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ABSTRACT

Insulin-like growth factor 1 receptor (IGF-1R) is overexpressed in many tumours and con-
tributes to tumourigenicity, cell proliferation, metastasis and resistance, thus representing
a promising therapeutic target. The human IGF-1R antagonistic monoclonal antibody
EM164 (murine AVE1642) has shown activity in adult cancers and is being evaluated in
patients with advanced malignancies. We investigated the EM164 for its therapeutic poten-
tial against childhood neuroblastoma.

EM164 at 0.07, 0.7 and 7 pg/mL exhibited anti-proliferative activity against all nine cell
lines tested in *H-thymidine incorporation assay in vitro. Cell proliferation after EM164 expo-
sure ranged between 24% and 80% compared to controls. Sensitivity was independent from
culture serum conditions, intensity of IGF-1R expression and IGF-II secretion, although
associated with inhibition of AKT activation. In vivo, EM164 administered intravenously at
40 mg/kg twice weekly for 4 weeks yielded significant tumour growth delays (TGD) of
13.4d in advanced stage IGR-N91 and 12.9d in SK-N-AS tumours compared to controls
(p =0.02 and p = 0.0059, respectively). Simultaneous treatment of EM164 0.7 pg/mL and tem-
ozolomide resulted in enhanced activity in vitro. In vivo, treatment with temozolomide at the
maximum tolerated dose (100 mg/kg/d for 5 consecutive days) and EM164 yielded a signifi-
cantly greater TGD of 29.1d (p < 0.01) and two complete tumour regressions (CR) compared
to 18.1d (p = ns) and one CR for EM164 alone and 16.1 d (p = ns) for temozolomide alone.

Our results demonstrate the potential of the anti-IGF-1R antibody alone and in combina-
tion with alkylating agents and support the therapeutic development of the AVE1642 for
aggressive neuroblastoma.
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1. Introduction

Dysregulation of type 1 insulin-like growth factor receptor
(IGF-1R) pathway has been involved in promoting oncogenic
transformation, cell proliferation, metastasis, angiogenesis
and resistance in numerous cancers, such as multiple mye-
loma, breast, prostate, colon, ovarian, lung carcinomas®?
and neuroblastoma.® The receptor mediates proliferation
when activated by the stimulatory ligands IGF-I and IGF-II.
In normal cells, activation of IGF-1R, as well as the insulin
receptor (IR), is tightly regulated by the action of IGF-bind-
ing proteins (IGFBP) and the non-stimulatory receptor IGF-
IIR. IGF-1R activation results in proliferation through activa-
tion of the major adaptor protein insulin receptor substrate
1 (IRS-1), extracellular signal-related kinase (ERK), nuclear
accumulation of cyclin D1 at the G1-S transition, and
antagonises apoptotic cell death via the mitochon-
drial pathway by activating the serine/threonine kinase
AKT*

IGF-1R has been a major focus for the development of var-
ious novel anticancer therapies.® Most strategies target IGF-1R
and not IR, due to potential metabolic consequences of inhib-
iting the latter. The antagonistic monoclonal antibody EM164
(murine version of the humanised AVE1642) binds specifically
to the human IGF-1R with a Kd of 0.1 nM which is very close
to the receptor Kd of 0.16 nM for IGF-1,° without binding to the
IR. EM164 inhibits receptor activation, IGF-1R-mediated cell
growth and survival.” In vivo efficacy of EM164 was shown in
an IGF-1R-dependent murine embryo fibroblast model
expressing the human IGF1R gene, in human BxPC-3 pancre-
atic, and HT29 colon cancer models (Bladt et al., unpublished
data).

Evidence indicates that IGF-1R function is important in the
pathogenesis of embryonal cancers, such as neuroblastoma.®
Growth factors are essential during embryonal development
and are usually down-regulated after birth. Most embryonal
tumours highly express the receptor as well as its ligands.
Neuroblastoma cell lines secrete and respond to IGF-II° and
primary neuroblastoma specimens express IGF-II RNA and
IGF-1R." IGF-1 stimulates chemotaxis and migration of neuro-
blasts through IGF-1R activation and PI3K signalling.** IGF-1R
expression regulates neuroblastoma metastasis to bone.'?
IR-IGF-1R coexpression correlated with enhanced apoptosis
and dedifferentiation.’® IGF-1R overexpression promotes
neuroblastoma cell survival by preventing mitochondrial
membrane depolarisation and caspase-3 activation.'*
Furthermore, a transcriptional regulation of IGF-1R through
MYCN gene expression has been suggested,’® and MYCN
expression could be disrupted by IGF-1R blockade with the
antibody alphalR3.'® Different therapeutic approaches that
inhibit IGF-1R signalling have been reported to reduce neuro-
blastoma cell growth: antisense to the IGF-1R,” nord-
ihydroguaiaretic acid (NDGA),'® the monoclonal antibody
alphalR3,'®'® tyrosine kinase inhibitors NVP-AEW541%° and
BMS-554417.%

This study evaluated the murine antibody of AVE1642,
EM164, in childhood neuroblastoma cell lines and xenografts
alone and in combination with the alkylating agent temozol-
omide and the differentiating agent cis-retinoic acid.

2. Material and methods

2.1. Drugs

EM164 (murine AVE1642; produced by Immunogen and pro-
vided by sanofi-aventis) was stored diluted in serum-free
medium for use in vitro or phosphate-buffered solution (PBS)
in vivo. Temozolomide pure powder (Sigma-Aldrich Chimie
SARL, Lyon, France) was diluted in dimethylsulphoxide
(DMSO) or resuspended in hydroxypropyl cellulose (Klucel,
Hercules-Aqualon, Le Pecq, France), respectively. 13-Cis reti-
noic acid (RA; Sigma-Aldrich Chimie) was dissolved in DMSO.

2.2. Cell lines and xenografts

SH-SY5Y, SK-N-AS, SK-N-SH, SK-N-BE, LAN-1, LAN-5 and
IMR32 neuroblastoma cell lines were provided by Dr. Valent
(Institut Gustave Roussy). IGR-NB8 was established from a pri-
mary stage 3 abdominal neuroblastoma,?? IGR-N91 from a pri-
mary bone marrow metastasis.”®> LAN-1, LAN-5 and IMR32
cells were maintained in Roswell Park Memorial Institute
(RPMI) medium, all others in Dulbecco’s Modified Eagle’s Med-
ium (DMEM), containing 10% foetal calf serum (FCS; all Invit-
rogen SARL, Cergy Pontoise, France) at 37 °C and 5% CO,. All
cell lines were free of mycoplasma.

2.3.  Cell proliferation *H-thymidine incorporation assay

Cells were plated in 96-well plates at 1.5 x 10%well in 10% FCS-
conditioned medium and allowed to adhere overnight. After
7 h culture in 1% or 10% FCS medium, cells were exposed to
EM164 at 7, 0.7 and 0.07 pg/mL in triplicates during 48 h.
One mCi *H-thymidine (Amersham Bioscience Europe, Orsay,
France) was added; plates were frozen at -20 °C. Cells were
harvested onto GF/C filter (UniFilter®, Perkin-Elmer) using a
Packard FilterMate™ Harvester and the incorporated radioac-
tivity was determined using the TopCount® Microplate Scin-
tillation Counter (Packard BioScience Company). Percentage
of proliferation rate between treated and untreated wells ex-
presses the means of 3-4 independent experiments.

2.4.  MTT cell proliferation assay

Cells seeded in 96-well plates at 0.75-2.0 x 10%/well in 10% FCS
medium were treated with EM164 at 0.7 ug/mL, temozolomide
at 200, 400 or 800 uM and 13 cis-retinoic acid at 10 pM. Cell
viability was determined after 48h exposure using 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide
(MTT) and lysis solution (20% sodium dodecyl sulphate-
dimethylformamide) by colorimetric measurement at
620 nm in microplate reader (Multiskan, Thermo Electron
Corporation, Courtaboeuf, France). Percentage of viability rate
between treated and untreated wells expresses the means of
at least three independent experiments.

2.5. IGF-1 receptor quantification by flow cytometry

Cells were cultured in 10% FCS medium, harvested using cell
dissociation solution (Sigma-Aldrich Chimie), incubated with
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or without 50 ug/mL EM164 per 0.5 x 10° cells during 30 min at
4 °C, followed by 20 pg/mL GAM-FITC for 30 min and resus-
pended in PBS containing 10 ung/mL propidium iodide to ex-
clude dead cells. QIFIKIT (DAKO SAS, Trappes, France) beads
with known quantities of mouse IgG were used to establish
a calibration curve and to determine the mean molecules of
equivalent fluorochrome (MEF) for the cells according to the
manufacturer’s instructions.

2.6. Cell cycle analysis by flow cytometry

Cells were treated in exponential growth with EM164 0.7 ng/
mL, harvested at 24, 48 and 72 h and stained with propidium
iodide buffer (0.002% propidium iodide, 20 mM ethylenedia-
minotetraacetic acid (EDTA) and 0.01% RNase). DNA content
of individual cells was measured using a fluorescence-acti-
vated cell sorter (FACS)calibur and analysed with the Cell
Quest program (BD Biosciences, Erembodegem, Belgium).

2.7.  Western blot analysis

Cells were cultured in 10% FCS conditions, treated with EM164
0.7 pg/mL and harvested at 2, 6, 24 and 48 h. Cell lysates were
isolated with lysis buffer TNEN (Tris NaCl EDTA NP40) con-
taining 250 mM NacCl, 50 mM Tris-HCI (pH 7.5), 5mM EDTA
(pH 8.0), 0.1% Nonidet-P-40, anti-protease (Complete mini,
Roche Diagnostics, Meylan, France) and anti-phosphatases
(NazVO, 1mM, NaF 50mM; Sigma-Aldrich Chimie) and
homogenised with a potter Teflon-glass homogeniser. Protein
amounts were quantified using the Micro BCA protein assay
kit (Pierce, Perbio, Brebieres, France). Equal amounts of pro-
tein were separated electrophoretically in 7% sodium dodecyl
sulphate (SDS)-PAGE gels and transferred to polyvinylidene
difluoride (PVDF) membranes (Hybond P; Amersham Biosci-
ence Europe). Immunodetection was performed using the
monoclonal mouse antibodies anti-B-actin (1:5000; AC-15;
Sigma-Aldrich, St Quentin-Fallavier, France), anti-poly(ADP-
ribose) polymerase 1 (1:200; PARP; C-2-10; Calbiochem, USA),
rabbit polyclonal anti-human IGF-1Rp (1:200; sc-713; Santa
Cruz Biotechnology, Tebu-Bio SA, Le Perray en Yvelines,
France), anti phospho-IGF-1Rf (Tyr1131)/insulin receptor B
(Tyr1146), anti-human AKT, phospho-AKT (Ser473), p44/42
MAPK (Erk1/Erk2), phospho-p44/42-MAPK (Thr202/Tyr204)
and caspase-3 (clone #9662), all diluted 1:1000 (Cell Signaling
Technology®, Ozyme, St Quentin-en-Yvelines, France). Blots
were revealed with peroxidase-conjugated secondary anti-
mouse or anti-rabbit antibody, respectively, followed by ECL
Plus chemiluminescence solution (Amersham Bioscience).

2.8.  Animals

Female Swiss athymic mice (SPF - Specific Pathogen Free) were
bred in the Animal Experimentation Unit at Institut Gustave
Roussy. Experiments were carried out under the conditions
established by the European Union (Directive 86/609/CCE).

2.9.  Experimental in vivo design

Anti-tumour activity in advanced stage tumours was
evaluated as previously described.?? For IGR-N91 xenografts,

tumour fragments (30 mm?) were xenotransplanted subcuta-
neously in athymic mice 6-8 weeks of age. SK-N-AS xeno-
grafts were established through subcutaneous injection of
5 x 10° SK-N-AS cells. On day 0 of treatment, animals bearing
a total tumour burden of 100-300 mm?® were randomly as-
signed to treatment groups. EM164 was administered intrave-
nously at 40 mg/kg twice weekly and temozolomide orally at
100 mg/kg in 0.2 mL Klucel solution for 5 d. Body weight and
two tumour perpendicular diameters were measured two to
three times weekly with a caliper. Each tumour volume was
calculated according to the equation V (mm?®) =width?
(mm?) x length (mm)/2. The experiments lasted until tumour
volumes reached 1500-2000 mm?®. Tumour doubling time (Td)
was determined in an exponential growth phase between 200
and 400 mm?>. Tumour growth delays (TGD) were defined as T-
C: where T and C were the median times (in days) required for
the treatment and the control group tumours, respectively, to
reach a predetermined size (750 mm?). This allowed the quan-
titation of the tumour cell kill. The total log cell kill was calcu-
lated according to the following formula: total log CK = (T-C in
days)/(3.32 x Td) and converted to an arbitrary activity rating
according to the Southern Research Institute (SRI) criteria:
highly active ++++ = total log cell kill (treatment duration of
5-20d) > 2.8, +++=2.0-2.8, ++=1.3-1.9, +=0.7-1.2, inactive
- <0.7. Complete tumour regression was defined as total
regression or tumour volume <63 mm? in two consecutive
measurements. Statistical significance was determined using
the two-tailed non-parametric Mann-Whitney or Kruskal-
Wallis test and Prism® software version 3.00.

2.10. Histology and immunohistochemistry (IHC)

Animals bearing SK-N-AS xenografts were treated with EM164
40 mg/kg on days 0 and 3 and sacrificed 24 h after the second
EM164 administration. Tumours were fixed in FineFix® (Mile-
stone, Bergamo, Italy), paraffin embedded and cut into micro-
sections. Sections were stained with haematoxylin-eosin-
safranin (HES) for morphology. Immunodetection was per-
formed after microwave pre-treatment in citrate buffer (pH
6.0) using the rabbit antibodies anti-human p-AKT (Ser473),
diluted 1:50, and anti-human caspase-3, diluted 1:100 (both
Cell Signaling), revealed by the rabbit PowerVision kit (Immu-
noVision Technologies, CA) and diaminobenzidine.

3. Results

3.1. EM164 exhibits anti-proliferative activity in
neuroblastoma cells

EM164 treatment at 0.07, 0.7 and 7 ug/mL resulted in reduced
cell proliferation of all nine neuroblastoma cell lines as mea-
sured by *H-thymidine incorporation (Fig. 1A; Supplementary
Table). IGR-NB8 and SK-N-BE were less sensitive with prolifer-
ation rates of 50% and 54%, respectively, at 7 ug/mL. The other
cell lines exhibited proliferation rates between 24% and 39%
at 7 pg/mL. LAN-5, IMR32, IGR-NB8 and SH-SY5Y were equally
sensitive in serum and serum-deprived conditions. LAN-1,
SK-N-AS and SK-N-SH showed a 15-20% reduced, SK-N-BE
and IGR-N91 an increased proliferation rate under culture in
serum-reduced conditions. No dose-dependent effect was ob-



3254 EUROPEAN JOURNAL OF CANCER 46 (2010) 3251-3262

120190 120m0

100 SH.SYSY IGR-N91
c c
Rl o
® ®
3 3
S 5
o T
S =S

0.01 0.1 1 10
EM164 ug/ul
12010 1204 0 SK-N-BE

100 80 IGR-NB8 -

2 S

® ®

3 2

s S

a a

R R

0+ T T | 0+ T T |
0.01 0.1 1 10 0.01 0.1 1 10
EM164 pg/pl EM164 ug/pl
12040

c < 100 SK-N-AS

2 ks

® ®

2 2

S S

o o

R R

EM164 pg/ul EM164 ug/mi

% Proliferation
% Proliferation
3

-~ -

e el
:

EM164 pg/ul

0.01 0.1

EM164 pg/ml

SK-N-SH

% Proliferation

0.01 0.1 1 10
EM164 pgiyl

Fig. 1A - Anti-proliferative activity of EM164 in neuroblastoma cell lines. Cell proliferation of neuroblastoma cell lines cultured
in 10% (continuous line) and 1% (intermittent line) FCS-conditioned medium after 48 h exposure to EM164 treatment at 0.07,
0.7 and 7 pg/mL as measured by *H-tymidine incorporation. Data represent means out of 4-5 independent experiments each
performed in triplicates. Sensitivity was not systematically dependent on serum culture conditions.

served since all the three antibody concentrations chosen being non-amplified and all others exhibiting an MYCN gene
were saturated.>® EM164 sensitivity was independent from amplification. Thus, neuroblastoma cells are highly sensitive
the MYCN gene status with SK-N-AS, SK-N-SH and SH-SY5Y to EM164 in vitro.
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Fig. 1B - EM164 sensitivity in vitro is independent from
levels of IGF-1R expression. Sensitivity of neuroblastoma
cells to EM164 is expressed as percentage of cell prolifera-
tion following EM164 0.7 mg/mL treatment and cultured in
10% serum conditions as measured by *H-thymidine incor-
poration. For quantitation of IGF-1R, neuroblastoma cells
were stained with EM164 and receptor expression level was
quantified with the help of the QIFIKIT standards and flow
cytometry and expressed in mean molecules of equivalent
fluorescence (MEF).

3.2.  EM164 sensitivity in neuroblastoma cells is
independent of IGF-1R expression

We intended to explore if in vitro sensitivity is correlated with
IGF-1R expression. IGF-1R was found expressed in all 9 neuro-
blastoma cells (IGR-NB8: 1904 median equivalent of fluores-
cence (MEF), IGR-N91: 1469, LAN-1: 1317, SK-N-AS: 1280, SK-
N-BE: 1028, SK-N-SH: 1015, LAN-5: 602, IMR32: 451, SH-SY5Y:
294). IGF-1R levels were not correlated with in vitro sensitivity
to EM164 as determined by percentage cell proliferation and
shown for 7pg/mL of EM164 and 10% FCS condition
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Fig. 2 - EM164 inhibits IGF-1R, AKT and MAPK activation in
neuroblastoma cells. Neuroblastoma cells were cultured in
10% FBS-conditioned medium and harvested after to EM164
exposure at given time points. Protein lysates were resolved
by electrophoresis on 7% SDS-PAGE, transferred to nitro-
cellulose membrane and visualised by Western blotting
with specific antibodies, detected with ECL plus reagent.
The blots were reprobed with anti-actin antibody as loading
control. IGF-I stimulation was used as control, but not given
during EM164 exposure.

(r=0.6167, p =0.0857, non-parametric two-tailed Spearman,;
Fig. 1B).

3.3.  EM164 inhibits IGF-1R, AKT and mitogen-activated
protein kinase (MAPK) phosphorylation in neuroblastoma
cells

IMR32, SH-SY5Y and SH-N-SH cells exhibited activated IGF-
1R, which could be further stimulated by IGF-I (Fig. 2).
EM164 at 0.7 pg/mL resulted in the complete inhibition of con-
stitutive IGF-1R phosphorylation during at least 48 h in all
three cell lines while total expression of the IGF-1R was not
modified. Inhibition of MAPK and AKT phosphorylation was
noted in all three cell lines, although this did not result in cas-
pase-3 activation or PARP cleavage (data not shown). Thus,
EM164 reduced cell proliferation through inhibition of IGF-
1R-mediated phosphatidyl inositol 3 kinase (PI3K)/AKT and
MAPK cell signalling pathways but not through induction of
apoptotic cell death.

3.4. EM164 induces G1 cell arrest in neuroblastoma cells

EM164 treatment resulted in G1 cell cycle arrest in SK-N-AS
and IGR-N91 cells. For IGR-N91, 60% of EM164-treated cells
were in GO/1 phase at 24 h compared to 40% of control cells
and 62% versus 51% at 48 h, respectively. For SK-N-AS, at
24h 76% of EM164-treated cells were in GO/1 compared to
64% in the controls and at 48 h 63% versus 53%, respectively.
At 72 h, the cell cycle distribution was similar in EM164-trea-
ted and control cells (54% versus 54% for IGR-N91, 77% and
72% for SK-N-AS). The increase of cells in G1 fraction was to
the disadvantage of cells in S-phase and no enhanced sub-
G1 fraction was observed. Thus, EM164 exhibits anti-prolifer-
ative activity through G1 cell cycle arrest.

3.5.  EM164 has superior activity with temozolomide in
neuroblastoma cells

We evaluated anti-proliferative effects of EM164 combined
with temozolomide (Fig. 3A). Both agents were first adminis-
tered simultaneously, EM164 at 0.7 pg/mL and temozolomide
at two doses which can induce 40-60% viability inhibition in
each cell line. All combinations exhibited superior anti-prolif-
erative activity. In IGR-N91, EM164 treatment resulted in 68%
(+4%, 95% confidence interval (CI)) cell viability compared to
untreated controls, temozolomide at 800 puM in 55% (+3%),
while the combined treatment resulted in 28% (+3%) cell via-
bility. Similarly, temozolomide at 400 pM resulted in 68%
(+7%) viability, the combination with EM164 in 44% (+3%). In
SK-N-AS cells, cell viability was 76% (+6%) following EM164
treatment, 61% (+4%) for temozolomide at 200 uM and 42%
(+3%) for the EM164-temozolomide combination. Temozolo-
mide at 400 pM resulted in 51% (+5%) cell viability and its
combination with EM164 in 35% (+3%). We also evaluated
the sequencing of EM164 and temozolomide treatments.
Anti-proliferative effects were equivalent when EM164 was gi-
ven 48h prior to or 48h following temozolomide. Thus,
EM164 and temozolomide exhibit enhanced anti-proliferative
effects in vitro which appear independent of the sequencing of
both treatments.
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Fig. 3 - Anti-proliferative activity of EM164 in combination with temozolomide (A) or cis-retinoid acid (B) in IGR-N91 and SK-
N-AS cell lines. Cell proliferation of IGR-N91 and SK-N-AS cells cultured in 10% foetal bovine serum-conditioned medium
after 48 h exposure to EM164 at 0.7 pg/mL and temozolomide (A) or 13 cis-RA (B) at indicated concentrations, as measured by
MTT assay. Data represent means out of at least three independent experiments each performed in triplicates.

3.6.  Cis-retinoic acid reduces anti-proliferative activity of
EM164 in neuroblastoma cells

We next evaluated the combination of EM164 with cis-reti-
noid acid (cis-RA) (Fig. 3B). Similar to the prior combination
experiments, EM164 reduced cell viability of SK-N-AS cells
to 71% (3% 95% CI) and of IGR-N91 to 67% (+1%). While cis-
RA exhibited a moderate anti-proliferative effect in SK-N-AS
cells (90% (+4%) viability), this differentiating agent stimu-
lated IGR-N91 proliferation (120% (+2%)). Importantly, when
administered simultaneously, cell viability inhibition of
EM164 was reduced in both cell lines (79% (+3%) in SK-N-AS
and 89% (+3%) in IGR-N91). Sequencing experiments of the
combination in SK-N-AS showed comparable viability inhibi-
tion when EM164 was administered 48 h prior to or 48 h after
cis-RA with cell viability rates of 62% versus 62%, respectively.
In contrast in RA-resistant IGR-N91 cells, EM164 exposure
during 48 h prior to cis-RA resulted in 83% cell viability, while
no viability inhibition (110% viability) was observed when
EM164 was administered after 48 h cis-RA exposure. EM164,

when given prior to RA, may have the ability to partially re-
verse resistance to RA in IGR-N91 cells. In summary, concom-
itant exposure of cis-RA reduced anti-proliferative effects of
EM164 in vitro.

3.7.  EM164 exhibits significant anti-tumour activity in
IGR-N91 and SK-N-AS xenografts

EM164 was evaluated in vivo against advanced stage xeno-
grafts. Treatment started 23 and 18 d after subcutaneous
transplantation of IGR-N91 and SK-N-AS tumours, respec-
tively, at 40 mg/kg twice weekly for 28 d and 24 d, i.e. nine
and eight injections, respectively (Fig. 4; Table 1). Vehicle-trea-
ted IGR-N91 tumours grew with a median time to reach
750 mm® of 10.5 days, EM164-treated tumours of 23.9 days,
indicating a significant growth delay T-C of 13.4days
(p =0.02; Mann-Whitney). One EM164-treated tumour re-
gressed below <63 mm?, regrew slowly and had not reached
750 mm?® as of study end, on day 39. With a total log cell kill
of 0.86, EM164 was declared active according to the SRI score.
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Fig. 4 - Anti-tumour activity of EM164 in advanced neuroblastoma xenografts IGR-N91 (A) and SK-N-AS (B) and in
combination with temozolomide in SK-N-AS (C). Animals bearing advanced IGR-N91 or SK-N-AS tumours were assigned to
treatment with vehicle and/or Klucel 0.2 mL, EM164 at 40 mg/kg twice weekly, and/or temozolomide 100 mg/kg during five
consecutive days. Graphs are presented with the mean tumour lead for each treatment group of 5-8 animals; bars are
standard error of means.
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Table 1 — Anti-tumour activity of EM164 alone and with temozolomide in neuroblastoma xenografts.

Treatment Total Mice (n) Tumour Td  Weight CR T 750 mm?® T-C p LCK
dose load (days) loss (days) (days) (SRI
(mg/kg) median (%) (D29) criteria)
(mm?)
(range)
EM164 against
IGR-N91
Vehicle 0.2 mLx 2/ 8 183 4.7 +4 0 105
wx28d (75-408) (D24)
EM164 40 mg/kg x 2/ 320 8 166 +6 1 239 134 0.02 0.86 (+)
wx28d (80-348) (D28)
EM164 against
SK-N-AS
Vehicle 0.2 mL x 2/w X 8 175 3.0 +9 0 63
24d (76-536) (D17)
EM164 40 mg/kg x 280 7 191 +11 0 192 12.9  0.0059 1.30 (++)
2/w x 24 d (85-362) (D21)
EM164 and
temozomide
against SK-N-AS
Vehicle Klucel 0.2 mL x 5 135 3.4 +12 0 117
5d PBS (58-183) (D24)
0.2 mL x
2/W X 5w
EM164 40 mg/kg x 400 5 150 +4 1 2938 181 ns 1.6 (++)
2/W X 5w (72-224)
Temozolomide 100 mg/kgx5d 500 5 127 +9 0 278 16.1 ns 1.4 (++)
(66-168)
Temozolomide + 100 mg/kgx5d+ 500 5 170 +3 2 4038 29.1 <0.01 2.6 (+++)
EM164° 40 mg/kg x 400 (80-177)
2/wW X 5w

Td = tumour doubling time; CR = complete regression; 5 x Vi = five times initial tumour volume; T 750 mm? = median time to reach 750 mm?; T—
C = tumour growth delay; p = T-C statistical difference using a two-tailed non-parametric Mann-Whitney or Kruskal-Wallis test for two or more
groups, respectively; LCK = log cell kill. Southern Research Institute (SRI) criteria: highly active ++++ = log cell kill gross (treatment duration of

5-20d) > 2.8, +++ =2.0-2.8, ++=1.3-1.9, + = 0.7-1.2, inactive - < 0.7.

# The first EM164 was administered after the second temozolomide dosing.

Median time of vehicle-treated SK-N-AS tumours to reach
750 mm?® was 6.3 days, that of EM164-treated tumours was
19.2days. Thus with a significant T-C of 12.9days (p=
0.0059), EM164 was also found to be active against SK-N-AS
neuroblastoma (1.3 total log cell kill).

3.8.  EM164 anti-tumour activity correlates with AKT
inhibition and cell death in SK-N-AS xenografts

Morphological and pharmacodynamic changes in SK-N-AS
tumours were analysed 24 h after the second EM164 adminis-
tration. Control tumours had doubled their mean volume
(253 mm? on day 4 versus 121 mm? on day 0) while EM164-
treated tumours remained stable or regressed (mean:
95 mm?> versus 105 mm?). Post HES staining, untreated SK-
N-AS tumours presented undifferentiated neuroblasts with
large hyperchromatic nuclei and multiple cell mitosis (Fig. 5,
panel A). EM164-treated tumours presented important post-
therapeutic changes with foci of pre-necrotic tumour cells
showing pyknotic and dystrophic nuclei, marked chromatin
condensation, surrounded by enhanced fibrotic tissue (panel
B-C), which was particular evident in regressing tumours.

Consistent with the in vitro findings, immunohistochemistry
did not suggest induction of caspase-3-dependent apoptotic
cell death (data not shown). In contrast, p-AKT expression
was significantly reduced in EM164-treated tumours as shown
by immunohistochemistry (panels D-F) and Western blot
analysis in tumour lysates (55% decrease of the levels of phos-
phorylation of AKT on serine 473 (p = 0.0159) as compared to
control tumours, the levels of total AKT being not modified).
Thus, inhibition of AKT activation appears to be a predictive
marker for EM164 efficacy in vivo.

3.9. EM164 and temozolomide exhibit superior anti-
tumour activity in SK-N-AS xenografts

Finally, we explored in vivo EM164 in combination with tem-
ozolomide in SK-N-AS (Fig. 4C; Table 1). Due to the EM164-in-
duced G1 cell growth arrest, temozolomide for five days was
given at days 0-4 and EM164 injections twice weekly during
32 days, i.e. 10 injections, starting on day 1 after the second
temozolomide dosing. EM164 was declared active based on
SRI score with 1.6 log cell kill but no statistical significance
was achieved in terms of TGD compared to vehicle-treated tu-
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Fig. 5 - HES staining and p-AKT expression of SK-N-AS xenograft tumours treated with EM164. Panels A-C show SK-N-AS

tumour morphology in HES staining of untreated controls (A) and post-therapeutic changes (i.e. fibrosis and pyknotic nuclei)
24 h after two EM164 administrations (B and C). Panels D-F show p-AKT expression in control tumours (D) and inhibition of
AKT phosphorylation after the second EM164 administration (E and F; 200x original magnification).

mours (T-C = 18.1 days; p = ns using Kruskal-Wallis test). One
EM164-treated animal experienced complete regression with
slow-regrowing tumours. Temozolomide at the maximum
tolerated dose of 100 mg/kg/d for 5 d (as defined based on pre-
vious studies in our laboratory) achieved a tumour growth de-
lay T-C of 16.1 d (p = ns) without tumour regression and a total
log cell kill of 1.4. Combination of temozolomide with EM164
yielded a significant tumour growth delay (T-C=29.1d;
p <0.01) with a greater total log cell kill of 2.6 as compared
to the single agents. Two animals experienced complete tu-
mour regression. In conclusion, combination of EM164 with
temozolomide results in enhanced therapeutic activity.

4, Discussion

This is the first study reporting significant anticancer activity
of a monoclonal antibody currently in clinical development
in childhood neuroblastoma, as single agent and in combina-
tion with alkylating agents. EM164 (the murine AVE1642)
exhibited anti-proliferative activity in neuroblastoma cells at
the lowest concentration tested (0.07 pg/mL) which compares
favourably to the 10 pg/mL used in other cancers (Bladt et al.,
unpublished data).”?* Similarly, activity was observed under
serum and serum-reduced growth conditions without supple-
mentary IGF-I stimulations. Neuroblastoma cell sensitivity
was independent from IGF-1R levels and IGF-II secretion (data
not shown), but associated with inhibition of IGF-1R phosphor-
ylation, PI3K/AKT and MAPK cell signalling. This is consistent
with findings reported for the h10H5 antibody®® and the NVP-
AEWS541 small molecule.?®?® Moreover, inhibition of AKT
phosphorylation appears to correlate with tumour regression
in vivo; this could represent a biomarker for this treatment,
but needs to be confirmed.

EM164 exerts its main activity through G1 cell cycle arrest,
while we found no evidence for the induced apoptotic cell
death. In all three cell lines tested, IGF-1R phosphorylation
was inhibited without down-regulation of the total IGF-1R
as described previously.” Receptor down-regulation due to
receptor internalisation via clathrin-mediated endocytosis
and endosomal and lysosomal degradation is primarily ob-
served following antibody treatment rather than tyrosine ki-
nase inhibitors,?” and considered to be a prerequisite for the
induction of apoptosis.?® Despite the absence of caspase-3
expression in vivo, SK-N-AS tumours regressing under
EM164 treatment showed morphological signs of cell death,
i.e. pyknotic nuclei, chromatin condensation and fibrous tis-
sue replacement which suggest either caspase-independent
apoptotic cell death or other cell death processes being in-
volved. In prior studies, Descamps et al. also found no
EM164-induced apoptosis in vitro,”* while enhanced TUNEL-
positive cells were reported for the IMC-A12 antibody?® and
the tyrosine kinase inhibitors NVP-AEW541 and BMS-
536924.2¢3° Clearly, further information is needed to under-
stand the mechanism of action of these types of agents.

All nine representative neuroblastoma cell lines and both
xenograft models tested were sensitive to EM164. IGF-1R pro-
moter activity is reported to be enhanced by MYCN and
MYCC' and suppressed by wild-type TP53, BRCA1 and
WT1,*7* suggesting MYCN-amplified neuroblastoma with
activated IGF-1R pathway. Importantly, sensitivity to EM164
was independent from MYCN status. Neuroblastoma is a het-
erogeneous tumour with more tumourigenic motile neuro-
nal-type cells, reported to express higher levels of IGF-1R,
and less tumourigenic, more adherent stromal-type cells.?*
We did not share these findings and found for example higher
IGF-1R levels in the stromal-type SK-N-AS cells as compared
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to the neuronal SH-SY5Y and IMR32; moreover, EM164 exhib-
ited activity in both types.

Both xenografts subsequently escaped EM164 treatment.
IGF-1R inhibition escape mechanisms are currently a ‘hot to-
pic’. The IGF-1R pathway is involved in a complex signalling
cross-talk through multiple growth factors, receptors and
down-stream effectors. At present it is not clear whether
and to what extend the IGF axis is essential for the mainte-
nance of the malignant phenotype. Activating IGF-1R gene
mutations and amplification are rare," while polymorphisms
or epigenetic changes in IGFBPs, IGF-I and IGF-II, due to meth-
ylation or loss of imprinting at the IGF-II gene locus,*® as well
as factors that activate PI3K/AKT pathway, i.e. phosphatase
and tensin homologue (PTEN) loss, PIK3CA-activating muta-
tions, or expression of Heat Shock Protein (HSP) 90, are de-
scribed. Alternative signalling of IGF-I and IGF-II through
other insulin-related receptors, like the IR, or hetero-dimer-
isation of IGF-1R with other receptors, i.e. IR, EGFR (epidermal
growth factor receptor), ERBB2 or platelet-derived growth fac-
tor receptor (PDGFR), may bypass therapeutic antibodies to
IGF-1R that have primarily no inhibitory activity to the other
receptors, as is the case for tyrosine kinase inhibitors for
IR.213037.38 Ag IGF-1R upregulation mediates resistance to
EGFR, HER? or IR inhibitors,?**?* it is possible that reciprocal
upregulation of EGFR family members, IR or alternative sig-
nalling pathways negate IGF-1R targeting effects and overex-
pression of IGFBP-3, IGFBP-6, EGFR and its ligands was found
associated with resistance to BMS-536924 in sarcoma and
neuroblastoma cell lines.?° Preclinical studies showed supe-
rior activity when IGF-1R targeting was combined with those
of HER2,*! EGFR,**** mammalian target of rapamycin
(mTOR),' HSP90 or PI3K;** several of these combinations
are being evaluated in clinical trials.

Another approach to improve targeted agents has been
their combination with cytotoxic agents. We have shown en-
hanced activity of EM164 with the alkylating agent temozolo-
mide recently proven active in children with relapsed
neuroblastoma.*® In vivo, temozolomide treatment was
started before EM164 while their sequencing appeared irrele-
vant for enhanced effects in vitro. Nevertheless, cell cycle-
dependent anticancer agents may need to be administered
prior to the antibody. Enhanced activity of IGF-1R inhibition
has also been reported with doxorubicin, 5-fluorouracil,
tamoxifen,*? docetaxel,* vincristine, actinomycin D and ifos-
phamide, while sub-additive effects were observed with
doxorubicin and cisplatin and NVP-AEW541.2° Dallas et al.
suggested a potential interest of IGF-1R targeting in chemo-
resistant cancers which often exhibit a high percentage of
cancer stem cells.*” Ongoing clinical phase Ib studies associ-
ate IGF-1R antibodies with docetaxel (AVE1642), carboplatin
and paclitaxel (CP751-871, NCT00147537). We further ex-
plored whether IGF-1R inhibition may be favourably added
in the current high-risk neuroblastoma protocol using reti-
noic acid. Neurite outgrowth is regulated by IGFs,*® while con-
stitutive IGF-II expression was suggested to be implicated in
RA-resistance.*>*® As described previously, we found neuro-
blastoma cells that may arrest and differentiate (SK-N-AS)
as well as those termed resistant to RA (IGR-N91). Indeed we
found the RA-resistant IGR-N91 cells more sensitive when
EM164 was added. However, in both cell lines tested, concom-

itant cis-RA treatment reduced the anti-proliferative capacity
of EM164 suggesting that it should not be associated during
maintenance therapy.

In conclusion, significant anti-proliferative and anti-tu-
mour activity in all tested advanced neuroblastoma models
and enhanced effects with alkylating agents demonstrate
the potential of the AVE1642 antibody and support its devel-
opment for neuroblastoma. To date predictive markers of
IGF-1R treatment sensitivity are unknown and pharmacody-
namic read-outs may help to define sensitive or resistant tu-
mours to this promising treatment approach.
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