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[CANCER RESEARCH 63, 5073-5083, August 15, 2003]

An Anti-Insulin-like Growth Factor | Receptor Antibody That Is a Potent Inhibitor

of Cancer Cell Proliferation

Erin K. Maloney,* Jennifer L. McLaughlin,* Nancy E. Dagdigian, Lisa M. Garrett, Katherine M. Connors,
Xiao-Mai Zhou, Walter A. Blattler, Thomas Chittenden, and Rajeeva Singh?

ImmunoGen, Inc., 128 Sidney Street, Cambridge, Massachusetts 02139

ABSTRACT

An antagonistic monoclonal antibody, designated EM 164, has been
developed which binds specifically to the human insulin-like growth factor
| receptor (IGF-IR) and inhibits the proliferation and survival functions
of the receptor in cancer cells. EM 164 was initially selected by a rapid
cell-based screen of hybridoma supernatants to identify antibodies that
bind to | GF-IR but not to the homologous insulin receptor and that show
maximal inhibition of |GF-I-stimulated autophosphorylation of IGF-IR.
EM 164 binds tightly to | GF-IR with a dissociation constant K of 0.1 nm,
inhibits binding of IGF-I and antagonizes its effects on cells completely,
and has no agonistic activity on its own. EM 164 inhibits |GF-I-, IGF-I1-,
and serum-stimulated proliferation and survival of diverse human cancer
cell linesin vitro, including breast, lung, colon, cervical, ovarian, pancre-
atic, melanoma, prostate, neur oblastoma, rhabdomyosar coma, and osteo-
sarcoma cancer lines. It also suppresses the autocrine or paracrine pro-
liferation of several cancer cell lines. EM164 was the most potent
antagonistic anti-IGF-IR antibody tested when compared with several
commercially available antibodies. The in vitro inhibitory effect could be
extended to in vivo tumor models, where EM 164 caused regression of
established BxPC-3 human pancreatic tumor xenografts in SCID mice.
The antitumor effect of treatment with EM164 could be enhanced by
combining it with the cytotoxic agent gemcitabine. These data support the
development of EM164 as a candidate therapeutic agent that targets
IGF-IR function in cancer cells.

INTRODUCTION

The IGF-IR? has been implicated in promoting oncogenic transfor-
mation, growth, and survival of cancer cells (1-4). High levels of
expression of IGF-IR have been reported in a broad range of human
malignancies, including synovial sarcoma, breast, prostate, colon,
ovarian, and pancreatic cancer (1, 5-10). The physiological ligands of
IGF-IR-IGF-I and IGF-Il-are potent mitogens for diverse cancer cell
lines in vitro (11-16). High levels of IGF-I and IGF-I1 expression
have been noted in tumors and associated stroma cells and may
stimulate cancer cell growth in an autocrine or paracrine manner (1,
17). Epidemiological studies have correlated upper quintile plasma
levels of IGF-I with increased risk for prostate, colon, lung, and breast
cancer (18—22). In addition to its role in proliferation of cancer cells,
the IGF-IR protects cells from apoptosis caused by growth factor
deprivation, anchorage independence, or cytotoxic drug treatment (2,
23, 24).

IGF-IR function has been shown to be critical for the proliferation
and survival of cancer cells in a number of experimental settings.
Down-regulation of IGF-IR function by antisense and dominant neg-
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ative techniques reduces the growth and tumorigenicity of severa
cancer cell lines in vivo and in vitro, including colon cancer, mela-
noma, lung carcinoma, ovarian cancer, glioblastoma, neuroblastoma,
and rhabdomyosarcoma (25-32). IGF-IR is thus an attractive thera-
peutic target based on the hypothesis that inhibition of IGF-IR func-
tion would result in selective apoptosis and growth inhibition of tumor
cells (33, 34).

The IGF-IR isatransmembrane heterotetrameric protein, which has
two extracellular « chains and two membrane-spanning B-chainsin a
disulfide-linked B-a-a-B configuration (35). The binding of its li-
gands (IGF-1, IGF-11) to the extracellular domains of |GF-IR activates
its intracellular tyrosine kinase domain resulting in autophosphoryla-
tion of the receptor. Activated IGF-IR phosphorylates its substrates
and initiates proliferative and antiapoptotic signa transduction path-
ways that involve phosphatidylinositol-3-kinase and mitogen-acti-
vated protein kinase (36—40). The IGF-IR is homologous to insulin
receptor, sharing 84% amino acid identity in the intracellular B-chain
tyrosine kinase domains and alower 47—67% sequence identity in the
extracellular « chain domains (41, 42). The high degree of homology
to insulin receptor presents a considerable challenge for the develop-
ment of specific small molecule inhibitors of IGF-IR tyrosine kinase
activity.

A promising strategy to inhibit the function of IGF-IR in cancer
cellsis to apply anti-lIGF-IR antibodies that bind to the extracellular
domains of IGF-IR and inhibit receptor activation. Several antagonis-
tic anti-IGF-IR monoclonal antibodies have been reported—IR3, 1H7,
24-57, 24—60, MAB391-and are commercially available. Among
these previously described antibodies, the IR3 antibody has been used
in several studies to inhibit the IGF-I-stimulated activation of the
IGF-IR (43-46). It has also been reported that 1IR3 shows a wesk
agonistic activity when added alone to transfected murine 3T3 and
CHO cell lines overexpressing human IGF-IR (47, 48). The IR3
antibody inhibits the growth of MCF-7 breast cancer cellsin response
to exogenously added IGF-I and IGF-I1 in serum-free conditions by
~80% but is only aweak inhibitor of the serum-stimulated growth of
MCF-7 cells (<25% inhibition; Ref. 11). In vivo, treatment with the
IR3 antibody did not inhibit the growth of MCF-7 tumor xenograftsin
athymic mice (49). In another study, a panel of antagonistic (24-57
and 24—60) and agonistic antibodies specific for human IGF-IR were
obtained, which either inhibited or stimulated the binding of IGF-I to
IGF-IR (50). The 1H7 antibody was reported to inhibit both IGF-1-
and |GF-1l-stimulated DNA synthesis in human |GF-IR-transfected
3T3 cells by ~55% (51). The commercially available IGF-IR block-
ing antibodies, therefore, have limitations because of their weak
inhibition of the proliferation of cancer cells in response to serum or
IGF-I stimulation.

The goal of the present study was to develop a potent antagonistic
anti-IGF-IR antibody which significantly inhibits the serum- and
IGF-1-stimulated proliferation of cancer cells and which does not
show intrinsic agonistic activity. Monoclonal antibodies were raised
by immunizing mice with human IGF-IR overexpressing cells or with
purified full-length human IGF-IR protein. Rapid cell-based screening
methods were developed for the selection of hybridoma clones based
on binding to human IGF-IR-expressing cells and the absence of

5073

Downloaded from cancerres.aacrjournals.org on February 21, 2013
Copyright © 2003 American Association for Cancer Research


http://cancerres.aacrjournals.org/
http://www.aacr.org/

ANTI-INSULIN-LIKE GROWTH FACTOR | RECEPTOR ANTIBODY

binding to analogous cells expressing the human insulin receptor and
for the inhibition of IGF-1-stimulated autophosphorylation of IGF-IR
in MCF-7 cells.

Here, we describe an anti-1GF-IR antibody, EM 164, that has potent
antagonistic activity and is devoid of any measurable agonistic activ-
ity. The EM164 antibody is significantly more potent than the com-
mercialy available IR3, 1H7, and MAB391 antibodies at inhibiting
the IGF-1-, IGF-11-, and serum-stimulated (or autocrine) proliferation
and survival of diverse human cancer cell lines in vitro. Treatment
with EM 164, either alone or in combination with gemcitabine, inhib-
ited the growth of BxPC-3 human pancreatic cancer xenografts in
mice.

MATERIALS AND METHODS

Materials. IGF-I (recombinant human) was from York Biologicas Inter-
national or Peprotech, Inc. IGF-11 was from Calbiochem. Human cancer cell
lines and the goat fibroblast line Chl.Es were from American Type Culture
Collection and were grown in DMEM or RPMI 1640 with 10% heat-inacti-
vated FBS. Sera (FBS, ultra-low 1gG FBS, calf serum, and adult bovine serum)
were from BioWhittaker, Sigma, or Life Technologies, Inc.

TheIGF-IR" and IR" cell lines that overexpress human |GF-I receptor and
human insulin receptor, respectively, were obtained from Dr. Renato Baserga
(52). The IGF-IR" cell line had been derived from a transfection of 3T3-like
cells from an IGF-IR-deficient mouse with a human IGF-IR gene construct
with Y 1251F mutation in the cytoplasmic domain. The Y 1251F mutation in
IGF-IR does not affect the IGF-I binding and tyrosine kinase activities of the
receptor. The IR™ cell line overexpressing human insulin receptor had been
generated in a similar manner using the same |GF-IR-deficient murine cells.

The compositions of buffers frequently used were as follows: buffer A [50
mm HEPES buffer (pH 7.4), containing 1% NP40, 2.5 mm EDTA, 100 mm
sodium fluoride, 10 mm sodium PP, 10 um leupeptin, 5 um pepstatin, 5 mm
benzamidine, 5 pg/ml aprotinin, 1 mm phenylmethylsulfonyl fluoride, 1 mm
iodoacetamide]; TBS-T buffer for ELISA washes [20 mm Tris-HCI (pH 7.5),
150 mm NaCl, 0.1% Tween 20]; and ELISA blocking buffer (10 mg/ml BSA
in TBS-T). In ELISA, typical incubations were at ambient temperature except
for the initial coating (4°C). Experiments, including ELISA and cell cycle
analysis, were in triplicate.

A biotinylated antiphosphotyrosine antibody sample was prepared by treat-
ment of antiphosphotyrosine antibody (PY 20; BD Transduction L aboratories)
with NHS-LC-biotin (Pierce) at pH 8 (53). Several murine monoclonal anti-
bodies used in this study—anti-lIGF-IR-B chain-specific antibody (IgG2b) and
the control antibody, B4 (IgG1)-were generated in house. The commercially
available anti-IGF-IR antibodies used in this study were: IR3 (Calbiochem);
1H7 (Santa Cruz Biotechnology); and MAB391 (R&D Systems). Secondary
antibodies and HRP conjugates for ELISA and Western blotting were from
Jackson ImmunoResearch. MESNA and other chemical reagents were from
Sigma

Isolation of IGF-IR. Mature IGF-IR protein («,f3, form) was isolated from
lysate of IGF-IR™ cells by affinity chromatography using biotinylated IGF-I,
which does not bind the unprocessed proreceptor. Biotinylated IGF-I was
prepared by modification of recombinant IGF-1 at 0.4—1-mg scale using any of
three biotinylation reagents: sulfo-NHS-SS-biotin; NHS-PEO,-biotin; or sulfo-
NHS-LC-biotin (Pierce). IGF-I (0.5 mg/ml) was modified with a 5-fold molar
excess of the biotinylation reagent in 0.2 M potassium phosphate buffer (pH 8)
at 25°C for 2 h. The reaction mixture was quenched by addition of an amine
(2-aminoethanesulfonic acid) in excess and then dialyzed in PBS at 4°C (MW
cutoff 3500).

For purification of human IGF-IR, the IGF-IR™ cellsin 10 confluent 15-cm
plates were lysed in 10 ml of buffer A on ice for 1 h. The lysate was then
clarified by centrifugation, filtered over Sepharose-CL-4B beads, and finally
precleared with streptavidin-agarose beads (125 ul of gel). In a separate tube,
biotinylated IGF-I (100 wg) was bound to another aliquot of streptavidin-
agarose beads (125 ul of gel) in buffer A at 4°C for 4 h. The beads were
washed in buffer A, incubated with precleared lysate at 4°C for 10-15 h, then
washed with buffer A again. The bound | GF-IR was recovered by elution with
buffer A containing 4 m urea. (An aternate elution was carried out using 50

mm HEPES buffer, pH 7.6, containing 4 m urea and 0.6% w/v octyl 3-gluco-
side.) The eluted samples were dialyzed in PBS at 4°C (MW cutoff 12,000—
14,000) or were first concentrated using a Centricon Plus-20 concentrator
(Millipore) before dialysis. About 100 g of IGF-IR were recovered based on
analysis by SDS-PAGE under reducing conditions using BSA protein stand-
ards and Coomassie blue staining; the purified IGF-IR sample showed « and
B chain bands of M, ~135,000 and M, 95,000. The activity of the purified
IGF-IR was confirmed by itsbinding to IGF-I and by tyrosine kinase assays for
receptor autophosphorylation and phosphorylation of the exogenous substrate,
poly(Glu-Tyr).

Generation of anti-IGF-IR Antibodies. CAF1/J and NZB/B1NJ mice
were immunized i.p. with IGF-IR™ cells (5 X 10° cells, suspended in 0.2 ml
of PBS) or with purified human IGF-IR protein (30—120 wg; from urea/octyl
B-glucoside elution), without or with Freund's or RIBI adjuvant. Some of the
animals were boosted with 10°-107 cells severa times before fusion. The
splenocytes from immunized mice were isolated and used to generate hybri-
doma with P3X63Ag8.653 cells according to standard protocols (54, 55).

The hybridoma supernatants were screened by ELISA for specific binding
to the IGF-IR" cells used for immunization and for the absence of binding to
IR cells. Immulon-2HB plates (Dynatech) precoated with 100 ul of phyto-
hemagglutinin lectin (20 wg/ml; Sigma) were charged with trypsin/EDTA-
treated cells (1-3 X 10° cells/100 wl), centrifuged, then kept at ambient
temperature for 10 min and finally dried overnight at 37°C. The wells were
blocked with 5 mg/ml BSA in PBS (blocking solution) for 1 h at 37°C, washed
gently with PBS, and then incubated with supernatants from hybridoma clones
(diluted in blocking solution) for 1 h. The wells were washed with PBS,
incubated with goat-antimouse-1gG-F.”-antibody-HRP conjugate (0.8 wg/ml;
in blocking solution) for 1 h, washed, and the binding was detected using
ABTS/H,0, substrate [0.5 mg/ml ABTS, 0.03% H,0,, 0.1 m citrate buffer (pH
4.2); 405 nm]. A hybridoma supernatant was identified, which showed strong
binding to IGF-IR™ cells and not to IR™ cells. Using protein A affinity
chromatography, a murine 1gG1 « antibody was isolated from the hybridoma
supernatant and designated EM 164.

Preparation of Biotinylated |GF-IR. Biotinylated IGF-IR was prepared
through the reaction of intracellular cysteine residues with a biotin-PEO-
maleimide reagent (53). A lysate from IGF-IR" cells was prepared using
buffer A (without iodoacetamide) containing 0.3 mm MESNA (a monothiol
with alow redox potential to prevent the oxidation of cysteine residues without
reducing intramolecular disulfide bonds; Ref. 56). The lysate was treated with
biotin-PEO-maleimide reagent (2-fold molar excess over MESNA; 4°C, 2 h).
The excess biotin-PEO-maleimide was quenched by adding MESNA (eguimo-
lar to biotin-PEO-maleimide; 4°C, 2 h), and the lysate was filtered over
Sepharose-CL-4B beads. The biotinylated IGF-IR from the lysate was affinity
purified using anti-IGF-IR-B chain antibody (immobilized on NHS-agarose
beads; Sigma), then eluted with buffer A containing 4 m urea and finaly
dialyzed in PBS (MW cutoff 12,000—14,000).

Binding Characterization of EM164. The dissociation constant (K) for
the binding of EM 164 to human |GF-IR was determined by ELISA methods.
An Immulon-2HB plate was coated with streptavidin (10 wg/ml in 100 ul of
carbonate buffer; 4°C, overnight), blocked with blocking buffer (10 mg/ml
BSA in TBS-T buffer; 2 h), washed with TBS-T buffer, and then used to
capture biotinylated IGF-IR (~10 ng/well) at ambient temperature for 4 h.
After washing, the wells were incubated with seria concentrations of EM164
(from 5.1 X 107 % to 2 X 107 wm; diluted in blocking buffer) at ambient
temperature for 2 h and then overnight at 4°C. After washing, wells were
incubated with goat-antimouse-1gG,,,, antibody-HRP conjugate (0.5 ng/ml)
for 1 h, then washed and finally analyzed using ABTS/H,O, substrate and
absorbance measurements at 405 nm. The value of K4 was determined by
nonlinear regression for one-site binding using the GraphPad Prism program.

For the second ELISA method, an Immulon-4HBX plate was coated di-
rectly with purified human IGF-IR (sample from urea/octyl-B-glucoside elu-
tion) in 50 mm CHES buffer, pH 9.5 (~50 ng protein; 4°C, overnight), then
blocked with blocking buffer (1 h), washed, and incubated with EM164
samples or supernatants from hybridoma clones (12 h). The wells were washed
and incubated with goat-antimouse-1gG-F.”-antibody-HRP conjugate (0.8 ng/
ml; 1 h), followed by washes and detection using ABTS/H,0.,.

In a third ELISA method, a published truncated human IGF-IR « chain
construct was used (57, 58). The truncated IGF-IR « chain, which lacked
amino acid residues 459—-690 and was fused at the COOH terminus to a
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(Myc), epitope tag, was expressed by transient transfection in human 293T
cells. The expressed construct was captured from the growth medium onto
plates coated with rabbit anti-Myc antibody, and binding tests with EM 164
were performed as described above.

To test the immunoprecipitation of IGF-IR from various cell lines by
EM164, cell lysates were incubated with EM164 immobilized on protein
G-agarose beads. The immunoprecipitates were analyzed by Western blot with
rabbit polyclonal anti-IGF-IR B chain antibody (Santa Cruz Biotechnology;
pan-specific for human, goat, monkey, hamster, and murine IGF-IR-gB) and
goat-antirabbit-1gG-antibody-HRP conjugate using enhanced chemilumines-
cence detection.

Inhibition of Binding of IGF-I to MCF-7 Cellsby EM164. MCF-7 cells
were incubated with 10-100 wg/ml EM164 (or an isotype-matched control
antibody) in serum-free medium (containing 1 mg/ml BSA) at 4°C or 37°C
(~2 h), which was followed by incubation with 50 ng/ml biotinylated |GF-I at
4°C or 37°C (30 min). The cells were washed twice with serum-free medium
and then lysed. Using a standard ELISA protocol, an Immulon-2HB plate was
coated with a mouse monoclonal anti-IGF-IR-8 antibody, which was used to
capture the IGF-IR (and bound biotin-IGF-1) from the lysate samples. The
wells were washed, incubated with streptavidin-HRP conjugate, followed by
washes, and then measured using ABTS/H,0, substrate.

Inhibition of |GF-IR-mediated Cell Signaling by EM164. The potential
of EM164 to inhibit the IGF-I-stimulated autophosphorylation of IGF-IR and
the phosphorylation of downstream effectors, IRS-1, Akt, p70 S6 kinase, and
ERK, was studied in MCF-7, NCI-H838, BxPC-3, and SaOS-2 cells.

Cells were grown in 12- or 24-well plates in regular growth medium for 3
days, then washed with serum-free medium and treated with 10 ug/ml EM164
(or control antibody) in serum-free medium for ~2 h. Cells were then stim-
ulated with 50 ng/ml IGF-I at 37°C for 20 min before they were lysed in
ice-cold lysis buffer containing protease and phosphatase inhibitors (buffer A,
containing 2 mm sodium orthovanadate). The IGF-IR was then captured onto
an ELISA plate that had been precoated with anti-lIGF-IR-B antibody (~5 h).
The phosphotyrosine level of the captured | GF-IR was measured by incubation
with biotinylated antiphosphotyrosine antibody (0.25 wg/ml; 30 min), followed
by incubation with streptavidin-HRP conjugate (0.8 pg/ml; 30 min) and
detection using ABTS/H,0, substrate. A similar experiment was carried out
using IR* cells, which were treated with EM164 before stimulation with
insulin. The insulin receptor in lysate was then captured on a plate precoated
with anti-insulin receptor-g antibody (BD Transduction Laboratories), and the
phosphotyrosine level was measured by ELISA.

For an indirect measurement of IRS-1 phosphorylation, an anti-IRS-1
antibody (rabbit polyclonal; Upstate Biotechnology) was captured onto an
ELISA plate coated with goat-antirabbit-IgG antibody and was then used to
capture IRS-1 (and bound PI3k) from the test cell lysates. The PI3k bound to
phosphorylated IRS-1 was then measured by treatment with anti-p85-PI3k
antibody (mouse monoclonal; Upstate Biotechnology) followed by treatment
with goat-antimouse-1gG-antibody-HRP conjugate and detection using ABTS/
H,0O, substrate.

The phosphorylation levels of other downstream effectors, Akt, p70 S6
kinase, and Erk1/2 (mitogen-activated protein kinase), were detected by West-
ern blots of lysate samples using phosphorylation-specific antibodies
(antiphospho-Akt-Ser*”®, antiphospho-p70/p85 S6 kinase-Thr*?/Ser 4?4, and
antiphospho Erk1/2 rabbit polyclonal antibodies; Cell Signaling Technology),
followed by incubation with goat-antirabbit-1gG,, ., -antibody-HRP conjugate
and enhanced chemiluminescence detection. An anti-Akt C-20 antibody
(mouse monoclonal; BD Transduction Laboratories) was used to confirm equal
protein levels in all lanes.

Cell Proliferation/Survival Assays. The effect of EM 164 treatment on the
growth and the survival of human cancer cell lines upon stimulation by IGF-I,
IGF-I1, or serum was measured using the MTT assay or by cell counting after
3 days. Typicaly, ~1500-3000 cells/well were plated in a 96-well plate in
regular growth medium with serum, which was replaced with serum-free
medium the next day (serum-free RPMI medium supplemented with 10 ug/ml
transferrin, 1 mg/ml BSA, 50 units/ml penicillin, and 50 pg/ml streptomycin
or serum-free, phenol-red-free DMEM:Ham's F-12 medium supplemented
with 10 pg/ml transferrin, 2 mg/ml BSA, and 30 nm sodium selenite; Ref. 36).
After 1 day of incubation in serum-free medium, the cells were washed gently
with serum-free medium and then incubated with about 75 wul of 13.3 wg/ml
antibody in serum-free medium for 15 min to 2 h, which was followed by the

addition of 25 ul of IGF-I solution (or IGF-I1 solution or serum) to obtain a
fina concentration of 10 wg/ml antibody and 10 ng/ml IGF-I (or 20 ng/ml
IGF-I1 or 1-10% serum). The cells were then allowed to grow for 2-3 days. A
solution of MTT (25 ul of a5 mg/ml solution in PBS) was then added, and the
cellswere incubated for another 2-3 h. The medium was removed and replaced
by 100 ! of DM SO, and the plate absorbance was measured at 540 or 545 nm.
In some experiments, |GF-I was added 15 min before the addition of EM164.
Typically, four growth conditions were compared: (a) no IGF-1, no antibody;
(b) no IGF-1, + antibody; (c) + IGF-I, no antibody; and (d) + IGF-I, + an-
tibody. In some experiments, the MTT assay was replaced by counting of the
cellsthat excluded trypan blue. As an example, MCF-7 cells (~5000 cells'well
inal12-well plate; 1 ml) were grown in DMEM with 10% FBS in the presence
or absence of 5 ug/ml EM164 (or control antibody). After 5 days of growth,
the cells were trypsinized and counted using a hemocytometer.

The effect of EM 164 on the colony formation of HT-29 colon cancer cells
was measured by plating 300 cells’well (0.4 ml of DMEM containing 10%
FBS) in a 24-well plate. The cells were treated with 10 ug/ml EM164 (or
control antibody) immediately after plating, and the plate was then incubated
for 10 days. The colonies were stained with crysta violet.

Effect of EM164 on Apoptosis of NCI-H838 Lung Cancer Cells. The
induction of apoptosisin NCI-H838 cells treated with EM164 in the presence
of IGF-I (or serum) for 1 day was measured based on cleavage of cytokeratin
CK 18 protein (M 30-apoptosense ELISA kit; Peviva).

Flow Cytometry. The specificity of binding of EM164 to IGF-IR (and not
to insulin receptor) using IGF-IR* cells, and IR™ cells was measured with a
FACSCdibur flow cytometer. Cells were either treated with EM 164, 1H7, or
an anti-insulin receptor « chain antibody (BD PharMingen International) at
4°C, then with a secondary antibody-FITC conjugate at 4°C and were fixed
with formaldehyde (1% in PBS) and anayzed by flow cytometry.

Cell Cycle Analysis. MCF-7 cells were serum-starved for 1 day in serum-
free RPM| medium containing EM 164 (20 wg/ml), washed, and treated with an
additional aliquot of EM 164 (20 wg/ml) for 2 h and then with IGF-I (20 ng/ml).
After overnight incubation, cells were trypsinized, treated with cold 70%
ethanol, propidium iodide, and RNase A, and then analyzed by flow cytometry
using the LT Modfit program (Becton Dickinson).

Immunohistochemistry of Fresh-frozen Human Cancer Tissue Samples
with EM164. Cryostat sections (5 wm) of fresh-frozen cancer tissue samples
were fixed in acetone and stained with the Vectastain ABC Elite amplification
system (Vector) as described previously (59).

Effect of EM 164 asa Single Agent or in Combination with Gemcitabine
in BxPC-3 Human Pancreatic Cancer Xenograft in Mice. Human pancre-
atic cancer xenografts were established in 5-week-old, female SCID/ICR mice
(Taconic) by s.c. injections of 10” BXPC-3 cells in PBS (day 0). When the
tumors had reached avolume of ~80 mm? (day 11), the mice were randomized
by tumor volume into five groups of five animals each. The five groups were
treated with EM 164 alone (13 injections of 0.8 mg/mouse, i.v., lateral tail vein,
ondays 12, 16, 19, 23, 26, 29, 36, 43, 50, 54, 58, 61, and 64), with gemcitabine
alone (two injections of 150 mg/kg/mouse, i.p., on days 12 and 19), with a
combination of gemcitabine and EM 164 following the above schedules, PBS
alone, and a control antibody alone (using the same schedule as EM164). The
tumor sizes were measured twice each week using the LABCAT system.

RESULTS

Identification of an Inhibitory anti-lGF-IR Monoclonal Anti-
body through a Rapid Biological Screen. To generate monoclonal
antibodies, CAF1/J and NZB/B1NJ mice were immunized and sub-
sequently boosted either with murine IGF-IR™ cells that express high
numbers of human |GF-IR (~107/cell) or with purified human IGF-IR
protein. The generated hybridoma supernatants were screened by
cell-based ELISA methods for specificity of binding and biological
activity. Supernatants were selected that contained 1gG antibodies that
bound to the IGF-IR* cells used for the immunization and not to the
analogous IR™ cells that express human insulin receptor. In a second
screen, the antibody with the desired binding specificity was purified
and then assayed for its inhibitory activity in an IGF-I-stimulated
IGF-IR autophosphorylation assay using MCF-7 breast cancer cells.
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From eight fusions, 1216 hybridoma supernatants were screened for
binding, yielding 61 clones, which bound selectively to IGF-IR™ and
not to IR* cells. These selected clones were further subcloned and
then tested again for specific binding and for inhibition of IGF-I-
stimulated | GF-IR autophosphorylation. A potent inhibitory antibody,
EM164 (mouse monoclonal 1gG1 k), secreted by a hybridoma gen-
erated from a CAF1/J mouse immunized with IGF-IR" cells, was
selected for additional studies.

A flow cytometry experiment confirmed that EM 164 bound selec-
tively to murine IGF-IR™ cells expressing the human IGF-IR and not
to the equivalent IR™ cells expressing the human insulin receptor (Fig.
1A). A dissociation constant (Kg) of 0.1 nv was measured for the
binding of EM 164 to hiotinylated IGF-IR with an ELISA in which the
biotinylated IGF-IR had been captured with a streptavidin-coated
plate (Fig. 1B). To ensure that the extracellular o chain of IGF-IR was
not altered by biotinylation, a biotinylation method was used which
only modifies cysteine residues (and not cystine residues) because
cysteine residues are only present intracellularly in the B chain. An
identical K4 (0.1 nv) was measured with an ELISA in which purified
unmodified |GF-IR was coated directly onto an ELISA plate. The Fab
fragment of EM 164 (prepared by papain digestion) showed a similar
Kq4 value of 0.3 nm in the biotinylated IGF-IR binding ELISA, indi-
cating that the high affinity binding observed with the bivalent EM 164
antibody represented predominantly monomeric binding. The purities
of the IGF-IR and EM 164 samples used in the binding studies and all
other studies were confirmed by SDS-PAGE using Coomassie blue
staining (Fig. 1C).

To test the effect of EM164 on the activity of IGF-IR and insulin
receptor, MCF-7 cells and IR™ cells were stimulated with IGF-1 or
insulin, respectively, in the presence or absence of EM164. The
phosphotyrosine levels of activated IGF-IR and activated insulin
receptor were then measured by ELISA. EM 164 showed potent inhi-
bition of the IGF-I-stimulated autophosphorylation of IGF-IR in
MCF-7 cells (Fig. 2A). In contrast, EM164 had no effect on insulin-
stimulated autophosphorylation of insulin receptor in IR™ cells, thus
additionally confirming the specific inhibition of IGF-IR by EM 164
(Fig. 2B).

EM 164 Bindsto the IGF-IR in Human Cancer Tissue Samples.
The binding of EM164 to IGF-IR in human cancer tissue samples
(breast, colon, and lung) and in severa cell lines (human, monkey,
goat, hamster, rat, and mouse) was tested by immunohistochemistry
and by immunoprecipitation. Immunohistochemical analyses of fresh-
frozen human cancer tissue samples with EM 164 showed a moderate
to strong staining for two of three breast cancer samples, one of one
lung cancer sample, and aweak to moderate staining for three of three
colon cancer samples. EM 164 also showed moderate to strong stain-
ing in the corresponding normal tissues of breast (ducts and lobules),
lung (bronchial epithelium), and colon (smooth muscle and epithelial
mucosa). The staining of the infiltrating ductal carcinoma cells of a
breast cancer sample and of the ductal epithelial cells of a normal
breast tissue sample by EM164 is shown in Fig. 2C.

The specificity of the binding of EM164 to IGF-IR from differ-
ent species was determined by an immunoprecipitation experiment
using lysates from various cell lines, which showed that EM 164
bound to IGF-IR from human (MCF-7 and 293) and African green
monkey (COS-7) cells. EM164 did not immunoprecipitate |IGF-IR
from mouse (3T3), rat (Rat 1), Chinese hamster (CHO), and goat
(goat fibroblast) cells (data not shown). In a human cell lysate
sample prepared with SDS under denaturing conditions, the
IGF-IR was not detected using EM164 in a Western blot, thus
indicating that the binding of the antibody is dependent on the
native conformation of the IGF-IR (data not shown). EM 164 bound
with high affinity to a truncated human IGF-IR « chain lacking
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Fig. 1. Binding of EM164 to IGF-IR but not to insulin receptor. A, flow cytometry of
human IGF-IR-expressing cells and human insulin receptor-expressing cells treated with 100
nv EM164 antibody, no primary antibody, or positive control antibodies (1H7 antibody for
IGF-IR cells and anti-insulin receptor antibody for insulin receptor cells). B, ELISA binding
titration curve for binding of EM164, a various concentrations, to biotinylated 1GFIR
captured on coated streptavidin. C, SDS-PAGE (Coomassie blue staining) of purified IGF-IR,
biotinylated IGF-IR, and EM 164 under reducing and nonreducing conditions.

amino acid residues 459—690, which shows that the epitope rec-
ognized by the antibody is in the NH,-terminal portion (amino
acids 1-458) and/or in the 16 amino acids (691-706) of the COOH
terminus of the extracellular o chain (data not shown).
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Fig. 2. Specific inhibition of IGF-IR in human cancer cells by EM164 and immunohistochemistry of human cancer tissue using EM164. A, inhibition of IGF-I-stimulated
autophosphorylation of IGF-IR in MCF-7 cellsby EM164. MCF-7 cells were incubated with EM 164 or control antibody (10 pwg/ml) for ~2 h and then stimulated with IGF-I (50 ng/ml)
for 20 min. The cell lysates were analyzed by ELISA, based on the capture of IGF-IR using coated anti-lIGF-IR B chain antibody, followed by measurement of phosphorylation level
of captured IGF-IR using biotinylated antiphosphotyrosine antibody and streptavidin-HRP conjugate. B, EM164 did not inhibit insulin-stimulated autophosphorylation of insulin
receptor in a similar experiment with insulin-receptor expressing cells. C, immunohistochemistry of infiltrating ductal carcinoma of breast and normal breast tissue using EM164 and

a control antibody.

EM 164 Inhibits the Binding of IGF-1 to IGF-IR. To determine
whether EM 164 inhibited the binding of IGF-I to IGF-IR, competition
binding experiments were performed using EM164, biotinylated
IGF-1, and MCF-7 cells at the physiological temperature of 37°C and
also at 4°C to minimize the down-regulation of the IGF-IR. Cellswere
first incubated with EM164 (10-100 ng/ml; 60—600 nm) for 2 h and
then with biotinylated IGF-I (50 ng/ml; 6 nm) for 30 min. The cells
were then cooled on ice, lysed, and the IGF-IR in the lysate samples
were captured onto an ELISA plate coated with an anti-IGF-IR 8
chain antibody. The receptor-bound biotinylated IGF-I was then
mesasured by ELISA. Treatment with saturating concentrations of
EM164 resulted in a strong inhibition (~90% inhibition) of the
binding of IGF-1 to IGF-IR in cells at both 4°C and 37°C (Fig. 3, A
and B).

To evauate the potential down-regulation of IGF-IR by EM164
treatment at 37°C and 4°C, the level of IGF-IR B chain in EM164-
trested MCF-7 and BXPC-3 cells was assessed by Western blotting
with a polyclonal anti-IGF-1R-B antibody. At 37°C, no decreasein the
amount of IGF-IR B chain in the Western blot was seen during the
first 30 min of treatment with EM164, but a slight decrease was
apparent upon a longer incubation of 1-2 h and was accompanied by
the appearance of bands for degraded B chain (Fig. 3, C and D). For

EM164-treated cells at 37°C, about a 25% down-regulation of the
receptor was observed after 2 h, which increased to ~50% after 4—8
h and to 50-75% after 24 h, based on a comparison with diluted
fractions of the untreated control sample (Fig. 3D; data not shown).
This down-regulation of IGF-IR-B by EM164 at 37°C was similar to
that observed in this study with other anti-IGF-IR antibodies IR3,
1H7, and MAB391 (data not shown). In contrast, no down-regulation
of IGF-IR-B was observed upon treatment with the ligand, IGF-I, at
37°C for 24 h. As expected, no down-regulation of IGF-IR-B was
observed upon treatment with EM 164 for 2 h at the lower temperature
of 4°C (Fig. 3C).

EM 164 Inhibits IGF-IR Signaling in Cells. The effect of EM 164
on the IGF-I-stimulated activation of IGF-IR and the downstream
signaling was measured in MCF-7 breast cancer, NCI-H838 lung
cancer, BxPC-3 pancreatic cancer, and SaOS-2 osteosarcoma cell
lines. Cells were treated with EM164 for 30 min to 2 h and then
stimulated with IGF-1 for 20 min. The cells were then lysed and the
lysates were analyzed for the phosphorylation levels of effector pro-
teins in the IGF-IR-signaling pathway, including IRS-1, the serine/
threonine kinase Akt (PKB), and p70 S6 kinase (Fig. 4). The activa-
tion of IRS-1 was measured indirectly by an ELISA based on the
binding of the p85 subunit of PI3k to the phosphotyrosine residues of
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Fig. 3. Inhibition of binding of biotin-IGF-1 to IGF-IR on cells by EM164; antibody-mediated down-regulation of IGF-IR. MCF-7 cells were treated with 25-100 uwg/ml EM 164
for 2 h at 37°C (A) or at 4°C (B) and then incubated with 50 ng/ml biotinylated IGF-I for 30 min at 37°C (A) or 4°C (B); cells were washed, lysed, and the lysates were analyzed for
biotin-1GF-I bound to IGF-IR using ELISA. C and D, IGF-IR levelsin MCF-7 cells treated with EM 164 or IGF-I for 15 min-2 h (or 30 min to 24 h, D) at 37°C or at 4°C were anayzed

by Western blot using an anti-IGF-IR 3 chain C-20 antibody.

activated IRS-1 (39). Treatment of MCF-7 cells with EM 164 resulted
in an amost complete suppression of the |GF-1-stimulated activation
of IRS-1 to the basal, unstimulated level (Fig. 4A). This inhibition of
IRS-1 activation by EM 164 was greater than that obtained with the
commercially available antibody IR3. Treatment with EM164 alone
(in the absence of IGF-1) did not increase IRS-1 activation, thus
showing that EM164 has no measurable agonistic activity (Fig. 4A).

Similarly, EM164 strongly suppressed the |GF-1-stimulated phos-
phorylation of Akt and p70/p85 S6 kinase in MCF-7 cells, and again,
no agonistic activity could be detected upon treatment with EM164
aone (Fig. 4B). Similar results were obtained with the other three cell
lines. In addition, EM 164 inhibited the IGF-I-stimulated ERK phos-
phorylation in SaOS-2 cells (data not shown). These results demon-
strate that EM164 is a potent inhibitor of the known IGF-IR signa
transduction pathway in cancer cell lines in vitro and lacks any
measurable stimulatory activity.

EM164 Inhibits the Proliferation of Cancer Cells. We then
asked the question if this inhibitory activity on the IGF-IR signaling
pathway by EM164 was sufficient to affect the proliferation and/or
survival of human cancer cell lines in vitro. Several cancer cell lines
were grown in serum-free medium with exogenously added I GF-1 (or
IGF-11 or serum) in the presence of EM 164, typically for ~3 days, and
the cell viability was then measured by an MTT assay or by counting
live cells. Typically, cells were incubated first with EM164 for about
15 min to 2 h and then treated with IGF-1. In some experiments, cells
were incubated first with IGF-1 for 15 min before the addition of
EM164.

The inhibitory effect of EM 164 on the |GF-I-stimulated prolifera-
tion, and survival of MCF-7 cells was tested and compared with that
of the previously described antibodies IR3 or 1H7 at concentrations

ranging from 0.03 to 20 wg/ml using the MTT assay (Fig. 5A). EM 164
potently inhibited MCF-7 cell proliferation in a dose-dependent fash-
ion. Significantly, a growth inhibition of ~50% was observed at a 0.2
nm concentration of EM 164 (0.03 wg/ml), which was even lower than
the concentration of the ligand IGF-I (1.2 nm; 10 ng/ml). EM164
completely inhibited | GF-I-stimulated proliferation at the two highest
antibody concentrations tested (4 and 20 pwg/ml). Inhibition by EM 164
was significantly greater than that of IR3, 1H7 (Fig. 5A), and
MAB391 (data not shown), showing equivalent inhibition at one-fifth
the concentration of these commercially available antibodies (com-
pare 0.03 wg/ml EM164 with 0.16 ug/ml IR3 or 1H7 in Fig. 5A).
Interestingly, among the antibodies tested, only EM164 was able to
suppress the MTT signal below the level observed with the unstimu-
lated control cells (without IGF-1 and without antibody), presumably
by suppressing the autocrine IGF-IR signaling that promotes prolif-
eration/survival in the absence of exogenously added ligands.

We then tested a large number of human cancer cell lines for their
proliferation in response to exogenously added IGF-1 and subse-
quently for their inhibition by EM164. A large majority of cancer cell
lines that were tested showed an IGF-I-stimulated proliferation and
are listed in Table 1. Treatment with EM164 inhibited the 1GF-I-
stimulated proliferation and survival in al cell lines tested by 60—
100% (Table 1).

The effect of EM164 on serum-stimulated proliferation and sur-
vival of MCF-7 cells was then measured by counting of live cells and
by MTT assay. MCF-7 cells (initially plated at ~5000 cells/well)
were grown in 10% serum in the presence of 5 ug/ml EM 164 (or IRS,
1H7, control antibody) for 5 days and then counted. Cultures treated
with EM 164 had much fewer cells after 5 days than control cultures
(16 versus 100%), demonstrating that the serum-stimulated prolifer-
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Fig. 4. Inhibition of IGF-I-stimulated signaling in cells by EM164. MCF-7 cells were
treated with 10 wg/ml EM 164 (or IR3 antibody or a control antibody) for 2 h or overnight
at 37°C and then stimulated with IGF-I (50 ng/ml) for 20 min at 37°C. The treated cells
were lysed and analyzed for the binding of p85 subunit of PI3k to phosphorylated IRS-1
(A) and for the levels of phosphorylation of Akt and p70/p85 S6 kinase (using phospho-
specific antibodies) and for total Akt by Western blot (B). Similar results were obtained
when the cells were incubated with EM164 for 30 min before stimulation with IGF-I for
20 min.

ation of MCF-7 cells was potently inhibited by EM164. In contrast,
only aweak inhibition of cell proliferation was seen with IR3 or 1H7
antibody (64 versus 100% for control antibody; Fig. 5B).

In similar experiments based on the MTT assay after 3 days of
growth, EM 164 treatment caused 85% inhibition of the serum-stim-
ulated proliferation and survival of MCF-7 and NCI-H838 cells,
implicating the essential role of IGF-I as a growth factor present in
serum (Fig. 5, C and D). EM164 inhibited the serum-stimulated
proliferation of MCF-7 and NCI-H838 cell lines over many serum
concentrations tested (1.25-10% FBS; calf or adult bovine serum) and
also in response to IGF-11 stimulation (data not shown).

We then explored the question if cells that were first stimulated
with IGF-1 could still beinhibited in their proliferation and survival by
a later incubation with EM164. MCF-7 cells were first activated with
IGF-1 for 15 min before EM 164 was added, and the cell viability was
measured after 3 days by MTT assay (Fig. 5E). The inhibition by
EM164 was similar to that observed when the cells were first incu-
bated with EM 164 for 15 min and then IGF-I was added (Fig. 5E). In
a separate experiment, the simultaneous addition of IGF-1 and EM 164
also resulted in a potent inhibition, which was similar to that obtained
upon an initial incubation with EM 164 for 2 h before the addition of
IGF-1 (data not shown).

EM 164 Treatment Causes Cell Cycle Arrest and Apoptosis of
Cancer Célls. To further analyze the mechanisms by which EM 164
inhibits the proliferation and survival of cancer cells, the effect of

EM164 on the cell cycle of cancer cells was investigated. For cell
cycleanalysis, MCF-7 cellswere treated with IGF-1 in the presence or
absence of EM164 for 1 day and then analyzed by propidium iodide
staining and flow cytometry. The EM164-treated cell population
showed a cell cycle distribution very similar to that of unstimulated
cells, with most of the cells (77%) in the G,-G, phase, only 9% in the
S phase, and 14% in the G,-M phase. This is in contrast to the
IGF-I-stimulated cell population (in the absence of EM164) where
41% of the cells are in the S phase and only 50% in the G,-G; phase
(Fig. 6A). The cell cycle analysis indicates that EM 164 is capable of
abrogating most if not all of the mitogenic effect of IGF-I.

To measure the effect of EM164 in a colony formation assay,
HT-29 colon cancer cells were plated and grown in serum-containing
medium for 10 days in the presence of EM164 or control antibody.
Treatment with EM164 resulted in a significant reduction of the
colony size compared with that for the control antibody treatment,
athough the number of colonies was similar (Fig. 6B). EM 164 treat-
ment, therefore, had a cytostatic effect on the growth of HT-29
colonies in serum.

In addition to its mitogenic role, IGF-IR activation can suppress
apoptosis signaling pathways and promote cell surviva. To examine
the potential effect of EM164 on apoptosis, we used an assay that
quantitates the degree of cleavage of the cytokeratin CK18 by acti-
vated caspase-3 (60). NCI-H838 lung cancer cells were incubated
with IGF-1 or serum in the presence or absence of EM164 for 1 day
and then assayed for levels of cleaved cytokeratin CK18 protein (Fig.
6C). In the absence of EM 164, the addition of IGF-1 or serum resulted
in alower caspase-cleaved CK18 signa compared with the no |GF-I
control, indicating that IGF-1 and serum prevent the activation of
caspase. Treatment with EM 164 suppressed these effects of IGF-I and
serum, as indicated by the greater cleaved CK 18 levels obtained in the
presence of EM164 than in the absence of EM 164 (Fig. 6C). These
results indicate that EM164 can inhibit antiapoptotic signaling by
IGF-IR.

In Vivo Effect of EM 164 on BXxPC-3 Human Pancreatic Tumor
Xenografts in Mice. On the basis of the antiproliferative effect of
EM164 on cancer cell linesin vitro, the antibody was tested in vivo for
its antitumor effect in a BXPC-3 human pancreatic tumor xenograft
model in SCID mice (Fig. 7). Subcutaneous xenografts of BxPC-3
human pancrestic cancer cells were established in SCID/ICR mice
until the tumors were ~80 mm? in size. Groups of animals were then
treated by i.v. injections with EM 164 alone or in combination with the
chemotherapeutic drug gemcitabine as indicated in Fig. 7. The exper-
iment also included three control treatment groups of animals, with
one group receiving the vehicle, PBS, the second group gemcitabine
alone, and the third group an irrelevant isotype-matched antibody that
does not bind to BxPC-3 cells. Treatments started with 12-day-old,
established tumors, and the tumor sizes were monitored until day 74,
when in al three control groups the tumor size had increased >10-
fold to >800 mm?3. The tumor growth was similar in all three control
groups.

Treatment with EM 164 alone or in combination with gemcitabine
resulted initially in total regression of tumor xenograftsin four of five
animals in the EM 164 treatment group and in al five animals in the
combination treatment group (Fig. 7). Measurable tumor regrowth
was only seen in more than one animal on day 43 in the EM 164 group
and on day 68 in the combination treatment group, resulting in
significantly smaller mean tumor volumes on day 74 in comparison
with the control treatments (P = 0.029 and 0.002, respectively;
two-tailed t test; n = 5/group). Taken together, the pooled EM 164
group (including the groups treated with EM164 and with the com-
bination of EM 164 and gemcitabine) showed significant reduction in
tumor size (P = 0.0006; day 74) compared with the pooled control
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Fig. 5. Potent inhibition of proliferation and survival of cancer cells by EM164. Cancer cells were treated with EM 164 in the presence of IGF-1 or serum, and the proliferation and
survival of cells was monitored using MTT assay (after 3 days) or by cell counting (after 5 days). A, comparison of dose-dependent inhibition of I1GF-I-stimulated proliferation and
survival of MCF-7 cells by EM164 (0.03—-20 pg/ml) with that of the commercially available anti-IGF-IR antibodies IR3 and 1H7. B, cell counting assay for inhibition of proliferation
of MCF-7 cells in 10% serum (5 days) upon treatment with 5 ug/ml EM 164, IR3, or 1H7 antibodies. C and D, inhibition of IGF-1- or serum-stimulated proliferation and survival of
breast cancer MCF-7 (C) and lung cancer NCI-H838 cells (D) by 10 ug/ml EM164. E, EM164 was a potent inhibitor of the growth and survival of MCF-7 cells even if added 15 min
after the addition of IGF-I, resulting in an inhibition similar to that when EM 164 (20 pg/ml) was added 15 min before the addition of IGF-I (10 ng/ml).

group (including the groups treated with PBS, gemcitabine alone, or
control antibody). These results indicate that the biological effects
observed for EM 164 on cancer cell linesin vitro may be indicators for
in vivo antitumor efficacy.

DISCUSSION

A monoclonal antibody EM164 has been developed that binds to
the human IGF-I receptor with a high affinity and neutralizes the
function of IGF-IR in cancer cells. EM164 inhibits the binding of
IGF-I to IGF-IR in cells, blocks the activation of IGF-IR and down-
stream signaling pathways, and suppresses the biological effects me-
diated by IGF-IR. Inhibition of IGF-IR function by EM164 resulted in
significant anticancer activity both in vitro, where EM164 inhibited
the growth of diverse cancer cell lines, and in vivo, where EM164
treatment suppressed the growth of a pancreatic cancer xenograft.

EM164 proved to be a significantly more potent inhibitor of the
IGF-1-stimulated cellular functions of IGF-IR than the commercially
available anti-IGF-IR antibodies, IR3, 1H7, and MAB391. The tight
binding of EM 164 to IGF-IR is likely to be responsible for the potent
antagonism of the binding and the activity of the physiological ligand,
IGF-I. The K, of EM164 was measured as 0.1 nm, which is very close
to the reported K, of 0.16 nm for IGF-1 (61). Treatment of cells with

EM164 inhibits the binding of IGF-I to IGF-IR at 4°C, a condition
wherein no receptor down-regulation is observed. Therefore, the
mechanism for the potent inhibition of the binding of IGF-I to IGF-IR
by EM164 is likely to be competition for binding, either through
sharing of the binding site or through steric exclusion.

In addition to blocking the binding of IGF-I to IGF-IR, EM164
treatment of cells at 37°C causes significant down-regulation of
IGF-IR levels, resulting in a 25% decrease in 2 h and a 50—75%
decrease in 24 h. The down-regulation of receptor appears to occur by
internalization and degradation, as suggested by the detection of
degraded IGF-IR B chain in lysates of EM164-treated cells. Similar
down-regulation of IGF-IR at 37°C was previously reported (and was
confirmed in this study) with the anti-IGF-IR antibodies, IR3, 1H7,
and MAB391 (45, 62, 63). This antibody-mediated down-regulation
of IGF-IR at 37°C is similar to the antibody-induced degradation of
HER-2/ErbB-2 receptor, which is reported to occur through enhanced
ubiquitination (64).

Although the inhibitory effect of EM164 on IGF-IR signaling in
short-term assays (15 min to 2 h) is most readily explained by the
inhibition of the binding of IGF-1 to IGF-IR, the antibody-mediated
down-regulation of the receptor may also contribute to the inhibitory
effects observed in long-term assays such as the IGF-1-stimulated
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Table 1 Inhibition of IGF-I-stimulated proliferation and survival of human cancer cells
by EM164 antibody

Fold increase in Percentage inhibition

MTT signal of |GF-I-stimulated
upon IGF-| MTT signal increase
Cancer cell type stimulation® by EM164
MCF-7 (breast) ~3 100%
T-47D 16 95%
NCI-H838 (lung) 3 100%
Calu-6 17 85%
NCI-H1299 15 95%
NCI-H460 1.6 80%
NCI-H23 16 85%
NCI-H596 1.7 100%
NCI-H441 17 60%
HT-3 (cervica) 3 85%
Colo 205 (colon) 22 60%
HT-29 15 60%
BxPC-3 (pancreatic) 21 80%
MiaPaCa-2 2.6 70%
ASPC-1 23 5%
A-375 (melanoma) 14 70%
M14 15 70%
RD (rhabdomyosarcoma) 18 95%
Sa0S-2 (osteosarcoma) 25 100%
Ovcar-5 (ovarian) 17 65%
A 431 (epidermoid) 22 85%
PC-3 (prostate) 13 70%
SK-N-SH 2 85%

(neuroblastoma)

2MTT assay was performed after 3 days of growth of cancer cells under four
conditions: (a) no IGF-I, no EM164; (b) no IGF-I, + EM164; (c) + IGF-1, no EM164; and
(d) + IGF-I, + EM164. To account for the inhibition of autocrine signaling by EM 164,
the percentage of inhibition by EM164 was calculated from the MTT assay signals as:
100 X [((c)~d))/((c)—(b))]. Concentrations used were [IGF-I] = 10-20 ng/ml (1.2-2.4
nm) and [EM164 antibody] = 10-20 wg/ml (60—120 nm).

proliferation of cells over a 2-3-day period. The degree of IGF-IR
down-regulation by EM164, IR3, 1H7, and MAB391 was similar in
these assays. Thus, the superior inhibition observed with EM164 is
likely because of the high affinity of EM164 and strong inhibition of
IGF-1 binding to IGF-IR, rather than an enhanced ability to down-
regulate IGF-IR levels.

Treatment with EM 164 inhibits the |GF-I-activated signal trans-
duction in cells, resulting in a reduction of the phosphorylation levels
of activated IGF-IR and downstream substrates, IRS-1, Akt, and p70
S6 kinase, to levels similar to those present in unstimulated cells.
However, it is difficult to predict the biological consequences of
inhibitory activity in short-term signal transduction experiments be-
cause even alow level of IGF-IR signaling could be above a minimal
threshold level required for the proliferation and survival of cells. The
effect of the antibody exposure in a long-term assay of proliferation
and survival of cancer cells, therefore, may be a better measure of
potential in vivo biological effects. In this regard, EM 164 was signif-
icantly more inhibitory than the other three antibodies tested in a
3-day assay of proliferation and survival of MCF-7 breast cancer cells.
EM164 inhibited the IGF-I-, IGF-11-, and serum-stimulated prolifer-
ation and survival of the large mgjority of cancer cell lines tested,
confirming the important role of IGF-IR in cancer cell growth. Ad-
ditionally, many cancer cell lines secrete IGF-11 and IGF-1 for their
autocrine growth and survival. We found that EM 164 inhibited the
autocrine growth of several cancer cell lines (breast cancer MCF-7,
T-47D cells, rhabdomyosarcoma RD cells, and lung cancer NCI-

H838, NCI-H596 cells) in serum-free medium lacking exogenously
added IGF-1 or IGF-II, as indicated by the lower MTT signals ob-
tained upon EM 164 treatment than for the untreated cells. The EM 164
antibody, therefore, also provides a useful tool for testing the role of
autocrine IGF-IR signaling in the growth of cancer cell lines.
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Fig. 6. Cell cycle arrest and induction of apoptosis in cancer cells by treatment with
EM164. A, MCF-7 cells were treated with EM 164 (20 pg/ml) and IGF-1 (20 ng/ml) for
1 day and stained with propidium iodide for cell cycle analysis. B, growth inhibition of
HT-29 colonies by EM164. HT-29 cells (~300 cellsinitialy plated/well) growing in 10%
serum were treated with EM 164 or control antibody (10 pg/ml) for 10 days and stained
with crystal violet. C, induction of apoptosis in NCI-H838 cells by EM164; cells were
treated with EM 164 in the presence or absence of IGF-I or serum for 1 day and analyzed
for apoptosis by assay of cleaved cytokeratin CK-18 protein. EM164 suppressed the
antiapoptotic effects of IGF-1 and serum, as seen by the higher signals in ELISA in the
presence of EM164 because of increased apoptosis.
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BxPC-3 xenograft
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Fig. 7. Suppression of growth of BxPC-3 human pancreatic cancer xenografts in mice
by EM 164 alone or in combination with gemcitabine. Established BxPC-3 xenografts (80
mm°) were treated with EM164 (13 injections of 0.8 mg each, i.v.) or gemcitabine (two
injections of 150 mg/kg each, i.p.) or a combination of gemcitabine and EM 164 antibody

or PBS or control antibody or gemcitabine alone. Data plotted are mean = SE for tumor
volume (n = 5 each group).

The importance of the IGF-IR in cancer cell growth may be related
to both its proliferative and antiapoptotic functions. By blocking
receptor activation, EM164 neutralizes all IGF-IR-mediated signal
transduction and, in principle, could inhibit cancer cell growth by
suppressing cell proliferation or by promoting cell death. The relative
contribution of these effects to the anticancer activity of EM164 in
different settings (including in vivo models) remains to be determined.
However, the inhibition of MCF-7 cell growth in vitro by EM 164 can
be attributed principally to a cytostatic effect, where EM 164 treatment
causes cells to accumulate in the G,-G; state of the cell cycle. EM164
inhibits the proliferation of MCF-7 cells even if it is added 15 min
after the activation of cells with the growth factor IGF-1. EM164 is a
potent inhibitor of cell proliferation presumably because it suppresses
IGF-IR signaling over a sustained period, which is consistent with a
study that cell cycle progression into S-phase requires a prolonged
activation by the growth factor in two pulses over ~8 h (65).

IGF-I receptor is one of several growth factor receptors (HER2/
ErbB2, epidermal growth factor receptor, vascular endothelial growth
factor receptor, platelet-derived growth factor receptor, and fibroblast
growth factor receptor), which have been implicated in cancer devel-
opment and progression. These growth factor receptors are under
active investigation as targets for cancer therapy using inhibitory
antibodies or tyrosine kinase inhibitors (26, 66—68). Because of the
distinct biologica activities of these receptors, it will be important to
compare the effects of their inhibition in clinical settings. Addition-
aly, a combined inhibition of these receptors could prove even more
beneficial than targeting each receptor alone. In breast cancer cell
models, targeting HER2 and IGF-IR pathways simultaneously is
reported to be more effective at inhibiting cell proliferation than
targeting a single pathway (69).

The EM 164 antibody provides an important reagent for exploring
the effect of targeting IGF-IR in xenograft models of several cancers,
using the antibody aone or in combination with relevant chemother-
apeutic drugs. In this study, treatment of SCID mice bearing estab-
lished BXPC-3 human pancreatic cancer xenografts with i.v. injections
of EM164 led to total tumor regressions, but the tumors eventually
regrew. The tumor-free period could be markedly prolonged by com-
bining the antibody treatment with the antipancreatic cancer agent
gemcitabine. These findings, together with the broad activity of
EM164 on the growth of cancer cellsin vitro, provide the rationale for
additional development of EM 164 as a candidate anticancer therapeu-
tic. For potential clinical use, the EM 164 antibody has been human-

ized to a human 1gG with equivalent binding affinity and inhibitory
activity.
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