also treated MC-38-inoculated mice, twice daily for 5
days with 50 mg/kg rhIGFBP-1 (a 10-fold higher concentration
than the IGF-Trap), which was confirmed by SPR to be function-
ally active (Supplementary Table S2), with binding affinities for
hIGFI (Kp ~ 2 nmol/L) similar to those of the IGF-Trap (Kp ~ 5
nmol/L). The results show that three IGF-Trap injections admin-
istered 1, 4, and 8 days after tumor inoculation markedly reduced
the number and size of MC-38 liver metastases in a dose-depen-
dent manner (Fig. 5A and B), whereas treatment with IGFBP-1 had
no significant effect on liver metastases formation (Fig. 5C). The
number of H-59 metastases was also significantly reduced fol-
lowing two injections of IGF-Trap, 1 and 5 days after tumor
inoculation (Fig. 5D and E). Although in some IGF-Trap-treated
mice, the numbers of liver metastases were within the range
observed in some untreated mice, these metastases were signif-
icantly smaller in size, suggesting that some surviving tumor cells
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may have resumed growth upon cessation of treatment on days 5
(H-59) or 8 (MC-38) and indicating that prolonged treatment
and/or increased doses could probably improve outcome. Taken
together, these results indicated that the IGF-Trap could block
tumor cell growth even in an IGF-rich microenvironment, such as
the liver.

The IGF-Trap blocks IGFIR signaling and functions in tumor
cells in vivo

The mechanism of action of the IGF-Trap was assessed in mice
that received an intrasplenic/portal injection of 10> GFP-tagged
H-59 cells followed by 5 mg/kg IGF-Trap (orvehicle), 1 and 3 days
later. Livers removed on day 6 were analyzed by IHC using an anti-
PIGFIR antibody. The results (Fig. 6A) showed that as a conse-
quence of this treatment, signaling of the IGFIR was significantly
inhibited. In turn, the proportion of tumor cells undergoing
apoptosis within the hepatic micrometastases was significantly
increased (Fig. 6B), whereas the proportion of proliferating tumor
cells significantly decreased (Fig. 6C). Moreover, vessel density in
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The IGF-Trap inhibits the growth of experimental colon and lung carcinoma liver metastases. Mice were injected with 5 x 10* MC-38 (A-C) or 1 x 10° H-59 (D and E)
cells via the intrasplenic/portal route to generate experimental liver metastases. Intravenous IGF-Trap injections (A, B, D, and E) at the indicated dose (or
vehicle as control) were administered 24 hours and 4 and 7 (A and B) or 4 (D and E) days later, and injections of 50 mg/kg rhIGFBP-1 (or vehicle for control; C) began
4 hours after tumor injection and continued twice daily for 5 days. Liver metastases visible on the surface of the liver were enumerated and sized on day 18
after tumor injection. A, C, and D, the numbers of metastases seen in individual livers in each group and the medians (bar and number) per group. The mean
diameters of metastases per group are shown on top. B and E, hematoxylin and eosin-stained, formalin-fixed and paraffin-embedded sections obtained

from different livers of MC-38-injected mice (B) and images of the livers from mice injected with 5 mg/kg IGF-Trap (E). T, tumor; L, liver. Magnification,
x20-x50; inset, x400. *, P < 0.05; **, P < 0.01. The mean diameters of the metastases were significantly smaller in IGF-Trap-treated mice following injection
of MC-38 (A, P < 0.001 for mice treated with 5 and 10 mg/kg) or H-59 (D, P < 0.01) cells, as compared with vehicle-injected controls.

the micrometastases (assessed by quantification of CD31" endo-
thelial cells) was also significantly reduced in IGF-Trap-treated
mice (Fig. 6D). Collectively, these results showed a marked
inhibition of IGFIR-dependent biologic activity in tumor cells
during the early stages of metastases formation in the liver.

Discussion

Taken together, our results identify the IGF-Trap as a potent
inhibitor of the growth of several highly aggressive carcinoma cell
types. Moreover, in our hands, the tumor-inhibitory effect of the
IGF-Trap was superior to that of an anti-IGFIR antibody admin-
istered at the same (or higher) concentrations, as evidenced by the
complete growth arrest and/or regression of established human
breast carcinomas in IGF-Trap-treated, but not in antibody-trea-
ted xenotransplanted mice. The anticancer effect of the IGF-Trap
also compared favorably with IGFBP-1 that bound IGFI and IGFII
with affinities comparable with the IGF-Trap but could not
significantly inhibit the growth of colorectal carcinoma MC-38
liver metastases relative to untreated controls, even when admin-
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istered at a 10-fold higher concentration and with higher frequen-
¢y than the IGF-Trap. This greater therapeutic efficacy is probably
due to several factors, namely (i) the high affinity of the IGF-Trap
for IGFII that results in blockade of both IGFIR and IR-A signaling
(unlike an IGFIR-targeting drug), (ii) the ability of the IGF-Trap to
bind its ligands in the circulation, thereby bypassing the require-
ment for efficient drug penetration into the tumor site (a potential
limitation of anti-IGFIR antibodies), (iii) superior pharmacoki-
netic properties in comparison with IGFBPs (51), and (iv) the
potential of anti-IGFIR antibodies to act as natural agonists and
activate alternate IGFIR signaling (17)—a compensatory mecha-
nism that is circumvented with the use of an IGF-Trap.

Several soluble receptor-Fc fusion proteins are already in
clinical use (52-54) and others have entered clinical trials
(refs. 55, 56; reviewed in ref. 57). A major challenge for engi-
neering effective soluble, growth factor and cytokine receptor
decoys has been the multiplicity of biologic receptors that are
naturally available for some of these factors (e.g., IL1, IL6, and
TNF). For some Traps, this has required the construction of
soluble receptors consisting of more than one ligand-binding
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domain (18). IGFIR, however, is the only high affinity binding
receptor for IGF], and fusion to a second ligand-binding site was
therefore not required for efficient trapping of circulating IGFI in
the treated mice. IGFII can also bind to IGFIIR, but this second
receptor does not have intracellular signaling functions and acts,
in fact, to reduce IGFII bioavailability for IGFIR. Binding of free
IGFII to IGFIIR does not therefore represent an obstacle to tumor
growth inhibition. Finally, IGFI is the major circulating IGFIR
ligand in adult mice, but IGFII is the major plasma IGFIR ligand in
man (58). In addition, IGFII can also bind to the insulin receptor
IR-A to activate signaling in tumor cells. Our SPR data confirmed
that the IGF-Trap can bind IGFII with high affinity, and we have
also shown that the IGF-Trap is able to block IGFII-induced
migration in two different tumor cell types in vitro, suggesting
that it is functionally active against IGFII. Although this is sug-
gestive of anti-IGFII potency, the ability of the IGF-Trap to
efficiently block the effects of circulating and paracrine or auto-
crine IGFII in vivo in the clinical setting cannot be conclusively
determined based on the preclinical mouse models and in vitro
assays used in this study and it remains to be verified in the clinic.
Our finding that higher concentrations of the Trap were required
to achieve an inhibition of IGFII-mediated migration that is
similar in magnitude to inhibition of IGFI-induced functions is
consistent with the reduced affinity of the IGF-Trap for IGFII, as
was shown in Fig. 1.

The IGF-Trap could inhibit IGFIR signaling in tumor cells in
vitro and in vivo and, as a result, increased apoptosis and reduced
the proliferation of these cells. We also observed a reduction in
tumor-associated angiogenesis. The causal relationship between
these effects may involve reciprocal mechanisms. IGF ligands can
promote angiogenesis by upregulating tumor-derived VEGF pro-
duction or via direct effects on the endothelial cells (1). Although
the observed reduction in angiogenesis may therefore be second-
ary to increased tumor cell apoptosis, it is also possible that (i)
reduced neovascularization may contribute to increased tumor
cell death or (ii) both mechanisms contribute to the observed
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Figure 6.

The IGF-Trap inhibits IGFIR signaling
and functions in vivo. Mice were
injected by the intrasplenic/portal
route with 10° GFP-tagged H-59 cells
followed by 5 mg/kg IGF-Trap or
vehicle, 1and 3 days later. Livers were
obtained on day 6, and 10-um cryostat
sections were immunostained with
pIGFIR (A), cleaved caspase-3 (B),
Ki67 (C), and CD31(D) in the presence
of DAPI (1:2,000). For each treatment
group, 11to 16 sections were analyzed,
and the percentage of tumor cells
(green) that were positive for the
indicated marker (A-C) or the number
of CD31" endothelial cells per field
(x20 objective) was calculated.
Shown are representative, merged
confocal images (A-D) and mean
(£SD) of percentage of
immunolabeled tumor (A-C) or
endothelial (D) cells per field.

**, P < 0.01; ****, P < 0.001.

IGF-
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reduction in tumor growth. It should also be noted that com-
mercially available anti-pIGFIR antibodies generally cross react
with pIR, and we found that the tumor cells used in the present
study all express IR-A at different ratios to IGFIR (Supplementary
Fig. $6). The reduction of >85% in pIGFIR signal observed in IGF-
Trap-treated mice bearing MC-38 metastasis and the marked
effects of the IGF-Trap in all tumor models tested, regardless of
the expression levels of IR-A suggest that IR-A signaling in the
treated mice, if it occurred due to the presence of IGFII, was also
highly suppressed.

Of note, we did not observe a major sustained reduction in total
circulating IGFI levels in IGF-Trap-treated mice. This suggests that
method used for IGFI quantification may not distinguish between
the Trap-bound and -unbound IGFI and therefore may not
provide a measure of the bioavailable ligand. The IGF-Trap may
also act locally, inhibiting paracrine IGFI activity at the tumor site
(59). Our observation that total circulating IGFI levels did not
significantly increase after IGF-Trap injection (although minor
increases were observed) may suggest that any increase in IGFI
production that has occurred due to a compensatory feedback
loop caused by reduced IGFI bioavailability (59) may have been
offset by coinciding clearance of IGF:IGF-Trap complexes, thereby
masking actual changes to total IGF levels. Such changes and also
the short duration of the experiments may explain the apparent
lack of measurable increase in insulin levels in these mice. In IGF-
Trap-injected mice, we observed a gradual decrease in IGFL:Trap
complexes following injection. Although the mechanism of Trap
clearance remains to be elucidated, proteolytic degradation of
circulating complexes has been documented (48) and likely plays
a role.

In IGF-Trap preparations, we observed protein species that
migrated at a >400 kDa range [high molecular weight
(HMW) species] that could be minimized by step elution follow-
ing Protein A column purification. The appearance of HMW
species of Fc fusion proteins was observed by others and attrib-
uted to the formation of disulfide bonds between individual Fc
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domains (36). These fractions could be minimized when the
protein was eluted at pH 4.5 and enriched by elution at pH 3.5.
Fractions enriched for HMW proteins had a markedly reduced
ligand affinity and a half-life of only 10 hours (data not shown),
indicating that they were more rapidly cleared from the circula-
tion and did not contribute significantly to the biologic effects of
the Trap.

In mice injected with mammary carcinoma 4T1 cells, we
observed that tumors did not grow during the course of IGF-Trap
treatment, but growth resumed several days after cessation of
treatment. Notably, we observed that whereas all the mice in the
untreated group were moribund with metastatic disease by day 14
after tumor injection (when the mean tumor volume in that group
was <200 mm”>), mice in the treatment group survived forup to 35
days with significantly larger tumors (mean tumor volumes
exceeding 1 cm?). Although the underlying factors remain to be
fully elucidated, the data suggest that IGF-Trap treatment resulted
in the elimination of a more aggressive tumor subpopulation,
consequently shifting the tumor phenotype. This implies that
different subpopulations within the tumor may have different
susceptibilities to reduced IGFI bioavailability with highly aggres-
sive subpopulations being particularly sensitive to the treatment.

The IGF-Trap could have several advantages over IGF-targeting
drugs currently in clinical use. Because of its high specificity for
IGF ligands and low affinity for insulin, deleterious effects on IR
signaling should be minimized with the IGF-Trap. Indeed, we
previously reported that the sustained production of an IGFI
receptor decoy in mice did not significantly affect glucose homeo-
stasis (24) and, similarly, observed here that insulin levels in IGF-
Trap-treated mice were unaltered relative to controls. Moreover,
the IGF-Trap binds IGFII with high affinity and could suppress
IGFII functions in vitro, suggesting that unlike IGFIR-targeting
antibodies (14), the IGF-Trap could potentially block compen-
satory IGFII/IR-A signaling, when administered as a drug in the
clinical setting. The possibility that insulin/IR signaling may still
provide a resistance mechanism for tumor cells expressing both
receptors cannot, however, be ruled out.

The therapeutic benefits of the IGF-Trap in comparison
with other agents, such as antibodies, that bind both IGFI and
IGFII, (e.g., MEDI-573 and BI 8368456) can ultimately be deter-
mined only in a clinical setting. However, we have shown here
that the IGF-Trap could inhibit several tumor cell properties
essential for metastasis, such as migration and invasion, and also
found that it blocked the growth and metastasis of several aggres-
sive tumor types in vivo. These unique properties (not documen-
ted for the antibodies) could potentially prove to be an asset in
clinical management of aggressive malignancies. It also remains
to be seen whether some of the adverse effects reported for MEDI-
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573 (e.g., anemia and leucopenia; ref. 60) could be averted by the
use of a Trap.

In the present study, significant reductions in tumor growth
were observed using the IGF-Trap as a "stand-alone" single agent.
In the liver metastasis models, we have observed either a modest
or a lack of therapeutic effect in some cases, possibly as a result of
the relatively short duration of the treatment. Moreover, liver
metastasis is a complex multifactorial process (61), and a more
limited therapeutic effect of the IGF-Trap on some metastases may
suggest that the IGF axis may not be the predominant driver of
metastatic growth in some tumor cells or that compensatory
mechanisms can bypass the dependency on IGF for growth.
Combination therapies in which several growth and survival
factors are targeted may ultimately be required to achieve the
desired therapeutic effects in metastatic disease.
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