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Summary We report a case of small cell lung cancer (SCLC) developing after prolonged treat-
ment (more than 2 years) for primary adenocarcinoma of the lung, and we show that both the
SCLC and non-small cell lung cancer (NSCLC) tissues obtained from the same site share the same
deletion in exon 19 of EGFR. This case suggests that the activating EGFR mutations may confer
the pathogenesis of a subset of SCLC.

© 2007 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

The identification of somatic mutations in the tyrosine
kinase domain of the epidermal growth factor receptor
(EGFR) in patients with NSCLC and the association of such
mutations with the clinical response to EGFR tyrosine kinase
inhibitors such as gefitinib and erlotinib have had a substan-
tial impact on the treatment of this disease [1,2]. To date,
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however, only a few EGFR mutations have been detected in
other sotid tumors including SCLC.

2. Case report

A 46-year-old Japanese woman with no smoking history was
diagnosed in July 2003 with stage HIB adenocarcinoma (aci-
nar type) of the lung, with a primary tumor in the left lower
lobe and pleural disseminations. A computed tomography
(CT) scan showing the tumor (arrow) and hematoxylin—eosin
(HE) staining of a tumor biopsy specimen are shown (Fig. 1A).
The patient received first-line treatment with cisplatin
and vinorelbine and showed a brief partial response. She
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Chest CT scan: (A) before treatment and HE staining of a tumor biopsy specimen; (B) before second lung biopsy and HE and

synaptophysin stainings of a tumor biopsy specimen; (C) after four cycles of cisplatin and irrinotecan; (D) before third lung biopsy

and HE and synaptophysin stainings of a tumor biopsy specimen.

subsequently underwent combination chemotherapy with
gemcitabine and paclitaxel, manifesting a minor response
on radiographic examination. In September 2004, the mass
in the teft lower lobe had progressed and treatment with
gefitinib (250 mg daily) was initiated. After 10 months of
treatment with gefitinib alone and transient disease stabi-
lization, a repeat evaluation in July 2005 showed progression
of the primary lung tumor. Gefitinib was discontinued, and
the patient was enrolled in a phase | clinical trial of new
agents. The primary tumor showed no evidence of regression
on radiological examination. A magnetic resonance imag-
ing (MRI) scan in December 2005 revealed multiple brain
metastases in both hemispheres, which were accompanied
by symptoms including headache, nausea, and visual distur-
bances. After surgical resection of the largest tumor in the
right parietal lobe, the patient was exposed to 10 fractions
of 3Gy whole-brain radiotherapy. Her symptoms improved
markedly, and MRI scans after radiotherapy revealed almost
complete regression of the brain metastases. Histolog-
ical examination of the resected brain tumor revealed
a synaptophysin-positive small cell cancer. The patient
provided informed consent to repeated lung biopsies for his-
tological examination. A biopsy specimen of the progressive
mass in the left lower lobe in February 2006 revealed SCLC by
HE staining and was positive for synaptophysin by immuno-
histochemical analysis (Fig. 1B). A second lung biopsy

specimen was microdissected for extraction of genomic DNA
and analysis of EGFR mutations. A heterozygous in-frame 15-
bp deletion in exon 19 of EGFR was detected with the use
of the amplification refractory mutation system (ARMS); the
genomic DNA of the patient was thus subjected to amptifica-
tion by the polymerase chain reaction with primers specific
for the wild-type (Fig. 2A, left panel) or mutant (Fig. 2A,
right panel) versions of exon 19. The deletion was con-
firmed to be delE746—A750 by nucleotide sequencing. On
the basis of the histological diagnosis of SCLC, the patient
was treated with four cycles of cisplatin and irrinotecan, and
she achieved a partial response (Fig. 1C). A repeat chest CT
evaluation in August 2006 showed progression of the primary
lung tumor (Fig. 1D). A new lung biopsy specimen revealed
nests of adenocarcinoma cells forming small tubutar struc-
tures, the same subtype of the adenocarcinoma at initial
diagnosis on July 2003, and was negative for synaptophysin
staining (Fig. 1D). In addition, ARMS analysis of the ade-
nocarcinoma specimen detected the same in-frame 15-bp
deletion in exon 19 of EGFR that had been identified in the
previous SCLC specimen (Fig. 2B).

3. Discussion

EGFR mutations are more frequent in women, Asians, indi-
viduals with adenocarcinoma, or those who have never
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Fig. 2  Results of ARMS analysis of (A) the SCLC. Ascendiné curves, performed in duplicate (green and red), indicate that wild type
(left panel) and deletion mutation in exon 19 (right panel) were detected; (B) the adenocarcinoma. Ascending curves, performed
in duplicate (green and red), indicate that wild type (left panel) and detetion mutation in exon 19 (right panel) were detected.

smoked [3—5]. However, EGFR expression has been shown
to be low or undetectable in SCLC, and screening of
SCLC for EGFR mutations has yielded negative results [5].
We previously described the first case of SCLC with a
deletion in exon 19 of EGFR in a nonsmoking Japanese
woman [6]. Another case of SCLC with an 18-bp dele-
tion in exon 19 of EGFR in a nonsmoking woman was also
recently reported [7]. All reported cases of SCLC with
EGFR mutations, including the present case, have thus
been in women who have never smoked, even though
SCLC occurs almost exclusively in smokers. Furthermore,
all three of these SCLC cases were initially diagnosed
as adenocarcinoma. In the present case, SCLC devel-
oped after prolonged treatment (>2 years) for primary
adenocarcinoma, and both SCLC and NSCLC (adenocar-
cinoma) tissues obtained from the same site shared
the same EGFR mutation. Small cell carcinoma of the
prostate, which shares histological similarities with SCLC,
has been shown to arise during the course of treatment
for prostatic adenocarcinoma, suggesting that prostatic
small cell carcinoma may originate from multipotent
stem cells of the prostate that have the ability to dif-
ferentiate into either epithelial or neuroendocrine type
carcinoma [8—10]. It remains unclear whether the pri-
mary tumor of the present patient originally had a minor
SCLC component or whether SCLC arose from transdiffer-
entiation of the adenocarcinoma. Our finding that SCLC
and NSCLC developed at the same site in the tung and
shared the same somatic EGFR mutation suggests, how-
ever, that different types of lung cancer may arise from
a common stem cell with multiple potential pathways of
differentiation.
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Matuzumab and cetuximab activate the epidermal growth factor receptor but fail
to trigger downstream signaling by Akt or Erk
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Molecular inhibition of the epidermal growth factor receptor
(EGFR) is a promising anticancer strategy, and monoclonal anti-
bodies (mAbs) to EGFR are undergoing extensive evaluation in
preclinical and clinical trials. However, the effects of anti-EGFR
mAbs on EGFR signaling have remained unclear. We have now
examined the effects of 2 anti-EGFR mAbs, matuzumab
(EMD72000) and cetuximab (Erbitux), both of which are cur-
rently under assessment for treatment of various cancers, on
EGFR signal transduction and cell survival in nonsmall cell lung
cancer cell lines. Similar to EGF, matuzumab and cetuximab each
induced phosphorylation of EGFR at several tyrosine phosphoryl-
ation sites as a result of receptor dimerization and activation of
the recepfor tyrosine kinase. In contrast to the effects of EGF,
however, EGFR activation induced by these antibodies was not
accompanied by receptor turnover or by activation of downstream
signaling pathways that are mediated by Akt and Erk and are im-
portant for regulation of cell proliferation and survival. In addi-
tion, clonogenic survival assays revealed that matuzumab and
cetuximab reduced the survival rate of H292 cells, in which they
also inhibited the EGF-induced activation of Akt and Erk.
Although we have examined only a few cell lines, our results indi-
cate that the antitumor effects of matuzumab and cetuximab
depend on inhibition of EGFR downstream signaling mediated by
Akt or Erk rather than on inhibition of EGFR itself.

© 2007 Wiley-Liss, Inc.

Key words: EGF receptor; signal transduction; matuzumab; cetuximab;
nonsmall cell lung cancer

The epidermal growth factor receptor (EGFR, also known as
ErbB1), a member of the ErbB family of receptor tyrosine kinases,
is a 170-kDa plasma membrane glycoprotein composed of an
extracellular ligand binding domain, a transmembrane region and
an intracellular tyrosme kinase domain with a regulatory COOH-
terminal segment Binding of ligand to EGFR induces receptor
dimerization, activation of the receptor kinase and autophospho-
rylation of specific tyrosme residues within the COOH-terminal
region of the protein.! These events trigger mtracel]ular signaling
pathways that promote cell proliferation and survival.>

EGFR is frequently overexpressed in many types of human
malignancy, with the extent of overexpression being negatlvely
correlated with prognosis.*> Recognition of the role of EGFR in
carcinogenesis has prompted the development of EGFR-targeted
therapies that include both small-molecule tyrosine kinase inhibi-
tors (TKIs) that target the intracellular tyrosine kinase domain and
monoclonal antibodies (mAbs) that target the extracellular do-
main.*® Among EGFR-TKIs, gefitinib and erlotinib have been
extensively evaluated in nonsmall cell lung cancer (NSCLC), and
sensitivity to these drugs has been correlated with the presence of
somatic mutations in the EGFR kinase domain or with EGFR gene
(EGFR) amplification. 9-16 Among anti-EGFR mAbs, cetuximab
(Erbitux), a chimeric mouse-human antibody of the immunoglobu-
lin (Ig) G1 subclass, has proved efficacious in the treatment of iri-
notecan-refractory colon cancer'’ and was recently approved by
the U.S. Food and Drug Administration for the treatment of patients
with head and neck squamous cell carcinoma.'® Several clinical
studies of anti-EGFR mAbs such as matuzumab (EMD72000,
humanized IgG1) and cetuxnmab are ongoing for other types of can-
cer including NSCLC.'** Anti-EGFR mAbs bind to the extracel-
lular ligand binding domain of the receptor and are thereby thought
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to block ligand binding.'#?* The antitumor effects of these mAbs
are thus thought to be attributable to inhibition of EGFR signaling
as well as to other mechanisms such as antibody-dependent cellular
cytotoxicity.'#*® However, the detailed effects of anti-EGFR mAbs
on EGFR signaling have remained unclear,?’—®

We have now examined in detail the effects on EGFR signal
transduction of 2 anti-EGFR mAbs, matuzumab and cetuximab,
both of which are used clinically, to provide insight into the mech-
anisms of their antitumor effects.

Material and methods
Cell culture and reagents

The human NSCLC cell lines NCI-H292 (H292), NCI H460
(H460) and Ma-1 were obtained as previously described®' and
were cultured under a humidified atmosphere of 5% CO, at 37°C
in RPMI 1640 medium (Sigma, St. Louis, MO) supplemented with
10% fetal bovine serum. Matuzumab and cetuximab were kindly
provided by Merck KGaA (Darmstadt, Germany) and Bristol
Myers (New York, NY), respectively; gefitinib was obtained from
AstraZeneca (Macclesfield, UK); and trastuzumab (Herceptin;
Genentech, South San Francisco, CA) was obtained from Chugai
(Tokyo, Japan). Neutralizing antibodies to EGFR (clone LA1l)
were obtained from Upstate Biotechnology (Lake Placid, NY).

Immunoblot analysis

Cell lysates were fractionated by SDS-polyacrylamide gel elec-
trophoresis on a 7.5% gel, and the separated proteins were trans-
ferred to a nitrocellulose membrane. After blocking of nonspecific
sites, the membrane was incubated consecutively with primary and
secondary antibodies, and immune complexes were detected with
the use of enhanced chemiluminescence reagents, as described pre-
viously.?! Primary antibodies to the specific intracellular phospho-
rylation sites of EGFR (pY845, pY1068 or pY1173), to Erk, to
phospho-Akt and to Akt were obtained from Cell Signaling Tech-
nology (Beverly, MA); those to the extracellular domain of EGFR
(clone 31G7) were from Zymed (South San Francisco, CA); those
to the intracellular domain of EGFR (EGFR 1005) and to phospho-
Erk were from Santa Cruz Biotechnology (Santa Cruz, CA); and
those to B-actin (loading control) were from Sigma. Horseradish
peroxidase-conjugated goat antibodies to mouse or rabbit IgG were
obtained from Amersham Biosciences (Little Chalfont, UK).

Chemical cross-linking assay

Cells were incubated first with | mM bls(su]fosuccxmmldyl) su-
berate (BS?; Pierce, Rockford, IL) for 20 min at 4°C and then with

Abbreviations: EGFR, epidermal growth factor receptor; TKI, tyrosine
kinase inhibitor; mAb, monoclonal antibody; NSCLC, nonsmall cell lung
cancer; Ig, immunoglobulin; BS°, bis(sulfosuccinimidyl) suberate; PE, R-
phycoerythrin; PI3K, phosphoinositide 3-kinase.
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FiGure 1 — EGFR phosphorylation induced by matuzumab or cetuximab as a result of receptor dimerization and activation of the receptor ty-
rosine kinase. (@) H292 cells were deprived of serum overnight and then incubated for 15 min in the absence (Control) or presence of matuzu-
mab (200 nM), cetuximab (100 nM), neutralizing antibodies to EGFR (80 nM), trastuzumab (50 nM) or EGF (100 ng/ml). Cell lysates were
subjected to immunoblot analysis with antibodies to the Y1068-phosphorylated form of EGFR (pY1068) and to total EGFR (the extracellular
domain). (b) H292 or H460 cells were deprived of serum overnight and then incubated for 15 min in the absence or presence of matuzumab
(200 nM), cetuximab (100 nM) or EGF (100 ng/ml). Cell lysates were subjected to immunoblot analysis with antibodies to the Y845-, Y1068-
or Y1173-phosphorylated forms of EGFR and to total EGFR (the extracellular domain). (¢) H292 cells were deprived of serum overnight and
then incubated for 15 min in the absence or presence of matuzumab (200 nM), cetuximab (100 nM), EGF (100 ng/ml) or gefitinib (10 uM), as
indicated. Cell lysates were subjected to immunoblot analysis with antibodies to the Y1068-phosphorylated form of EGFR and to total EGFR
(the extracellular domain). (d) H292 cells were deprived of serum overnight and then incubated for 15 min in the absence or presence of matuzu-
mab (200 nM), cetuximab (100 nM), neutralizing antibodies to EGFR (80 nM) or EGF (100 ng/ml). The cells were then washed and exposed to
the chemical cross-linker BS? after which cell lysates were subjected to immunoblot analysis with antibodies to EGFR (the intracellular do-
main). The positions of EGFR monomers and dimers as well as of molecular size standards are indicated.

250 mM glycine for 5 min at 4°C to terminate the cross-linking
reaction, as described previously.3! Cell lysates were resolved by
SDS-polyacrylamide gel electrophoresis on a 4% gel and sub-
jected to immunoblot analysis with rabbit polyclonal antibodies to
the intracellular domain of EGFR (EGFR 1005).

Immunofluorescence analysis

Cells were grown to 50% confluence in 2-well Lab-Tec Cham-
ber Slides (Nunc, Naperville, IL), deprived of serum overnight,
and then incubated with 200 nM matuzumab or EGF (100 ng/ml)
for 4 hr at 37°C. They were fixed with 4% paraformaldehyde for
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30 min at 4°C, permeabilized with 0.1% Triton X-100 for 10 min,
and exposed to 5% nonfat dried milk for 1 hr at room temperature.
The cells were stained with rabbit polyclonal antibodies to the in-
tracellular domain of EGFR (EGFR 1005) for 1 hr at room tem-
perature and then incubated for an additional 45 min with Alexa
488-labeled goat antibodies to rabbit IgG (Molecular Probes,
Eugene, OR). Cell nuclei were counterstained for 5 min at room tem-
perature with 4,6-diamidino-2-phenylindole (Sigma) at 2 ug/ml.
The chamber slides were mounted in fluorescence mounting
medium (DakoCytomation, Hamburg, Germany), and fluores-
cence signals were visualized with a fluorescence microscope
(Eclipse E800; Nikon, Kawasaki, Japan). Negative controls (sec-
ondary antibodies alone) did not yield any substantial background
staining.

Flow cytometry

Cells were deprived of serum overnight and then incubated with
200 nM matuzumab or EGF (100 ng/ml) for 4 hr at 37°C. They
were isolated by exposure to trypsin, and aliquots of ~1.0 X 10°
cells were incubated for 2 hr at 4°C either with an R-phycoerythrin
(PE)-conjugated mouse mAb to EGFR (clone EGFR.1; Becton
Dickinson, San Jose, CA), which does not interfere with the bind-
ing of EGF to EGFR,*? or with a PE-conjugated isotype-matched
control mAb (Becton Dickinson). The cells were then examined
by flow cytometry (FACScalibur, Becton Dickinson) to detect the
intensity of EGFR staining at the cell surface.

Clonogenic assay

Cells were plated in triplicate at a density of 200 per 25-cm?
flask containing 10 ml of medium and were cultured for 7 days in
the presence of the indicated concentrations of matuzumab or
cetuximab. They were then incubated in medium alone for 7 days
at 37°C, fixed with methanol:acetic acid (10:1, v/v), and stained
with crystal violet. Colonies containing >50 cells were counted
for calculation of the surviving fraction as follows: (mean number
of colonies)/(number of inoculated cells X plating efficiency).
Plating efficiency was defined as the mean number of colonies
divided by the number of inoculated cells for untreated controls.

Results

Matuzumab and cetuximab induce EGFR phosphorylation in a
manner dependent on the receptor tyrosine kinase activity

With the use of immunoblot analysis, we first examined the
effects of the anti-EGFR mAbs matuzumab and cetuximab on
EGFR phosphorylation in human NSCLC H292 cells, which
express wild-type EGFR. Incubation of the serum-deprived cells
for 15 min with EGF, matuzumab or cetuximab-induced phospho-
rylation of EGFR on tyrosine-1068 (Y1068), whereas treatment of
the cells with neutralizing antibodies to EGFR or with trastuzu-
mab, a mAb specific for HER2 (ErbB2), had no such effect (Fig.
l@). Furthermore, like EGF, matuzumab and cetuximab each
induced phosphorylation of EGFR on Y845, Y1068 and Y1173 in
H292 and H460 cells (Fig. 1b), the latter of which are also human
NSCLC cells that express wild-type EGFR.

To determine whether the antibody-induced phosphorylation of
EGFR requires the kinase activity of the receptor, we examined

the effect of gefitinib, a specific EGFR-TKI. H292 cells were’

deprived of serum and then exposed to matuzumab, cetuximab or
EGF for 15 min in the absence or presence of gefitinib. EGFR
phosphorylation on Y1068 induced by EGF, matuzumab or cetuxi-
mab was completely blocked by gefitinib (Fig. 1¢). These findings
thus indicated that, like EGF, matuzumab and cetuximab each
induce EGFR phosphorylation by activating the tyrosine kinase of
the receptor.

Matuzumab and cetuximab induce EGFR dimerization

Ligand-dependent EGFR dimerization is responsible for activa-
tion of the receptor tyrosine kinase.>* To examine whether
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FIGURE 2 — Failure of matuzumab or cetuximab to activate Akt or
Erk. H292 or H460 cells were deprived of serum overnight and then
incubated for 15 min in the absence or presence of matuzumab
(200 nM), cetuximab (100 nM) or EGF (100 ng/ml). Cell lysates were
subjected to immunoblot analysis with antibodies to the Y1068-phos-
phorylated form of EGFR, to phosphorylated Akt and to phosphoryl-
ated Erk as well as with antibodies to total EGFR (the extracellular
domain), Akt or Erk.

matuzumab or cetuximab induces EGFR dimerization, we incu-
bated serum-deprived H292 cells with the mAbs for 15 min and
then exposed the cells to the chemical cross-linker BS®. Immuno-
blot analysis of cell lysates with antibodies to the intracellular do-
main of EGFR revealed that matuzumab and cetuximab each
induced EGFR dimerization to an extent similar to that observed
with EGF, whereas only the monomeric form of the receptor was
detected in control cells or in cells treated with neutralizing anti-
bodies to EGFR (Fig. 1d). These data thus suggested that matuzu-
mab and cetuximab activate EGFR through induction of receptor
dimerization.

Matuzumab and cetuximab fail to induce signaling
downstream of EGFR

EGFR signaling is transduced by 2 main pathways mediated by
phosphoinositide 3-kinase (PI3K) and Akt and by Ras, Raf and
Erk.*>? To determine whether EGFR phosphorylation induced by
matuzumab or cetuximab is accompanied by activation of these
pathways, we examined the levels of phosphorylated (activated)
Akt and Erk in H292 and H460 cells treated with these antibodies
for 15 min after serum deprivation. In contrast to the effects of
EGF, neither matuzumab nor cetuximab induced the phosphoryla-
tion of Akt or Erk in H292 or H460 cells (Fig. 2). These results
thus indicated that matuzumab and cetuximab induce EGFR acti-
vation but fail to activate the downstream Akt and Erk signaling
pathways.

Matuzumab and cetuximab do not induce EGFR downregulation

Endocytic trafficking of EGFR is important for full activation
of Frk and PI3K.>” To examine further the defect in signaling
downstream of EGFR activation by matuzumab or cetuximab, we
determined the effects of these mAbs on receptor turnover. H292
or H460 cells were deprived of serum and then cultured with EGF,
matuzumab or cetuximab for various times up to 24 hr, after
which the levels of phosphorylated and total EGFR, Akt and Erk
were measured. In both H292 and H460 cells treated with EGF,
the amount of total EGFR decreased in a time-dependent manner
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FiGure 3 — Lack of EGFR turnover in cells treated with matuzumab or cetuximab. (a) H292 cells were deprived of serum overnight and then
incubated for the indicated times in the presence of EGF (100 ng/ml), matuzumab (200 nM) or cetuximab (100 nM), respectively. Cell lysates
were subjected to immunoblot analysis with antibodies to phosphorylated forms of EGFR (pY1068), Akt or Erk as well as with those to total
EGEFR (the extracellular domain), Akt or Erk. (b) H292 cells deprived of serum overnight were incubated for the indicated times in the presence
of EGF (100 ng/ml), matuzumab (200 nM) or cetuximab (100 nM). Cell lysates were subjected to immuncblot analysis with antibodies to
theY 1068-phosphorylated form of EGFR, to total EGFR (the intracellular domain) or to B-actin (loading control). (c) H460 cells deprived of se-
rum overnight were incubated for the indicated times in the presence of EGF (100 ng/ml), matuzumab (200 nM) or cetuximab (100 nM), after
which cell Iysates were subjected to immunoblot analysis with antibodies to phosphorylated forms of EGFR (pY 1068), Akt or Erk as well as
with those to total EGFR (the intracellular domain), Akt or Erk. (d) H292 cells plated on chamber slides were deprived of serum overnight and
then incubated for 4 hr in the absence or presence of matuzumab (200 nM) or EGF (100 ng/ml). The cells were fixed, permeabilized, and stained
with antibodies to EGFR and Alexa 488-labeled secondary antibodies (green). Cell nuclei were counterstained with 4',6-diamidino-2-phenylin-
dole (blue). Fluorescence signals were visualized with a fluorescence microscope, and the merged images are shown. Scale bar, 20 um. (e) H292
cells were deprived of serum overnight and then incubated for 4 hr in the absence or presence of matuzumab (200 nM) or EGF (100 ng/ml). The
cells were stained with either a PE-conjugated mAb to EGFR (right peaks) or a PE-labeled isotype-matched mAb (left peaks) and analyzed by
flow cytometry. Representative histograms of relative cell number versus PE fluorescence are shown.

(Figs. 3a-3c), an effect that has been shown to be the result of re-  able by 4-6 hr (Figs. 3a-3c). The phosphorylation of Akt and Erk
ceptor intemalization and degradation.>**® In parallel with this induced by EGF persisted for at least 12 hr but had declined by
EGFR downregulation, the extent of EGF-induced tyrosine phos- 24 hr in both cell lines (Figs. 3@ and 3c). In contrast, the levels of
phorylation of EGFR also decreased and was virtually undetect-  phosphorylated and total EGFR in H292 cells treated with
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FIGURE 3 — CONTINUED

matuzumab or cetuximab for 24 hr were similar to those apparent
after exposure to the antibodies for only 15 or 30 min (Figs. 3a and
3b). A marked delay in EGFR turnover was also apparent in H460
cells treated with matuzumab or cetuximab (Fig. 3¢), although
EGFR dephosphorylation and downregulation had occurred by 24
hr. Neither matuzumab nor cetuximab induced the activation of
Akt or Erk or affected the total amounts of these proteins over a pe-
riod of 24 hr in either cell line (Figs. 3@ and 3¢). We eliminated the
possibility that the antibodies to the extracellular domain of EGFR
used for the immunoblot analysis shown in Figure 3a bind only to
the unoccupied form of EGFR (as a result of competition with
EGF, matuzumab or cetuximab) by performing the immunoblot
analysis shown in Figures 3b and 3¢ with antibodies to the intracel-
lular domain of EGFR. These results thus suggested that downregu-
lation of EGFR is impaired in cells treated with matuzumab or
cetuximab, likely explaining the failure of these antibodies to acti-
vate downstream signaling by Akt and Erk.

To confirm that the inability of the anti-EGFR mAbs to induce
EGFR downregulation is attributable to a failure to induce inter-
nalization-dependent receptor degradation, we treated serum-
deprived H292 cells with matuzumab or EGF for 4 hr and then
examined the expression of EGFR by immunofluorescence analy-
sis (Fig. 3d) or flow cytometry (Fig. 3e¢). Whereas EGFR was
localized at the cell surface in control cells, treatment with EGF
resulted in internalization and a decrease in the fluorescence inten-
sity of EGFR. In contrast, EGFR remained at the surface of cells

TABLE I - CHARACTERISTICS OF NSCLC CELL LINES

-Cell line EGFR mutation EGFR copy number
H292 Wild type Polysomy
H460 Wild type Monosomy

del E746-A750 Gene amplification

Ma-1

treated with matuzumab. These data suggested that, in contrast to
EGF-EGFR complexes, antibody-EGFR complexes remain at the
cell surface and do not undergo internalization and degradation.

Effects of matuzumab and cetuximab on EGF-induced signaling
and cell survival

We next determined whether matuzumab or cetuximab inhibits
ligand-dependent EGFR signal transduction. To examine also
whether the effects of these antibodies are dependent on EGFR
status, we studied 3 human NSCLC cell lines: 2 cell lines (H292,
H460) that possess wild-type EGFR alleles and 1 (Ma-1) with an
EGFR mutation in exon 19 that results in deletion of the residues
E746-A750. Our recent fluorescence in situ hybridization analy-
sis®! revealed that EGFR copy number is increased (polysomy) in
H292 cells and that H460 cells exhibit monosomy for EGFR. Ma-
1 cells were also found to manifest EGFR amplification (Table
1).3' We treated serum-deprived cells of the 3 NSCLC lines with
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FIiGURE 4 — Effects of matuzumab and cetuximab on EGF-induced EGFR signaling. H292 (a), H460 (b) and Ma-1 (c) cells were deprived of
serum overnight and then incubated first for 15 min in the absence or presence of matuzumab (200 nM), cetuximab (100 nM) or gefitinib
(10 uM) and then for an additional 15 min in the additional absence or presence of EGF (100 ng/ml). Cell lysates were subjected to immunaoblot
analysis with antibodies to phosphorylated forms of EGFR (pY 1068), Akt or Erk as well as with those to total EGFR (the extracellular domain),

Akt or Erk.

luﬂ- m lmm - —
2 1 EH292
= [1H460
= CIMa-1
<&
éﬂ 0.5' * E
=
3
v

0.0" Y Y Y

0 60 200

Matuzumab {(ni)

1.0+ r~t = —
5 ™ e EEH292
g 1 [JHA460
= CIMa-1
&
2 0.54
b
;. = *
g |
A

0.0' L] T T

0 30 100
Cetuximab (nM)

FiGURE 5 — Effects of matuzumab and cetuximab on cell survival. H292, H460 or Ma-1 cells were plated at a density of 200 cells per 25-cm?
flask in triplicate and cultured for 7 days in the presence of the indicated concentrations of matuzumab or cetuximab. They were then incubated
with medium alone for 7 days before determination of the number of colonies containing >50 cells for calculation of the surviving fraction.
Data are means of triplicates from a representative experiment. *p < 0.001 versus the corresponding value for cells not exposed to mAb (Stu-

dent’s r-test).

matuzumab, cetuximab or gefitinib for 15 min and then stimulated
them with EGF for 15 min. Gefitinib prevented the phosphoryla-
tion of EGFR, Akt, and Erk induced by EGF in H292 (Fig. 4a)
and H460 (Fig. 4b) cells. The level of EGFR phosphorylation in
EGF-treated H292 or H460 cells was not substantially affected by
matuzumab or cetuximab, likely because these antibodies also
induce EGFR phosphorylation. However, whereas matuzumab
and cetuximab did not substantially affect EGF-dependent phos-
phorylation of Akt or Erk in H460 cells, they markedly inhibited
these effects of EGF in H292 cells. As we showed previously,*!
EGFR, Akt, and Erk are constitutively activated in the EGFR mu-
tant cell line Ma-1 cell (Fig. 4¢). Furthermore, whereas gefitinib
blocked the phosphorylation of each of these 3 proteins in Ma-1
cells, matuzumab and cetuximab did not.

Finally, we performed a clonogenic assay to determine whether
cell survival is affected by the differences in EGF-dependent sig-
naling among H292, H460 and Ma-1 cells after treatment with
matuzumab or cetuximab (Fig. 5). Matuzumab and cetuximab
each induced a marked reduction in the survival rate of H292
cells, consistent with the inhibition of EGF-dependent EGFR
downstream signaling by these antibodies in these cells. In con-
trast, neither mAb affected the survival of H460 or Ma-1 cells,
consistent with the lack of inhibition of EGF-dependent or consti-
tutive EGFR downstream signaling by matuzumab or cetuximab
in these cell lines. These results suggested that the effects of matu-
zumab and cetuximab on EGF-dependent or constitutive EGFR
downstream signaling are correlated with their effects on cell sur-
vival in NSCLC cell lines.
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Discussion

The effectiveness of treatment with anti-EGFR mAbs has been
thought to be based on prevention of ligand binding to EGFR and
consequent inhibition of EGFR activation.'®?-*® Matuzumab and
cetuximab have recently been developed as EGFR-inhibitory
mADbs for clinical use.!?-2223 A structural study revealed that cetux-
imab binds to the extracellular ligand binding domain (domain III)
of EGFR,* and matuzumab is also thought to bind to domain III on
the basis of its observed competition with EGFR ligands.'® We
have now shown that matuzumab and cetuximab induced phospho-
rylation of EGFR at several sites, including Y845, Y1068 and
Y1173. These findings are consistent with previous observations
that mAb 225, the mouse mAb equivalent to cetuximab, is able to
induce EGFR dimerization and activation.*®>® Cetuximab was also
recently shown to induce phosphorylation of EGFR in head and
neck squamous cell carcinoma cell lines®® as well as in NSCLC cell
lines including H292.* These in vitro results appear to contradict
observations that matuzumab and cetuximab inhibit EGFR phos-
phorylation in vivo.”®4!*2 This apparent discrepancy may be due
to the more complex cellular environment in vivo, including the
presence of stromal cells that interact with tumor cells. We have
also now shown that gefitinib, a specific EGFR-TKI, completely
blocked EGFR phosphorylation induced by matuzumab or cetuxi-
mab, confirming that this effect of the antibodies is dependent on
the intrinsic tyrosine kinase activity of EGFR. Furthermore, our
cross-linking analysis showed that matuzumab as well as cetuxi-
mab activated EGFR through induction of receptor dimerization.
Although recent structural analysis has revealed that cetuximab
restricts the range of the extended conformation of EGFR that is
required for ligand-induced receptor dimerization,”® matuzumab
and cetuximab likely induce EGFR dimerization in a manner de-
pendent on their immunologically bivalent binding capacities, as
was previously shown for mAb 225.*° We found that neutralizing
antibodies to EGFR did not activate EGFR, even though they also
recognize the external domain of EGFR and compete with EGFR
ligands for receptor binding.** The neutralizing antibodies did not
induce EGFR dimerization, however, likely accounting for their
inability to activate EGFR. This difference in the ability to induce
EGFR dimerization between matuzumab and cetuximab on the one
hand and the neutralizing antibodies on the other might be due to
differences in the corresponding binding sites on EGFR.

To examine the mechanism by which matuzumab and cetuxi-
mab exert antitumor effects despite their induction of EGFR acti-
vation, we investigated the effects of antibody-induced EGFR
activation on EGFR downstream signal transduction. We found
that EGFR activation induced by matuzumab or cetuximab was
not accompanied by activation of downstream signaling pathways
mediated by Akt and Erk, both of which play an important role in
regulation of cell proliferation and survival 336 Moreover, we
found that the antibody-EGFR complexes were not removed from
the plasma membrane, in contrast to the rapid receptor turnover
induced by EGF. In response to ligand binding, the ligand-EGFR
complex is rapidly internalized and then either recycled back to
the cell surface or proteolytically degraded.**° The internalized
EGFR interacts with various signaling proteins that are important
for sustained activation of the major signaling pathways mediated
by PI3K-Akt and Erk.***” The activity of the PI3K-Akt and Erk
pathways is thus greatly reduced in cells that are defective in inter-
nalization of ligand-EGFR complexes as a result of their expres-
sion of a mutant form of dynamin.”" Furthermore, expression in
glioblastoma cells of an EGFR chimeric protein that does not
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undergo internalization resulted both in a reduction in the extent
of EGFR-dependent activation of Akt and Erk as well as in inhibi-
tion of tumor growth.*® These observations thus suggest that inhi-
bition of EGFR turnover by matuzumab or cetuximab is likely
responsible for the failure of these mAbs to activate Akt and Erk.

We examined the effects of matuzumab and cetuximab on
EGF-dependent EGFR signaling and on cell survival in 3 NSCLC
cell lines of differing EGFR status. The inhibition of EGF-depend-
ent activation of Akt and Erk by these antibodies appeared related
to the inhibition of clonogenic cell survival in the 3 cell lines.
With regard to NSCLC cell lines harboring wild-type EGFR
alleles, matuzumab and cetuximab markedly inhibited EGF-
dependent phosphorylation of Akt and Erk in H292 cells but not
in H460 cells. Both antibodies inhibited cell survival in H292 cells
but not in H460 cells. These results suggest that the antitumor
effects of matuzumab and cetuximab depend on inhibition of
EGFR downstream signaling such as that mediated by Akt and
Erk rather than on inhibition of EGFR itself. Qur present data are
consistent with previous observations that cetuximab did not in-
hibit EGFR phosphorylation completely even in cells sensitive to
this antibody.?’*? It is possible that the difference in sensitivity to
matuzumab and cetuximab between the 2 cell lines expressing
wild-type EGFR in the present study is due to the difference in
gene copy number, given that we found an increase in EGFR copy
number in H292 cells compared with that in H460 cells.?! A previ-
ous clinical study showed that EGFR copy number correlated with
the response to cetuximab treatment in individuals with colorectal
cancer.*® EGFR copy number was not determined by fluorescence

[in situ hybridization in previous clinical studies of NSCLC

patients treated with matuzumab or cetuximab.'??%2* Several
clinical studies of the therapeutic efficacy of anti-EGFR antibodies
in NSCLC patients are underway, and investigation of the poten-
tial of molecular markers including EGFR copy number to predict
clinical response is warranted. Matuzumab and cetuximab failed
to inhibit both activation of Akt and Erk and clonogenic cell sur-
vival in Ma-1 cells, which express a mutant form of EGFR that
shows an increased sensitivity to EGFR-TKIs such as gefitinib and
erlotinib.>~'® We recently showed that cells expressing EGFR
mutants exhibit constitutive, ligand-independent receptor dimeri-
zation and activation,” likely explaining the lack of effect of
matuzumab or cetuximab on EGFR signaling or cell survival in
such cells. However, previous studies showed that cetuximab
exerted an antitumor effect in a cell line with an EGFR mutation,
whereas several other cell lines with EGFR mutations were resist-
ant to cetuximab.>”*® Our results are consistent with clinical
observations showing that the presence of an EGFR mutation is
not a major determinant of a positive response to cetuximab in

individuals with NSCLC or colorectal cancer, 205!

In conclusion, we have shown that EGFR turnover is impaired in
cells treated with the anti-EGFR mAbs matuzumab or cetuximab,
resulting in inhibition of EGFR downstream signaling. Although
our study is limited by the small number of cell lines analyzed, our
findings provide important insight into the mechanisms by which
anti-EGFR mAbs exert their antitumor effects, and they suggest
that it may be possible to predict the therapeutic efficacy of such
mADbs by assessment of EGFR signal transduction.
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Small-cell lung cancer (SCLC), which accounts for approximately
14% of all malignant pulmonary tumours, is an aggressive
malignancy with a propensity for rapid growth and early
widespread metastases (Jackman and Johnson, 2005). A combina-
tion of cisplatin and etoposide (PE) has been the standard
treatment, with response rates ranging from 60 to 90% and median
survival times (MSTs) from 8 to 11 months in patients with
extensive disease (ED)-SCLC (Fukuoka et al, 1991; Roth et al,
1992). A combination of irinotecan and cisplatin (IP) showed a
significant survival benefit over the PE regimen (MST: 12.8 vs 9.4
months, P=0.002) in a Japanese phase III trial for ED-SCLC (Noda
et al, 2002), although another phase IIl trial comparing these
regimens failed to show such a benefit (Hanna et al, 2006). Thus,
irinotecan, cisplatin and etoposide are the current key agents in
the treatment of SCLC. A phase II trial of the three agents, IPE
combination, in patients with ED-SCLC showed a promising
antitumour activity with a response rate of 77%, complete
response (CR) rate of 17% and MST of 12.9 months (Sekine
et al, 2003).

We have developed these IP and IPE regimens in a 4-week
schedule where irinotecan was given on days 1, 8 and 15. The dose
of irinotecan on day 15, however, was frequently omitted because
of toxicity in both regimens (Noda et al, 2002; Sekine et al, 2003).

*Correspondence: Dr | Sekine, Division of Internal Medicine and
Thoracic Oncology, National Cancer Center Hospital, Tsukiji 5-1-1,
Chuo-ku, Tokyo 104-0045, Japan; E-mail: isekine@ncc.gojp
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Patients with previously untreated extensive-disease small-cell lung cancer were treated with irinotecan 60 mgm™2 on days | and 8
and cisplatin 60mgm™2 on day | with (n=55) or without (n = 54) etoposide 50mg m~2 on days | -3 with granulocyte colony-
stimulating factor support repeated every 3 weeks for four cycles. The triplet regimen was too toxic to be considered for further
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The objectives of this study were to evaluate the toxicities and
antitumour effects of IP and IPE regimens in the 3-week schedule
in patients with ED-SCLC and to select the right arm for
subsequent phase III trials.

PATIENTS AND METHODS

Patient selection

Patients were enrolled in this study if they met the following
criteria: (1) a histological or cytological diagnosis of SCLC; (2) no

. prior treatment; (3) measurable disease; (4) ED, defined as having

distant metastasis or contralateral hilar lymph node metastasis; (5)
performance status of 0-2 on the Eastern Cooperative Oncology
Group (ECOG) scale; (6) predicted life expectancy of 3 months or
longer; (7) age between 20 and 70 years; (8) adequate organ
function as documented by a white blood cell (WBC) count
>4.0 x 10° ul™*, neutrophil count >2.0 x 10%ul~!, haemoglobin
295gdl™", platelet count >100x10°pl™", total serum
bilirubin< 1.5 mgdl™?, hepatic transaminases <100IU1™}, serum
creatinine <1.2mgdl™!, creatinine clearance >60 mlmin™, and
PaQ; =60 torr; and (9) providing written informed consent.
Patients were not eligible for the study if they had any of the
following: (1) uncontrollable pleural, pericardial effusion or
ascites; (2) symptomatic brain metastasis; (3) active infection;
(4) contraindications for the use of irinotecan, including
diarrhoea, ileus, interstitial pneumonitis and lung fibrosis; (5)
synchronous active malignancies; (6) serious concomitant medical
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illness, including severe heart disease, uncontrollable diabetes
mellitus or hypertension; or (7) pregnancy or breast feeding.

Treatment schedule

In the IP arm, cisplatin, 60 mgm™2, was administered intra-

venously over 60 min on day 1 and irinotecan, 60 mgm™2, was
administered intravenously over 90min on days 1 and 8.
Prophylactic granulocyte colony-stimulating factor (G-CSF) was
not administered in this arm. In the IPE arm, cisplatin and
irinotecan were administered at the same dose and schedule as
the IP arm. In addition, etoposide, 50 mgm™2, was administered
intravenously over 60 min on days 1-3. Filgrastim 50 ugm~2 or
lenograstim 2 ugkg™' was subcutaneously injected prophylacti-
cally from day 5 to the day when the WBC count exceeded
10.0 x 10* u1™'. Hydration (2500 ml) and a SHT, antagonist were
given on day 1, followed by an additional infusion if indicated in
both arms. These treatments were repeated every 3 weeks for a
total of four cycles.

Toxicity assessment, treatment modification and response
evaluation

Toxicity was graded according to the NCI Common Toxicity
Criteria version 2.0.

Doses of anticancer agents in the following cycles were modified
according to toxicity in the same manner in both arms. Objective
tumour response was evaluated according to the Response
Evaluation Criteria in Solid Tumors (RECIST) (Therasse et al,

. 2000).

Study design, data management and statistical
considerations

This study was designed as a multi-institutional, prospective
randomised phase II trial. This study was registered on 6
September 2005 in the University hospital Medical Information
Network (UMIN) Clinical Trials Registry in Japan (http://
www.umin.ac.jp/ctr/index.htm), which is acceptable to the Inter-
national Committee of Medical Journal Editors (ICMJE) (http://
www.icmje.org/faq.pdf). The protocol and consent form were
approved by the Institutional Review Board of each institution.
Patient registration and randomisation were conducted at the
Registration Center. No stratification for randomisation was
performed in this study. The sample size was calculated according
to the selection design for pilot studies based on survival (Liu et al,
1993). Assuming that (1) the survival curve was exponential for
survivals; (2) the MST of the worse arm was 12 months and that of
the better arm was 12 months x 1:4; (3) the correct selection
probability was 90%; and (4) additional follow-up in years after the
end of accrual was 1 year, the estimated required number of
patients was 51 for each arm. Accordingly, 55 patients for each arm
and their accrual period of 24 months were planned for this study.

The dose intensity of each drug was calculated for each patient
using the following formula as previously described:

The dose intensity (mgm™2 week ™)
_ Total milligrams of adrugin all cycles per body surface area
B Total days of therapy/7

where total days of therapy is the number of days from day 1 of
cycle 1 to day 1 of the last cycle plus 21 days for both arms
(Hryniuk and Goodyear, 1990).

Differences in the reason for termination of the treatment and
the frequencies of grade 3-4 toxicities were assessed by y tests.
Survival was measured as the date of randomisation to the date of
death from any cause or the date of the most recent follow-up for
overall survival and to the date of disease progression or the date
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of death for progression-free survival (PFS). The survival of the
arms was estimated by the Kaplan-Meier method and compared.
in an exploratory manner with log-rank tests (Armitage et al,
2002).

RESULTS

Patient characteristics

From March 2003 to May 2005, 55 patients were randomised to IP
and 55 patients to IPE. One patient in the IP arm was excluded
because the patient was ineligible and did not receive the study
treatment. The remaining 109 patients were included in the
analyses of toxicity, tumour response and patient survival. There
were no differences between the two arms in any demographic
characteristics listed (Table 1).

Treatment delivery

Treatment was well tolerated with respect to the number of cycles
delivered in both arms (Table 2). Among reasons for termination
of the treatment, disease progression was noted in nine (17%)

Table | Patient characteristics
IP (n=54) IPE (n=55)

Sex

Female ) I 8

Male 43 47
Age (years)

Median (range) 63 (42-70) 62 (48-70)
PS

0 11 12

| 42 41

2 | 2
Weight loss

0-4% 38 43

5-9% 10 10

>10% 6 2
Table 2 Treatment delivery

IP(n=54) IPE (n=55)
No. (%) No. (%)

Number of cydles delivered

6 — 1)

4 41 (76) 36 (65)

3 6 (1) 6 (1)

2 3(6) 6(11)

! 4@ 6 (1)
Reasons for termination of the treatment’

Completion 40 (74) 35 (64)

Disease progression 9 (47 2(4)

Toxicity 3(6) 13 (24)

Patient refusal 2(4) 4(7)

Others 0 (0) 1 (2)
Total number of cycles delivered 192 (100) 186 (100)
Total number of omission on day 8 35 (18) 37(17)
Total number of cycles with dose reduction 28 (15) 31 (17)

P =0.013 by »? test. *Protocol violation.
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patients in the IP arm and in two (4%) patients in the IPE arm,
whereas toxicity was noted in three (6%) patients in the IP arm and
13 (24%) patients in the IPE arm (P =0.013) (Table 2). The dose of
irinotecan on day 8 was omitted in 35 (18%) cycles in the IP arm
and 37 (17%) cycles in the IPE arm (Table 2). The total dose and
dose intensity of cisplatin and etoposide were similar between the
IP and IPE arms in the present study (Table 3).

Toxicity
The myelotoxicity was more severe in the IPE arm (Table 4). Grade

3 febrile neutropaenia was noted in 5 (9%) patients in the IP arm
and 17 (31%) patients in the IPE arm (P =0.005). Packed red blood

Table 3 Total dose and dose intensity

3-week regimens in this study 4-week regimen®

1P (n=54)
Median (range)

{PE (n=55)
Median (range)

IPE (n=30)
Median (range)

Total dose (mgm™?)

Cisplatin 240 (60-240) 240 (60-360) 240 (60-240)

Irinotecan 420 (60-480) 390 (60-720) 563 (60-720)

Etoposide 0 600 (150-900) 600 (150-600)
Dose intensity (mgm~2week™')

Cisplatin 19 (14-25) 20 (16-34) 15 (12-15)

irinotecan 33 (14-40) 35 (15-55) 35.(19-45)

Etoposide 48 (34-68) 37 (28-38)
*From our previous study (Sekine et df, 2003).
Table 4 Grade 3-4 toxicities

IP (n=54) IPE (n =55)
Grade3 4 3+4(%) Grade3 4 3+4 (%)

Leukocytopaenia 9 10309 . I8 It 29 (53)*
Neutropaenia 17 It 28 (52) 24 28 52 (95)*
Anaemia 18 0 18(25) 16 9 25 (45)
Thrombocytopaenia 2 0 2% i3 0 303
Febrile neutropaenia 5 0 5(9) 17 0 7(3)
Diarrhoea 8 0 8(I5) " 2 13(24)
Vomiting 4 0 4@ 37 0 309
Fatigue | 0 I () 5 I 6 ()
Hyponatraemia 9 31222 I 2 1324
AST elevation 0 0 0 (0) 3 0 3
CRN elevation | 0 1 (2) 0 0 0

*P<0.001: 'P<0.01; and P =0.054 by »° test.

1.0 1

o o o
IS » )

Proportion progression free 3>
o
N

0 6 12 18 24 30 36 42
Months
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cells were transfused in 4 (7%) patients in the IP regimen and 14
(26%) patients in the IPE regimen (P=0.011). Platelet concen-
trates were needed in none in the IP regimen and 2 (4%) patients
in the IPE regimen (P =0.16). Grade 3-4 diarrhoea was observed
in 8 (15%) patients in the IP arm and 13 (24%) patients in the IPE
arm (P =0.262). Grade 3-4 fatigue was more common in the IPE
arm with marginal significance (2 vs 11%, P = 0.054). The severity
of other non-haematological toxicities did not differ significantly
between the arms. No treatment-related death was observed in this
study.

Response, treatment after recurrence and survival

Four CRs and 37 partial responses (PRs) were obtained in the IP
arm, resulting in the overall response rate of 76 with 95%
confidence interval (CI) of 65-87%, whereas six CRs and 42 PRs
were obtained in the IPE arm, and the overall response rate was
87% with a 95% CI of 79-96% (P =0.126). Median PFS was 4.8
months (95% CI, 4.0-5.6) in the IP and 5.4 months (95% CI, 4.8-
6.0) in the IPE arm (P =0.049) (Figure 1A). After recurrence, 22
(44%) patients in the IP arm and 8 (16%) patients in the IPE arm
received etoposide-containing chemotherapy. The MST and 1-year
survival rate were 12.4 months (95% CI, 9.7 -15.1) and 54.8% (95%
Cl, 41.4-68.2%) in the IP and 13.7 months (95% CI, 11.9-15.5)
and 61.5% (95% CI, 48.6-74.4%) in the IPE arm (P =0.52),
respectively (Figure 1B).

DISCUSSION

This study showed that the IPE regimen in a 3-week schedule with
CSF support produced a promising response rate, PFS and overall
survival. Haematological toxicity in the IPE arm, however, was
very severe in spite of the G-CSF support with the grade 3 febrile
neutropaenia noted in 31% of patients.

In comparison between the 3-week IPE regimen in this study
and the 4-week IPE regimen in the previous study, the delivery of
cisplatin and etoposide was improved in the 3-week IPE regimen
when compared with the 4-week IPE regimen at the cost of the
irinotecan total dose. The response rate and MST were 87% and
13.7 months, respectively, in the 3-week IPE regimen and 77% and
12.9 months in the previous 4-week schedule, and toxicity profiles
were comparable to each other (Sekine et al, 2003).

The MST of 12.4 months in the IP arm in this study was
comparable to that of the previous phase III study, with an MST of
12.8 months (Noda et al, 2002). Thus, this study showed the
reproducible excellent survival outcome of patients with ED-SCLC
who were treated with the IP combination. In contrast, a recent
American phase III study of the PE regimen vs IP regimen failed to
show the superiority of the IP regimen to the PE regimen; the MST

m
o o o =
A ® ©©® O
;

Proportion surviving

o
N

12 18 24 30 36 42 48
Months

0 6

Figure | Progression-free survival (A) and overall survival (B). Thick line indicates the {PE regimen and thin line indicates the IP regimen.
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for the PE regimen was 10.2 months and that for the IP regimen
was 9.3 months (Hanna et al, 2006). The discrepancy between the
Japanese and American trials may be explained by the different
cisplatin dose schedules; cisplatin was delivered at a dose of
60mgm™2 on day 1 every 3 or 4 weeks in the Japanese trials,
whereas cisplatin was delivered at a dose of 30mgm™ on days 1

‘and 8 every 3 weeks in the American one. A platinum agent

administered at divided doses was associated with poor survival in
patients with ED-SCLC in our previous randomised phase II study
(Sekine et al, 2003).

The issue of adding further agents to the standard doublet
regimen has been investigated in patients with ED-SCLC. The
addition of ifosfamide or cyclophosphamide and epirubicin to the
cisplatin and etoposide combination produced a slight survival
benefit, but at the expense of greater toxicity (Loehrer et al, 1995;
Pujol et al, 2001). Phase III trials of cisplatin and etoposide with or
without paclitaxel showed unacceptable toxicity with 6-13% toxic
deaths in the paclitaxel-containing arm (Mavroudis et al, 2001;
Niell et al, 2005). The results in these studies and the current study

| are consistent in the increased toxicity despite the G-CSF support

and no definite survival benefit in the three or four drug
combinations over the standard doublet in patients with ED-SCLC.
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In conclusion, the IPE regimen was marginally more effective
than the IP regimen, but was too toxic despite the administration
of prophylactic G-CSF.

ACKNOWLEDGEMENTS

This study was supported, in part, by Grants-in-Aid for Cancer
Research from the Ministry of Health, Labour and Welfare of
Japan. We thank the following doctors for their care for patients
and valuable suggestion and comments on this study: Takahiko
Sugiura, Aichi Cancer Center; Yoshinobu Ohsaki, Asahikawa
Medical College; Shinzo Kudoh, Osaka City University Medical
School; Makoto Nishio, Cancer Institute Hospital; Hiroshi Chiba,
Kumamoto Community Medical Center; Koichi Minato, Gunma
Prefectural Cancer Center; Naoyuki Nogami, Shikoku Cancer
Center; Hiroshi Ariyoshi, Aichi Cancer Center Aichi Hospital;
Takamune Sugiura, Rinku General Medical Center; Akira
Yokoyama, Niigata Cancer Center Hospital; and Koshiro Watanabe,
Yokohama Municipal Citizen’s Hospital. We also thank Fumiko
Koh, Yuko Yabe and Mika Nagai for preparation of the paper.

MR (2005) Randomized phase III intergroup trial of etoposide and
cisplatin with or without paclitaxel and granulocyte colony-stimulating
factor in patients with extensive-stage small-cell lung cancer: Cancer and
Leukemia Group B Trial 9732. ] Clin Oncol 23: 3752-3759

Noda K, Nishiwaki Y, Kawahara M, Negoro S, Sugiura T, Yokoyama A,
Fukuoka M, Mori K, Watanabe K, Tamura T, Yamamoto S, Saijo N
(2002) Irinotecan plus cisplatin compared with etoposide plus cisplatin
for extensive small-cell lung cancer. N Engl ] Med 346: 85-91

Pujol JL, Daures JP, Riviere A, Quoix E, Westeel V, Quantin X, Breton JL,
Lemarie E, Poudenx M, Milleron B, Moro D, Debieuvre D, Le Chevalier T
(2001) Etoposide plus cisplatin with or without the combination of
4'-epidoxorubicin plus cyclophosphamide in treatment of extensive
small-cell lung cancer: a French Federation of Cancer Institutes
multicenter phase III randomized study. J Natl Cancer Inst 93: 300 -308

Roth BJ, Johnson DH, Einhorn LH, Schacter LP, Cherng NC, Cohen HJ,
Crawford J, Randolph JA, Goodlow JL, Broun GO, Omura G4, Greco FA
(1992) Randomized study of cyclophosphamide, doxorubicin, and
vincristine vs etoposide and cisplatin vs alternation of these two
regimens in extensive small-cell lung cancer: a phase III trial of the
Southeastern Cancer Study Group. J Clin Oncol 10: 282-291

Sekine I, -Nishiwaki Y, Noda K, Kudoh S, Fukuoka M, Mori K, Negoro S,
Yokoyama A, Matsui K, Ohsaki Y, Nakano T, Saijo N (2003) Randomized
phase II study of cisplatin, irinotecan and etoposide combinations
administered weekly or every 4 weeks for extensive small-cell lung cancer
(JCOG9902-D1). Ann Oncol 14: 709-714

Therasse P, Arbuck SG, Eisenhauer EA, Wanders ], Kaplan RS,
Rubinstein L, Verweij ], Van Glabbeke M, van Oosterom AT, Christian
MC, Gwyther SG (2000) New guidelines to evaluate the response to
treatment in solid tumors. Buropean Organization for Research and
Treatment of Cancer, National Cancer Institute of the United States,
National Cancer Institute of Canada. ] Nat! Cancer Inst 92: 205-216

© 2008 Cancer Research UK



Full Paper

British Journal of Cancer (2008), { -7
© 2008 Cancer Research UK All rights reserved 0007~ 0920/08 $30.00

www.bjcancer.com

Enhancement of the antitumor activity of ionising radiation by
nimotuzumab, a humanised monoclonal antibody to the
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The expression and activity of the epidermal growth factor receptor (EGFR) are determinants of radiosensitivity in several tumour
types, including non-small cell lung cancer (NSCLC). However, little is known of whether genetic alterations of EGFR in NSCLC cells
affect the therapeutic response to monoclonal antibodies (mAbs) to EGFR in combination with radiation. We examined the effects
of nimotuzumab, a humanised mAb to EGFR, in combination with ionising radiation on human NSCLC cell lines of differing EGFR
status. Flow cytometry revealed that H292 and Ma-} cells expressed high and moderate levels of EGFR on the cell surface,
respectively, whereas H460, H1299, and H1975 cells showed a low level of surface EGFR expression. Immunoblot analysis revealed
that EGFR phosphorylation was inhibited by nimotuzumab in H292 and Ma-1 cells but not in H460, H1299, or HI975 cells.
Nimotuzumab augmented the cytotoxic effect of radiation in H292 and Ma-| cells in a clonogenic assay in vitro, with a dose
enhancement factor of 1.5 and 1.3, respectively. It also enhanced the antitumor effect of radiation on H292 and Ma-| cell xenografts
in nude mice, with an enhancement factor of 1.3 and 4.0, respectively. Nimotuzumab did not affect the radioresponse of H460 cells in
vitro or in vivo. Nimotuzumab enhanced the antitumor efficacy of radiation in certain human NSCLC cell lines in vitro and in vivo. This

© 2008 Cancer Research UK

radiosensitisation

Epidermal growth factor receptor (EGFR) is a receptor tyrosine
kinase that is abnormally upregulated and activated in a variety of
tumours (Baselga, 2002). Deregulation of receptor tyrosine kinases
as a result of overexpression or activating mutations is frequently
associated with human cancers and leads to the promotion of
cell proliferation or migration, inhibition of cell death, or the
induction of angiogenesis (Gschwind et al, 2004). The epidermal
growth factor receptor has thus been identified as an important
target in cancer therapy (Baselga and Arteaga, 2005). Several
agents, including small-molecule inhibitors of the tyrosine kinase
activity of EGFR (EGFR-TKIs) and monoclonal antibodies (mAbs)
specific for EGFR, have been designed to block EGFR signalling
selectively (Ettinger, 2006; Harari and Huang, 2006; Imai and
Takaoka, 2006). Among EGFR-TKIs, gefitinib and erlotinib have
been extensively evaluated in non-small cell lung cancer (NSCLC),
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effect may be related to the level of EGFR expression on the cell surface rather than to EGFR mutation. !
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and sensitivity to these drugs has been associated with the
presence of somatic mutations in the EGFR kinase domain or with
EGFR amplification (Lynch et al, 2004; Paez et al, 2004; Pao et al,
2004; Cappuzzo et al, 2005; Mitsudomi et al, 2005; Takano et al,
2005). Various mAbs to EGFR are also undergoing preclinical and
clinical trials of their efficacy as anticancer agents. However,
biological markers able to predict the response to such antibodies
have remained elusive.

The possibility of combining chemotherapy or radiation therapy
with anti-EGFR mAb treatment has generated much interest,
because the cellular targets for these agents and their mechanisms
of action are different (Baumann and Krause, 2004). Studies have
thus been undertaken to determine whether inhibition of EGFR
signalling improves the response to chemotherapy or radiation
therapy. Preclinical studies have shown that the anti-EGFR mAb
cetuximab markedly increases the cytotoxic effect of chemotherapy
or radiation therapy in various EGFR-expressing tumour cell lines
(Huang et al, 1999 Milas et al, 2000; Buchsbaum et al, 2002;
Prewett et al, 2002; Raben et al, 2005; Ettinger, 2006). A phase 1II
clinical trial also showed that the combination of cetuximab with
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radiation therapy resulted in a significant improvement in local
control and survival compared with radiation therapy alone,
without an increase in radiation-induced side effects, in patients
with locally advanced head and neck cancer (Bonner et al, 2006).

Nimotuzumab (also known as h-R3) is a humanised anti-EGFR
mAb, which is currently undergoing clinical evaluation. In a
preclinical study, nimotuzumab showed marked antiproliferative,
proapoptotic, and antiangiogenic effects in tumours that overexpress
EGFR (Crombet-Ramos et al, 2002). In early clinical trials,
nimotuzumab has shown a longer half-life and a greater area
under the curve (AUC) in comparison with other anti-EGFR
antibodies (Crombet et al, 2003). A phase I/II trial showed that
nimotuzumab was well tolerated and enhanced the curative
potential of radiation in patients with advanced head and neck
cancer (Crombet et al, 2004). Given that little is known of the
antitumor action of nimotuzumab in NSCLC, we investigated the
growth-inhibitory effects of this mAb alone and in combination
with radiation in NSCLC cell lines with differing patterns of EGFR
expression. We also examined whether genetic alterations of EGFR
affect the antitumor action of combined treatment with nimotu-
zumab and radiation.

MATERIALS AND METHODS

Cell lines and reagents

The human NSCLC cell lines NCI-H292 (H292), NCI-H460 (H460),
Ma-1, NCI-H1299 (H1299), and NCI-H1975 (H1975) were obtained
as previously described (Okabe et al, 2007) and were maintained
under a humidified atmosphere of 5% CO, in air at 37.0°C in
RPMI 1640 medium (Sigma, St Louis, MO, USA) supplemented
with 10% fetal bovine serum and 1% penicillin- streptomycin.
Nimotuzumab was provided by Daiichi Sankyo Co Ltd
(Tokyo, Japan), and gefitinib was obtained from AstraZeneca
(Macclesfield, UK).

Flow cytometric analysis of surface EGFR expression

Cells (1.0x10% were stained for 2h at 4°C with an
R-phycoerythrin-conjugated mAb to EGFR (BD Biosciences,
San Jose, CA, USA) or an isotype-matched control mAb (BD
Biosciences). The cells were washed three times before measure-
ment of fluorescence with a flow cytometer (FACScalibur; Becton
Dickinson, San Jose, CA, USA).

Immunoblot analysis

Cell lysates were fractionated by SDS-polyacrylamide gel electro-
phoresis on a 7.5% gel, and the separated proteins were transferred
to a nitrocellulose membrane. After blocking of nonspecific sites,
the membrane was incubated consecutively with primary and
secondary antibodies, and immune complexes were detected with
the use of enhanced chemiluminescence reagents, as described
previously (Okabe et al, 2007). Primary antibodies to phosphorylated
EGFR (pY1068) were obtained from Cell Signaling Technology
(Beverly, MA, USA), and those to EGFR were from Zymed (South
San Francisco, CA, USA). Horseradish peroxidase-conjugated goat
secondary antibodies were obtained from Amersham Biosciences
(Little Chalfont, UK).

Clonogenic assay

Exponentially growing cells in 25-cm® flasks were harvested by
exposure to trypsin and counted. They were diluted serially to
appropriate densities and plated in triplicate in 25-cm® flasks
containing 10 ml of medium supplemented with 1% fetal bovine
serum in the absence or presence of 700 nM nimotuzumab. After
incubation for 24 h, the cells were exposed to various doses of
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y-radiation with a *°Co irradiator at a rate of approximately
0.82Gymin~' and at room temperature. The cells were then
washed with phosphate-buffered saline, cultured in drug-free
medium for 10-14 days, fixed with methanol:acetic acid (10:1,
v/v), and stained with crystal violet. Colonies containing > 50 cells
were counted. The surviving fraction was calculated as (mean
number of colonies)/(number of inoculated cells x plating effi-
ciency). Plating efficiency was defined as the mean number of
colonies divided by the number of inoculated cells for control
cultures not exposed to nimotuzumab or radiation. The surviving
fraction for combined treatment was corrected by that for
nimotuzumab treatment alone. The dose enhancement factor was
then calculated as the dose (Gy) of radiation that yielded a
surviving fraction of 0.5 for vehicle-treated cells divided by that for
nimotuzumab-treated cells (after correction for drug toxicity).

Antitumor activity of nimotuzumab with or without
radiation in vivo

Animal experiments were performed in accordance with the
Recommendations for Handling of Laboratory Animals for
Biomedical Research, compiled by the Committee on Safety and
Ethical Handling Regulations for Laboratory Animal Experiments,
Kyoto University, and they met the requirements of the UKCCCR
guidelines (Workman et al, 1998). Tumour cells (2 x 10%) were
injected subcutaneously into the right hind leg of 7-week-old
female athymic nude mice. tumour volume was determined
from caliper measurement of tumour length (L) and width (W)
according to the formula LW?/2. Treatment was initiated when
tumours in each group achieved an average volume of approxi-
mately 170-200mm’. Treatment groups consisted of control,
nimotuzumab alone, radiation alone, and the combination of
nimotuzumab and radiation, with each group containing seven or
eight mice. Nimotuzumab was administered intraperitoneally in a
single dose of 1.0 mg per mouse; mice in the control and radiation-
alone groups were injected with vehicle (physiological saline).
Tumours in the right hind leg of mice were exposed to 10Gy of
y-radiation with a ®Co irradiator at a rate of approximately
0.32Gymin~' beginning 6h after drug treatment. Growth delay
(GD) was calculated as the time required for treated tumours to
achieve a fivefold increase in volume minus the corresponding
time required for control tumours. The enhancement factor was
then determined as (GD ombination ~ GDhnimot b)/(GDragiation)-

RESULTS

Surface EGFR expression in NSCLC cell lines of differing
EGEFR status

We first examined the surface expression of EGFR in five NSCLC
cell lines by flow cytometry. The EGFR status for the cell lines was
determined in our previous study (Okabe et al, 2007). Three cell
lines (H460, H292, and H1299) possess wild-type EGFR alleles,
whereas the other two cell lines (Ma-1 and H1975) harbour EGFR
mutations (Table 1). Ma-1 cells have an in-frame deletion in

Table | Characteristics of NSCLC cell lines

Cell line EGFR surface expression EGFR status
H460 Low Wild type

H292 High Wild type
H1299 Low Wild type

Ma-1 Moderate del(E746~A750)
H1975 Low L85S8R/T790M

EGFR = epidermal growth factor receptor; NSCLC = non-small cell lung cancer
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exon 19 (E746-A750). H1975 cells harbour the L858R mutation
in exon 21 and a secondary mutation in exon 20 (T790M).
Activating mutations in exons 19 and 21 are associated with
sensitivity to EGFR-TKIs (Lynch et al, 2004; Paez et al, 2004; Pao
et al, 2004; Cappuzzo et al, 2005; Mitsudomi et al, 2005; Takano
et al, 2005), whereas the T790M mutation contributes to the
development of resistance to these drugs (Kobayashi et al, 2005;
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Figure | Expression of EGFR on the surface of NSCLC cells, Surface

expression of EGFR on H460 (A), H292 (B), HI299 (C). Ma-| (D), and
HI975 (E) cells was determined by flow cytometry. Representative
histograms of cells stained with an anti-EGFR mAb (red peak) or with an
isotype-matched control mAb (black peak) are shown.
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Pao et al, 2005). Our flow cytometric analysis demonstrated that
H292 and Ma-1 cells express high and moderate levels of EGFR on
the cell surface, respectively, whereas H460, H1299, and H1975
cells showed a low level of surface EGFR expression (Figure 1).

Effect of nimotuzumab on EGFR phoesphorylation

Next, we determined whether nimotuzumab inhibits ligand-
induced EGFR phosphorylation in the five NSCLC cell lines. The
cells were deprived of serum overnight, exposed to various
concentrations of nimotuzumab, or to gefitinib, for 15 min, and
then stimulated with EGF for 15min. In the NSCLC cells that
harbour wild-type EGFR (H460, H292, and H1299), phosphoryla-
tion of EGFR was undetectable in the absence of EGF, but was
markedly induced on exposure of the cells to this growth factor.
The EGF-induced phosphorylation of EGFR in these cells was
completely inhibited by the EGFR-TKI gefitinib. Nimotuzumab
also inhibited the EGF-induced EGFR phosphorylation in a
concentration-dependent manner in H292 cells (which have a
high level of surface EGFR expression), whereas it did not
substantially affect such phosphorylation in H460 or H1299 cells
(both of which have a low level of surface EGFR expression)
(Figure 2A - C). We previously showed that the basal level of EGFR
phosphorylation was increased in the EGFR mutant NSCLC cell
lines Ma-1 and H1975, indicative of constitutive activation of the
EGFR tyrosine kinase (Okabe et al, 2007). The phosphorylation of
EGFR in EGF-treated Ma-1 cells (which have a moderate level of
surface EGFR expression) was inhibited by gefitinib as well as by
nimotuzumab in a concentration-dependent manner (Figure 2D).
In contrast, the constitutive activation of EGFR in H1975 cells
(which have a low level of surface EGFR expression) was inhibited
partially by gefitinib but was unaffected by nimotuzumab
(Figure 2E). These results suggested that the inhibition of EGFR
phosphorylation by nimotuzumab may be related to the surface
expression level of EGFR rather than to the mutational status
of EGFR.

L]

Augmentation of the cytotoxic effect of radiation in NSCLC
cells by nimotuzumab in vitro

‘We examined whether nimotuzumab might enhance the anticancer
effect of y-radiation in the five NSCLC cell lines with the use of a
clonogenic assay. Tumour cells were incubated with or without
nimotuzumab for 24h, exposed to various doses of y-radiation,
and then allowed to form colonies in drug-free medium for 10-14
days. Survival curves revealed that, whereas nimotuzumab had no
effect on the radiation sensitivity of H460, H1299, or H1975 cells, it
enhanced the cytotoxic effect of radiation in H292 and Ma-1 cells,
with a dose enhancement factor of 1.5 and 1.3, respectively
(Figure 3), These results showed that nimotuzumab increased the
radiosensitivity of the NSCLC cell lines with high or moderate
levels of surface EGFR expression, consistent with the inhibitory
effects of this antibody on EGFR signalling.

Augmentation of the antitumor effect of radiation in
NSCLC cells by nimotuzumab in vivo

To determine whether the nimotuzumab-induced potentiation of
the response of NSCLC cells to radiation observed in vitro might
also be apparent in vivo, we injected three of the cell lines into
nude mice to elicit the formation of solid tumours. The mice were
then treated with nimotuzumab, radiation, or both modalities.
In the H460 xenograft model, tumour growth was inhibited by
radiation alone but not by nimotuzumab alone, and the effect of
radiation was not promoted by nimotuzumab (Figure 4A). In
contrast, radiation and nimotuzumab each inhibited the growth of
tumours formed by H292 (Figure 4B) or Ma-1 (Figure 4C) cells
during the first few weeks after treatment. Thereafter, the rate of
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Figure 2 Effect of nimotuzumab on EGFR phosphorylation in NSCLC cells. H460 (A), H292 (B), HI299 (C), Ma-| (D), and H1975 (E) cells were
deprived of serum overnight and then incubated first for |15 min in the absence or presence of the indicated concentrations of nimotuzumab or gefitinib
(10 uM) and then for an additional 15 min in the additional absence or presence of EGF (100ng mi™"). Cell lysates were then subjected to immunoblot
analysis with antibodies to the Tyr|068-phosphorylated form of EGFR (pEGFR) as well as with those to total EGFR.
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Figure 3 Effect of nimotuzumab on the response of NSCLC cells to radiation in vitro. H460 (A), H292 (B), H1299 (C), Ma-| (D), and H1975 (E) cells
were incubated with or without 700 nM nimotuzumab in medium supplemented with |% fetal bovine serum for 24 h, exposed to the indicated doses of
y-radiation, and then incubated in drug-free medium supplemented with 10% serum for 10— 14 days for determination of colony-forming ability. Survival
curves were generated after correction of colony formation observed for combined treatment with ionising radiation (IR) and nimotuzumab by that
apparent for treatment with nimotuzumab alone. Data are means  s.d. of triplicates from a representative experiment.

tumour growth increased to a value similar to that seen in control alone, or both nimotuzumab and radiation was thus 27.2, 19.6, and
animals. Combined treatment with radiation and nimotuzumab 53.6 days, respectively, for H292 cells and 26.7, 13.0, and 78.3 days,
resulted in a substantial delay in tumour growth and subsequent respectively, for Ma-1 cells (Table 2). The enhancement factor for
inhibition of the growth rate of H292 and Ma-1 xenografts. The the effect of nimotuzumab on the efficacy of radiation was 1.3 for
growth delay after treatment with nimotuzumab alone, radiation H292 cells and 4.0 for Ma-1 cells, revealing the effect to be more
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