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Gefitinib in the adjuvant setting: safety results from a phase
i1l study in patients with completely resected non-small cell
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Standard therapy for stage I-llIA non-small cell lung
cancer (NSCLC) is surgéry, although adjuvant therapies are
required to prevent disease recurrence and improve patient
survival. This is the first study that planned to administer
adjuvant gefitinib (Iressa) 250 mg/day or placebo to
randomized patients with completely resected NSCLC
(stage IB-111A) 4-6 weeks following surgery, for 2 years,
until recurrence/withdrawal. However, recruitment was
stopped after the randomization of 38 patients, because
interstitial lung disease (ILD)-type events were being
increasingly reported in Japan in the advanced disease
setting. Finally, the trial was halted. Safety data for 38
recruited patients (18 gefitinib and 20 placebo) showed no
unexpected adverse drug reactions (ADRs), with the most
common being grade 1/2 gastrointestinal and skin
disorders in 12 and 16 patients receiving gefitinib and in
five and six patients receiving placebo, respectively. Grade
3/4 ADRs occurred in four patients receiving gefitinib and
one patient receiving placebo. ILD-type events were
reported in one patient receiving gefitinib (concomitantly
with other ILD-inducing drugs) who died and two patients
receiving placebo. Eight patients receiving gefitinib
withdrew due to ADRs compared with three patients
receiving placebo. Adverse events associated with surgical
complications were reported for six patients receiving

Introduction

Non-small cell lung cancer (NSCLC) is generally not
diagnosed until the disease is symptomatic, by which
time more than two-thirds of patients are in the advanced
stages of disease and have a poor prognosis [1].
Approximately 25% of patients with NSCLC are diag-
nosed when their disease is in the early stages; however,
as many of these patients frequently have undetectable
metastases, disecase often recurs in distant sites [2].
Adjuvant therapies are therefore required to help prevent
disease recurrence and as they will need to be given to
patients post-operatively for a prolonged period, they
should be well tolerated.

Although some clinical trials in NSCLC have shown a
significant “survival benefit with adjuvant uracil plus
tegafur (UFT) and cisplatin-based chemotherapy [3-7],
others have not observed a significant improvement in

0959-4973 © 2005 Lippincott Williams & Wilkins

gefitinib and four patients receiving placebo. In the
adjuvant setting there were no unexpected adverse
events observed. Gefitinib had no impact on surgery-
related complications when given within 4-6 weeks
post-operatively. Anti-Cancer Drugs 16:1123-1128 © 2005
Lippincott Williams & Wilkins.
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survival [5,8,9]. At the time of commencing this study,
there were no standard adjuvant treatment regimens for
NSCLC.

Gefitinib (Iressa), an orally active epidermal growth
factor receptor tyrosine kinase inhibitor (EGFR-TKI),
was approved in Japan for the treatment of inoperable or
recurrent NSCLC in 2002. Two large phase 1l trials,
IDEAL (lressa Dose Evaluation in Advanced Lung
cancer) 1 and 2, observed -objective responses and stable
disease in more than 40% of pre-treated patients with
NSCLC receiving 250 mg/day gefitinib, with the majority
of adverse events (AEs) being mild to moderate
gastrointestinal and skin disorders .[10,11]. Gefitinib
was not associated with the well-recognized AEs observed
with cytotoxic chemotherapy (e.g. bone marrow depres-
sion, neurotoxicity, nephrotoxicity). The tolerability
profile of gefitinib has been confirmed by data from the
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“xpanded Access Programme, through which more than
39000 patients have received gefitinib 250 mg/day on a
compassionate-use basis. Furthermore, a retrospective
analysis of 9515 US patients who had received gefitinib
for 1 year or more via the Expanded Access Programme

showed a I-year survival rate of 33% | 12], which compares’
Y ) P

with the IDEAL studies [10,11]). Recently, Onn # 4/
observed efficacy (16% with objective responses and 45%
with stable disease) and a low incidence of grade 3/4 AEs
in Japanese patients with NSCLGC, most of whom had
been treated with second-line gefitinib or above (99% of
patients) {13].

To date, there is no experience of using gefitinib in the
post-operative adjuvant setting. This phase 111 trial was
initially undertaken ro compare survival rates in patients
with completely resected stage 1B-111A NSCL.C who had
been treated with adjuvant gefitnib 250 mg/day or
placebo. However, in Ocrober 2002, recruvitment was
halted following high-profile media activity around
reports of gefitinib-related interstitial Jung disease
(ILD)-type events in patients with advanced or meta-
static NSCLC in Japan. In March 2003, the trial was
halted because of an increased withdrawal rate. As
enrollment could not be resumed until the prospective
investigation into gefitinib-related ILD-type events in
Japan was completed, the trial was closed. Consequently
survival data are not available, although data from
patients recruited to the study have been subsequently
analyzed for safery.

Methods

Patients »

Patients were eligible for inclusion in the tral if they had
histologically confirmed NSCLC (post-operative stage
IB-111A) that had been completely resected 4-6 weeks
before the start of treatment. Patients were required to
be 20-75 years of age, with a WHO performance status
(PS) 0-1, no previous history of chemotherapy, radio-
therapy or immunotherapy for NSCLC and no co-
malignancies within the past 5 years. All patients gave
written, informed consent to participate in the trial,
which was conducted in accordance with the Declaration
of Helsinki [14] and Good Clinical Practice guidelines.

Study design

This randomized (1:1), double-blind, placebo-controlled,
phase 111 multicenter survival study planned 1o recruit
670 patients (335 per group) and randomize them to
receive either gefitinib (250mg) or placebo (Fig. 1).
Treatment was to be contnued for 2 years, or until
recurrence/secondary carcinoma or withdrawal criteria
were met. An Independent Dara Monitoring Committce
(IDMC) was set up to assess the efflicacy and safety of
gefitinib post-operatively, and would-advise whether the
study should be continuved, changed or discontinued.

Fig. 1

Complete resection
of stage IB-IHA
NSCLC

|

Randomization
4-6 weeks
post-operatively

Gefitinib Dosing 24 months

. 260 mg/day

5-year follow-up

© Primary endpoint:
- B-year survival

® Secondary endpoints included:
- efficacy
- safety

Trial design schema.

Assessments

Efficacy

Disease recurrence or secondary carcinogenesis were
assessed using X-rays every 3 months during treaument
and every 6 months during the follow-up period.
Computed tomography (CT) scans were carried out 8
weeks after the first dose (where necessary, the pre-
operative thoracoabdominal CT scan could be used), at
week 48 during treatment, at week 104 after withdrawal/
completion and every 52 weeks thereafter, unless disease
recurrence was observed.

Safety

AEs were to be recorded and coded using MedDRA
{Medical Dictionary for Regulatory Activities) version
6.0, graded using National Cancer Institute Common
Toxicity Criteria (NCI-CTC) version 2.0 and assigned
causality by the investigators. AEs associated with post-
operative complications were defined as events occurring
within 90 days after surgery and were recorded without
regard to causality. Trearment could be interrupted for up
to 14 days, although the IDMC later recommended that
drug interruption could be allowed for more than 14 days
in cases where 1LD-type events were suspected, but
could not be confirmed, in order to ensure the safety of



patients who remained in the trial after recruitment was
halted. Hematology, biochemistry and urinalysis were also
measured at baseline and during the study.

Role of the funding source

This trial was coordinated and supervised by the principal
investigators, the IDMC and AstraZeneca personnel, with
funding and organizational support from the trial sponsor
AstraZeneca.

Resulis

Patients

Between August and October 2002, 38 patients were
randomized into the trial — 18 received gefitinib and 20
received placebo. Patient demography was well balanced
between the treatment arms, with the majority of
patients having adenocarcinoma histology and WHO PS
1 (Table 1). When the trial was stopped, four patients in
the gefitinib arm and 11 patients in the placebo arm were

Table 1 Patient demography

Gefitinib 250 mg/day Placebo (n=20)

(n=18)
Sex {n (90))
male 14 (77.8) 15 {75.0)
iemale 4 {22.2) 6 (25.0)
Median age [years (range)] 64.0 (49-73) 62.5 (52-73)
WHO PS [n (%)]
[¢] . 5 {27.8) 9 {45.0)
1 13 (72.2) 11 (55.0)
Histology [n (%)]
squampus cell carcinoma 4 (22.2) 6 (30.0)
adenocarcinoma 14 (77.8) 14 (70.0)
. Stage [n (%)]
1B 7 (38.9) 8 (40.0)
HA 2 {11.1) 1 (6.0)
B 3(16.7) 5 (25.0)
A ‘ 6 (33.9) 6 {30.0)
Fig. 2
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sull receiving treatment (Mg, 2). Of the 23 patients who
withdrew, 13 did so because of AEs (10 in the gefitinib
arm and three in the placcho arm), five were unwilling to
continue with treatment (three in the gefitinib arm and
two in the placebo arm), two had disease recurrence
(both in the placebo arm) and three withdrew for other
reasons (one patient in the gefitinib arm had incomplete
recovery from surgery that was not drug related, and two
patients in the placebo arm had pre-existing interstitial
pnewmonia and were withdrawn at the request of the
sponsor).

Efficacy

From the limited efficacy data, disease recurrence was not
seen in patients receiving gefitinib at data cutoff. Three
patients who received placebo (one with stage 1B and two
with stage 11B) experienced disease recurrence — two
patients recurred during the trial and one patient
recurred after the trial had stopped.

ADRs

No unexpected ADRs were observed and, in general, the
frequency of all ADRs was higher for gefitinib versus
placebo (Table 2). The most common ADRs were mild to
moderate grade 1/Z gastrointestinal and skin disorders.
Grade 3/4 ADRs were seen in four patients in the
gefitinib arm and one patient in the placebo arm
(Table 3), all of whom had treatment withdrawn (the
patient with grade 3 eczema had treatment withdrawn
due to grade 2 impetigo).

Respiratory ADRs .

The majority of respiratory ADRs were grade 1/2 and
occurred within 1 month of treatment. In the gefitinib
arm, two patients experienced cough (associated with
post-operative complications), one patient had dyspnea,

Registered
n=238 .
Withdrawn due to adverse events -~~~ 3J
Withdrawn due to retraction of _ihfofmed consent Z_I
Placebo . R R MR L
n=20 Disease recurred - 2 . QJ
Discontinued due fo trial termination - 11'|

Trial outcome.
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Table 2 Common ADRs occurring in two or more patients

Table 4 Exposure of patients to gefitinib

AE {MedDRA term)” Gefitinib 250 mg/day Placebo {n=20)

Gefitinib 250 mg/day Placebo (n=20)

(n=18) {(n=18)

Abnormal hepatic function 4 0 Median duration of ireat- B86.5 (4-185) 144.0 (20-197)
Acne 2 0 ment [days (range)]
Anorexia 5 1 Dosing period (n)
Cough bAd 1 <60 days 6 .2
Diarrhea 9 2 60-120 days 9 4
Dry skin 3 0 > 120 days 3 14
Eczema . 8 2 No. dose interruptions (n)
Elevated ALT/AST 2 0 1 5 6
Fatigue 2 0 2 2 2
Gastritis 3k o] >3 2 2
Loose stools 4 0

" Nausea 3 0
Rash 5 3
Sputum 0 2
Stomatitis 2 0

A patient could have more than one AE.
PAll were associated with post-operative complications.

Table 3 Grade 3/4 ADRs

AE {MedDRA term) Grade Gefitinib 250 mg/day

(n=18)

Placebo (n=20)

(=)

Abnormal hepatic 3 1
function
Eczema
Elevated ALT
Neutropenia
Pneumonitis

oW W,
-0 = =
o= CO

and one patient experienced grade 4 ILD-type events
(pneumonitis) 107 days after starting gefitinib and was
withdrawn from the study. The patient with pneumonitis
had taken concomitant shosaikoto, a Chinese herbal
medicine, and loxoprofen, both of which have previously
been shown to induce pneumonitis {15,16]. Twenty-one
days later bacterial pneumonia related to methylpredni-
solone therapy was diagnosed, and the patient subse-
quently died 37 days later due to both pneumonitis and
bacterial pneumonia. In the placebo arm, one patient who
experienced cough-and grade 1 pulmonary fibrosis had
had interstitial changes on their chest X-ray at enroll-
ment, and in a second patient, pre-existing non-specific
interstitial pneumonia was exacerbated resulting in grade
1 ILD. In both patients, these conditions persisted
following withdrawal of study drug. ‘

Interruptions and withdrawals due to ADRs

ADRs requiring interruptions in therapy were similar
berween patients recetving gefitinib or placebo (Table 4)
and were usually for less than 14 days, although four
patients in the gefitinib arm required treatment to be
interrupted for 14 days (including one patient whose
treatment was interrupted for 20 days). The majority of
ADRs leading to withdrawal were usually mild-to-
moderate grade 1/2 in severity (Table §). Grade 3 ADRs
leading to withdrawal occurred in two patients receiving
gefitinib (hepatic funcrion abnormalities, elevated ALT)

Table 5 ADRs leading to patient withdrawals

Adverse event Grade Gefitinib 250 mg/day  Placebo (n=20}
{MedDRA term) {n=18)
Eczema 2 1 0
Elevated ALT/AST 2 1 o]
3 1 o]
Hepatic function 2 1 o
abnormalities
3 1 0
ILD 1 0 1
Impetigo 2 1 o}
Neutropenia 3 0 1
Paronychia 2 3 o]
Pneumonitis 4 1 0
Pulmonary fibrosis 1 0 1

and in one patient receiving placebo (neutropenia), and
grade 4 pneumonitis led to the withdrawal of one patient
who was receiving gefitinib. Following withdrawal of
gefitinib treatment, grade 3 abnormal hepatic function
and elevated ALT resolved, and grade 3 neutropenia
persisted.

AEs associated with post-operative complications

As there are no safety data regarding the use of gefitinib
in the post-operative setting, AEs ‘associated with the
healing process were examined to provide preliminary
safety data on the start of the dosing timing in the
adjuvant setting for gefitinib. AEs related to post-
operative complications were observed in six patients in
the gefitinib arm and four patients in the placebo arm. In
the gefitinib arm, the most frequent AEs were grade 1/2
cough (four patients) and gastritis (three patients), and
in the placebo arm grade 1/2 pain (three patients). Grade
1 cough, grade 1 supraventricular arrhythmia and grade 2
dyspnea were also experienced by three outr of four
patients recerving placebo.

Discussion

This trial was designed to compare survival rates in
patients with completely resected stage 1B-111A NSCLC
who had received adjuvant therapy with gefitinib 250 mg/
dav or placebo. However, incidences of ADRs of 1LD-



type events in the advanced disease setting have been
increasingly reported since gefitinib was launched in
Japan, and new recruitment was put on hold on 23
October 2002 at the request of the Minisury of Health,
Labor and Welfare. In order 1o e¢valuate the ILD and
ensure the safery of the tnal patients, two separate Co-
ordination Committee and IDMC meetings (December
2002 and Januvary 2003) were conducted to discuss the
feasibility of continuing the study and management of
the trial patients. Based on the updated information on
ADRs of interstitial pneumonia, the committees con-
cluded rhat the study could be continued because the
possibility of risk did not exceed that of benefit to
enrolled patients. The JIDMC also suggested that top
priority should be given to assure the safety of the
patients receiving gefitinib, and that discontinuation
should be considered if flu-like symproms including
difficulty in breathing, fever and coughing occurred.

A ‘Supplemental Explanation Sheet and Informed Con-
sent Form’ was provided four times 1o enrolled patients,,
offered updated information and methods to assure and
manage any safety issues, and confirmed the patients’
willingness to continue participating in the study. In
December 2002, AstraZeneca KK gave the principal
investigators the option to suspend gefitinib treatment at
once. With the extensive monitoring of the trial patients
in terms of safety, there were still an increasing number of
withdrawals. In addition, enrollment could not be
resumed until the prospective investigation on gefiti-
nib-related 1LD was completed. Based on these facts, the
sponsor finally decided to terminate the trial in March
2003.

“The types of AEs reported in this trial were similar to that

already reported in the Jarge phase 11 IDEAL 1 and 2
trials for patients with locally advanced or merastatic
NSCLC [10,11]. Three patients experienced 1LD-type
events — two in the placebo arm and one patient in the
gefitinib arm (this patient was also taking two other
medications known to induce 1LD) [15,17]. It has
generally been observed that a higher frequency of
1LD-type eventsare reported in Japanese patients taking
gefitinib compared with those in other south-east Asian
countries and the rest of the world (1.6, 0.3, and 0.3%,
respectively) {18]. The occurrence of ILD in Japanese
patients and the reasons for such an ethnic stratification
in ILD incidence following gefitinib treatment require
further clarification.

The most common reason for withdrawal in both
treatment arms was due 1o toxicity, with the majority of
drug-related AEs being grade 1/2 in severity. In the
“advanced or merastatic disease setting, few patients who
experience grade 1/2 drug-related AEs withdraw from
treatment with gefitinib, and in IDEAL 1, which
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recruited Japanese patients, two out of 103 patients
who received gefitinib 250 mg/day withdrew from therapy
due to ADRs |18]. Several factors may explain the high
number of withdrawals (including withdrawal of treat-
ment for less severe ADRs) reported in this trial data
compared with previously reported studies. These
reasons include the fact that patients with early-stage
NSCLC may be less tolerant of AEs compared with
patients with advanced NSCLC who have received prior
chemotherapy. In contrast to the other studies, the
impact of heavy media coverage surrounding gefitinib-
related 1LD cannot be ignored.

It has been suggested that the dosage and schedule of
gefitinib used in this study may not best suit patients
with completely resected NSCLC in terms of tolerability
and a number of adjustments may need 1o be taken into
consideration when planning an adjuvant study of
gefitinib in the future. It is unlikely that the time frame
of 4-6 weeks is 100 short before starting adjuvant
treatment, as other adjuvant trials conducted in Japanese
patients have used similar time frames [3,4]. It may be
possible to lengthen the duration by which gefitinib
could be interrupted for toxicity, since 14 days may be too
short for patients recovering from AEs such as hepatic
enzyme elevation, or to reduce the dose following toxicity
to perhaps 250 mg every other day, although this would
require further study into the efficacy of such an
approach.

With no experience of using gefitinib in post-operative
parients there was a concern that EGFR-TKIs might
impact on surgery-related complications (especially on
the healing process) due to their mode of action. In order
1o assess this, the trial was designed to allow a safery
review of the first 60 patients. Due to the early
termination of the study, we have only 38 patients’ (18
on gefitinib) dara for review; however, there does not
seem to be any impact on surgery-related complications
when gefitinib was administered within 4-6 weeks after
surgery, as evidenced by a similar number of these AEs
that occurred in both groups. This indicates that it may
be feasible 1o administer gefitinib in the adjuvant serting
within this time frame.

In conclusion, this is the first study to investigate the use
of EGFR-TKIs as adjuvant therapy. Despite the absence
of survival data, there were no unexpected AEs seen in
the adjuvant serting compared with those already
reported for patients with Jocally advanced or metastatic
NSCLC. However, it was observed that there were more
AEs leading to withdrawal in the gefitinib arm, even
though the majority of AEs were grade 1/2 in severity,.
suggesting that a daily dose of gefitinib 250 mg may not
best suit patients with completely resected NSCLC in
terms of rolerability.
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Abstract

Minerals are important for cellular functions, such as
transcription and enzyme activity, and are also involved in
the metabolism of anticancer chemotherapeutic compounds.
Profiling of intracellular elements in individual cells could
help in understanding the mechanism of drug resistance
in tumors and possibly provide a new strategy of anti-
cancer chemotherapy. Using a recently developed technique
of scanning X-ray fluorescence microscopy (SXFM), we
analyzed intracellular elements after treatment with cis-
diamminedichloro-platinum(II) (CDDP), a platinum-based
anticancer agent. The images obtained by SXFM (element
array) revealed that the average Pt content of CDDP-resistant
cells was 2.6 times less than that of sensitive cells, and the
zinc content was inversely correlated with the intracellular
Pt content. Data suggested that Zn-related detoxification is
responsible for resistance to CDDP. Of Zn-related excretion
factors, glutathione was highly correlated with the amount
of Zn. The combined treatment of CDDP and a Zn(II) chelator
resulted in the incorporation of thrice more Pt with the
concomitant down-regulation of glutathione. We propose
that the generation of an element array by SXFM opens
up new avenues in cancer biology and treatment. (Cancer Res
2005; 65(12): 4998-5002)

Introduction

Cis-Diamminedichloro-platinum(Ill) (CDDP) is an effective
anticancer agent, but tumor cells can become resistant after
CDDP-based therapy (1). Detoxification of CDDP, an increase in
DNA repair, and excretion of CDDP have been implicated as
major factors contributing to CDDP resistance (1). Incorporated
CDDP is excreted by several molecules, such as overexpressed
P-glycoprotein (2), a zinc-related defense system that is regulated
by increased intracellular glutathione (GSH; ref. 3), and the ATP-
dependent glutathione S-conjugate export pump (GS-X pump),
which plays a role in the vesicle-mediated excretion of GSH-
CDDP conjugates from resistant cells (4). Recent reports suggest
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International Medical Center of Japan, 1-21-1 Toyama, Shinjuku-ku, 162-8655 Tokyo,
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©2005 American Association for Cancer Research,

that minerals such as zinc (Zn) and copper (Cu), important
for normal cellular functions (5), are involved in CDDP resistance
(6, 7). The simultaneous monitoring of multiple numbers of
cellular elements would be helpful in identifying the mechanism of
drug resistance in a malignant cell. The recently developed
technique of scanning X-ray fluorescence microscopy (SXFM;
refs. 8, 9) has made it possible to detect elements of interest
by a single measurement and give a profile of these elements
at the single-cell level (termed an element array). To examine
the efficacy of element array analysis, we analyzed elements
before and after treatment with CDDP and compared the ele-
ment profiles of CDDP-sensitive and CDDP-resistant cells. We
showed that the Zn content has an inverse correlation with
Pt incorporation owing to a positive linkage with glutathione
(GSH), a Zn-dependent detoxification factor. The combined
treatment with CDDP and N,N,NN-tetrakis-(2-pyridylmethyl)-
ethylenediamine (TPEN), a Zn (II)-chelator (10), increased Pt
uptake with a concomitant reduction of intracellular GSH. We
propose that the element array is a versatile method suitable
for obtaining information about metals involved in drug meta-
bolism and could contribute to a novel strategy for anticancer
chemotherapy.

Materials and Methods

Element array analysis by scanning X-ray fluorescence micro-
scopy. SXFM was set up at an undulator beamline, BL29XU, of the SPring-
8 synchrotron radiation facility (11) by combining & Kirkpatrick-Baez-type
X-ray focusing system (12, 13), an XY-scanning stage for sample mounting,
and an energy-dispersive X-ray detector (SDD, Réntec, Co., Ltd.). Mono-
chromatic X-rays at 15 keV for Pt L-line excitation were focused into a
L5 pm (H) X 0.75 pm (W) spot with a measured flux of ~ 1 X 10" photons/s.
The focused X-rays simultaneously yielded the fluorescence of various
chemical species in a small volume of sample cells, as shown in Fig. 14.
The fluorescence from each element was taken independently and did
not overlap except for the PtlLo signal, which was contaminated by
ZnKp (Fig. 14). This was corrected by subtraction, as described previously
(8). In this study, we could also measure PtLf as a unique signal of Pt
(Fig. 14). After counts were collected for 4.0 to 8.5 seconds at each pixel of
scanning, the detected counts were normalized by incident beam intensity.
In addition to the mapping images, an elemental concentration per single
cell was calculated from the integrated elemental intensity over the whole
mapping image.m

1% A, Saito et al, manuscript in preparation.
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Figure 1. Element array by SXFM. A, scheme of imaging cellular .
elements by SXFM. Coherent X-rays are focused on each area Scanning area
(pixel), and the X-ray fluorescence from each element is detected.
Each pixel gives an elemental spectrum, as shown in the right
panel, and an integrated intensity of the individual element was B
mapped to the corresponding area of analyzed cells. B, SXFM
analysis after CDDP treatment. Cell morphologies obtained by CcDDP
Nomarski are shown at x 100 magnification (/eft). Each field of
view is equivalent to an area of 70 x 70 um. Representative results
are shown. Brighter colors indicate a higher signal intensity of each
element. Results are shown for PC/SEN (fop) and PC/RES cells -
(bottom). Note the high intensity of PtL« in PC/SEN cells after
CDDP treatment (second panel of the Pt column) and the higher SEN
signal Intensity of Zn in PG/RES cells compared with that of
PC/SEN celis. C, element array based on SXFM analysis.
The mean signal intensity of each element obtained by SXFM
analysis was calculated, and the fold increase of elements

in PC/RES cells (red) was depicted by using the intensity in
PC/SEN cells (blue) as a standard (left). A part of analyzed
elements is shown. The fold increase of elements in PC/SEN
(blue) and PC/RES cells (red) after CDDP treatment was also
shown by using the intensity in PC/SEN before CDDP treatment as =
a standard (right). RES

Nomarsi S\ Fe n _ Pt (L
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Chemicals and biochemical assays. TPEN (Sigma, St. Louis, MO; intracellular GSH. About 3 X 10° to 4 x 10° cells were subjected to GSH
ref. 10), GSH (Calbiochem, La Jolla, CA), and CDDP (Daiichi Kagaku, Tokyo, measurement, and the data were normalized by cell number.
Japan) were purchased. A GSH colorimetric assay kit (Calbiochem) and a Cell lines. PC-9 cells (PC/SEN) and PC-9 cells resistant to CDDP
BCA protein assay kit (Bio-Rad, Hercules, CA) were used for measuring (PC/RES), originally derived from a lung carcinoma cell line (14), were
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maintained in DMEM (Nissui, Co., Tokyo, Japan) supplemented with 10%
FCS (Sigma). The viability of PC/SEN cultured for 72 hours in the
presence of 1 umol/L CDDP was 40%, whereas that of PC/RES was
~90%. In this study, each cell line when treated with 1 umol/L CDDP
for 24 hours showed >85% viability.

Colony formation. After treatment, aliquots of PC/SEN and PC/RES
were plated into culture dishes or soft agar, and the numbers of cell
aggregates consisting of >50 cells were counted. Each number was
normalized by plating efficiency, and the mean and SD of the number
of formed colonies were calculated.

Sample preparation. Cells were plated on a silicon nitride base
(NTT Advanced Technology, Tokyo, Japan) 1 day before the experiment.
After incubation for 24 hours in the presence of 1 umol/L CDDP, the cells
were washed with PBS, fixed in 2% paraformaldehyde in PBS for 10 minutes
at room temperature, and incubated in cold 70% ethanol for 30 minutes.
The cells were then placed in a 1:3 solution of glacial acetic acid and
methanol for 10 minutes, washed with 70% alcohol, and dried overnight
at room temperature,

Measurement of cellular platinum and zinc. To measure Pt and Zn,
~5 X 10° cells were subjected to inductively coupled plasma mass
spectroscopy (ICP-MS; Toray Research Center, Shiga, Japan; ref. 15).

Statistical analysis. The Pearson product-moment correlation
coefficient and Student’s ¢ test were used to evaluate statistical signifi-
cance (16).

Results and Discussion

Incorporation of platinum and element array after cis-
diamminedichloro-platinnm(II) treatment. We analyzed intra-
cellular elements by SXFM after CDDP treatment (Fig. 14).
At 12 hours after treatment with 1 pumol/L. CDDP, the level
of Pt was increased in PC/SEN cells, whereas little increase in
the Pt level was seen in PC/RES cells (Fig. 1B). The intensity of
Pt in PC/RES cells was 2.6-fold less than that in PC/SEN cells, as
confirmed by the results of ICP-MS, which indicated that the amount
of Pt in PC/RES cells (5.5 fg/cell) was 3.6-fold less than that in PC/
SEN cells (19.7 fg/cell). Therefore, the decreased accumulation of
CDDP is likely to be responsible for resistance in PC/RES cells.

Based on the mean signal intensity obtained by SXFM, element
array analysis was carried out (Fig. 1C). The element profile
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Figure 2. Chronological changes in elements after CDDP treatment. A, detection of elements in CDDP-treated PC/SEN celis. From the left, Nomarski images, signals
of 8, Fe, Zn, Cu, and Pt are shown. Top and bottom sets of panels show cells treated with 1 and 2 umol/L CDDP, respectively. In each set of panels, control cells {top)
and cells treated with CDDP for 24 hours (middle) and 48 hours (bottom) are shown. In this experiment, the signals of PtLf were measured instead of PtLx

(see Materials and Methods). The lowest panels show an apoptotic cell after 48 hours. B, summarized results of chronological changes of elements. The results after
treatment with 1 pmol/L (top) and 2 pmol/L CDDP (bottom) are shown. The mean signal intensity was calculated from the results partly shown in (A). Among the
cellular elements, Zn was most influenced by both 1 and 2 pmol/L. CDDP treatment and had an inverse correlation with Pt content.
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Figure 3. Cellular Zn content and GSH. A, basal level of intracellular GSH.
The intracellular GSH levels in PC/SEN (black) and PC/RES cells (gray) were
measured. GSH was significantly higher in PC/RES than in PC/SEN cells

(t test, P < 0.05). B, correlation between Zn and intracellular GSH. A scatter
diagram for Pearson product-moment correlation coefficient is depicted.

Zn, measured by SXFM (red squares, n = 27) and by ICP-MS (green circles,
n = 29), was plotted against intracellular GSH. Scattered values were based on
data from both PG/SEN and PG/RES cells. The correlation coefficient r was
calculated, and the statistical significance was determined (P < 0.05).

facilitates the identification of the elements related to the mecha-
nism of drug resistance to CDDP. First, we noticed that the Zn
content of untreated PC/RES cells was ~ 3-fold of that in PC/SEN
cells (Fig. 1C, left). The difference in the Zn contents of these cells
was confirmed by ICP-MS analysis (105 fg/cell for PC/SEN cells and
189 fg/cell for PC/RES cells, respectively). When 1 pmol/L CDDP
was used for treatment, constitutive high Zn was observed in PC/
RES (Fig. 1C, right). In PC/SEN cells, the amounts of all the elements
were slightly increased, but the amount of Zn was increased most
markedly.

We then analyzed the chronological changes in the levels of
elements in PC/SEN cells following CDDP treatment. Representa-
tive results for §, Fe, Zn, Cu, and Pt are shown in Fig, 24. Pt was
clearly observed at 24 hours after treatment with 1 or 2 pumnol/L
CDDP (Fig. 24). It was, however, barely detectable at 48 hours
after the cells:were treated with 1 umol/L CDDP (Fig. 24, top),
suggesting that the cells excreted CDDP. In contrast, the cellular
content of Pt gradually increased after treatment with 2 pmol/L
CDDP (Fig. 24, bottom), and apoptotic cells with high levels of
incorporated CDDP were observed after 48 hours (Fig. 24, bottom).

The element profile was plotted against the time after treatment
with CDDP (Fig. 2B). When the cells were treated with 1 umol/L
CDDP, the Zn content increased remarkably and reached a peak at
24 hours (Fig. 2B, top, red line). In these cells, the Pt content was
reduced after 48 hours. When the cells were treated with 2 pmol/L
CDDP, the Zn content decreased within 24 hours (Fig. 2B, bottom),

and the Pt content increased within 48 hours. In this analysis, Cu
did not show significant changes. The results imply that the
intracellular Zn content has an inverse correlation with the
incorporated Pt content. :

Cellular zinc and zinc-related detoxification, We studied
Zn-related detoxification factors, such as metallothioneins (17),
GSH (18), and the GSH-coupled excretory pump GS-X (4), and
we observed that intracellular GSH was high in PC/RES cells
(Fig. 34). We then examined the possible correlation between the
intracellular Zn content and GSH. As shown in Fig. 3B, the GSH
levels showed a significant correlation with the levels of Zn
detected by both ICP-MS and SXFM (Pearson product-moment
correlation coefficient r = 0.794, P < 0.05 and r = 0.533, P < 0.05,
respectively). The levels of Zn detected by SXFM may have less
correlation with GSH than do the levels detected by ICP-MS
because SXFM analyzed Zn in a small number of cells, whereas the
analyses of GSH using ICP-MS were carried out on >10° cells.

Effects of zinc depletion and cis-diamminedichloro-
platinum(1l) uptake. To examine ways of increasing the
sensitivity of PC/RES cells to CDDP, we used the Zn(II) chelator
TPEN, as it was thought that CDDP uptake would increase when
the GSH level was down-regulated by decreased Zn. Consistent
with this hypothesis, treatment with 7.5 pmol/L of TPEN decreased
cellular Zn to ~ 40 fg/cell at 30 hours after treatment in PC/SEN
cells (Fig. 44, left, solid line). The decrease seen in PC/RES cells
owing to TPEN treatment was more rapid, with the Zn concen-
tration being reduced to ~ 40 fg/cell within 7 hours (Fig. 44, left,
dashed line). The intracellular GSH also decreased with the
reduction in intracellular Zn (Fig. 44, right, dashed line).

To determine the effects of TPEN on the growth of PC/RES
cells, the cells were pulse-treated for 2 hours with TPEN for 5
consecutive days and the growth was examined. Although
treatment with 1 pmol/L. CDDP did not induce apparent
morphologic changes (Fig. 4B, bottom, left), the combined treat-
ment with TPEN and CDDP caused prominent changes (Fig. 4B,
bottom, right). A colony formation assay clearly showed that the
combination of CDDP and TPEN, as well as single TPEN treatment,
significantly impaired the growth of PC/RES cells (Fig. 4C).
Consistent with these changes, ICP-MS indicated that the
intracellular Pt content increased 3.5-fold after the combined
treatment (from 0.38 to 1.35 fg/cell with TPEN treatment). It is
important to note that the same dose of TPEN did not attenuate
the growth of PC/SEN cells (Fig. 4C). These data indicate that the
GSH level seems to be critical for resistance in PC/RES cells,
consistent with previous reports that CDDP-resistant cells have
high levels of GSH and that a decrease in GSH results in loss of
resistance (3, 19). Our data also suggest that the high GSH content
was maintained by the effects of Zn in PC/RES cells. Overall, our
trial treatment with combined TPEN and CDDP suggests that this
combination would be effective in eliminating tumors even if they
include a CDDP-resistant population of cells with high Zn content.

We showed the use of element array analysis by SXFM to
examine a mechanism of CDDP resistance. Based on element
profiles, we successfully overcame CDDP resistance in PC/RES cells
by using a Zn chelator that down-regulated the GSH level.
Although it has been reported that Cu is a necessary factor for
CDDP incorporation (7), the present work revealed that Cu was
not involved in PC/RES cells. It is tempting to speculate that
drug resistance is generated by various elements, and we propose
that an element array can contribute to better understanding of
cancer biology as well as other fields of medical science.
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Recently, anti-CD20 (rituximab) and anti-Her2/neu (trastuzumab)
antibodies have been developed and applied to the treatment of
malignant lymphoma and breast cancer, respectively. However,
bulky lymphoma is known to be resistant to rituximab therapy,
and this needs to be overcome. Fresh lymphoma cells were
collected from 30 patients with non-Hodgkin’s lymphoma, the
expression of CD20 and CD55 was examined by flow cytometry,
and complement-dependent cytotoxicity (CDC) assays were
carried out. Susceptibility to CDC with rituximab was decreased
in a tumor size-dependent manner (r = -0.895, P < 0.0001), but
not in a CD20-dependent manner {r = -0.076, P = 0.6807) using
clinical samples. One complement-inhibitory protein, CD55,
contributed to bulky lymphoma-related resistance to CDC with
rituximab. A decrease in susceptibility to CDC with rituximab was
statistically dependent on CD55 expression (r=-0.927,
P < 0.0001) and the relationship between tumor size and CD55
expression showed a significant positive correlation (r = 0.921,
P < 0.0001) using clinical samples. To overcome the resistance to
rituximab by high expression of CD55 in bulky lymphoma masses,
small interfering RNA (siRNA) was designed from the DNA
sequence corresponding to nucleic acids 1-380 of the CD55 cDNA.
Introduction of this siRNA decreased CD55 expression in the
breast cancer cell line SK-BR3 and in CD20-positive cells of
patients with recurrent lymphoma; resistance to CDC was also
inhibited. This observation gives us a novel strategy to suppress
bulky disease-related resistance to monoclonal antibody
treatment. (Cancer Sci 2006; 97: 72-79)

In recent years, monoclonal antibodies have been used
increasingly to treat patients with malignancies such as
lymphoma and breast cancer.™® In particular, the anti-CD20
antibody, also called rituximab, is usually very effective for
treatment of malignant lymphoma, and most patients can receive
rituximab as monotherapy or combination chemotherapy.“?
However, in some cases with bulky mass and at stage IV,
lymphoma cells become resistant to rituximab treatment.®?
Apart from the number of tumor cells being greater in these
cases, how this resistance occurs has not yet been clarified.
Recently, some researchers have reported four mechanisms
for the action of rituximab: (i) inhibition of proliferation; (ii)

Cancer Sci | January 2006 | vol.97 | no.1 | 72-79

induction of apoptosis; (ili) complement-dependent cytotox-
icity (CDC); and (iv) antibody-dependent cellular cytotoxic-
ity (ADCC).%"® Because CDC could more rapidly and
efficiently act on the target cells attacked by rituximab, CDC
may be the most important of the mechanisms of rituximab.

The role of complementary regulatory proteins in the mod-
ulation of rituximab efficacy has been addressed, and several
surface membrane proteins regulate the deposition of active
complement proteins on cellular membranes to prevent cell
lysis. Regulators of the complement system play an import-
ant role in CDC, and CD46, CD55 and CD59 are well
known to inhibit the complement system.”” Among these
inhibitors, CD55 and CD59 seem to be the most important.!®
No differences in the expression of CD59 molecules have
been reported between normal B cells and malignant B cells,
whereas CD55 expression was shown to be different among
individual patients with B-cell malignancy.!'? Nevertheless,
in vitro susceptibility to rituximab-induced CDC could not be
predicted by the level of these proteins in chronic Iym-
phocytic leukemia (CLL) cells, and in vivo susceptibility
could not be predicted in follicular Iymphoma (FL) and CLL
patients.">!¥ In contrast, some researchers have reported direct
correlations among CDC, CD55 and CD59 using B-cell lines. 9

CD55, also known as decay accelerating factor, is a major
regulator of the alternative and classical pathways of comple-
ment activation and is expressed on all serum-exposed cells.
CD55 is a 70-kDa glycoprotein, which is a glycosylphos-
phatidylinositol (GPI)-anchored protein.!'® CD55 can bind
the complex of C3a and Bb, which is in the classical path-
way, and it blocks the cascade of the complement system. A
functional disorder of CD55 in blood cells causes paroxys-
mal nocturnal hemoglobinuria (PNH)."® In these cases, the
cascade of the complement system can not be controlled, and
CDC activity is enhanced mainly against red blood cells.
CD55 can enhance dissociation between C3 convertase and
C4bC2/C3bBb complexes, and then inhibit the cascade of the
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complement system. While it is true that CD355 levels are low
to absent in PNH, the disease is caused by phosphatidylinosi-
tol glycan-A (PIGA) gene mutations that lead to a failure to
assemble GPI anchors. Hence, all GPI-anchored proteins are
missing in this disease.

Previous researchers have shown that certain conditions
for cancer cells, such as hypoxia, poor nutrition and bulky
mass, make them chemoresistant.!”'® When gastric cancer
cells were exposed to hypoxia, hypoxia inducible factor
(HIF)-1 was induced and the cells were resistant to Cis-platin
(CDDP)."® When lymphoid cells were able to resist doxoru-
bicin (adriamycin), expression of nuclear factor (NF)-xB and
its transcription activity were enhanced in doxorubicin (adri-
amycin)-resistant cells.®"”?

Because CDC activity is especially important for rituxi-
mab therapy and CD55 may function as a mostly important
inhibitor of CDC, it is possible that a decline in CDC activity
by CDS55 molecules may cause resistance to rituximab. CDC
correlates directly with the expression of CD20 antigen in
malignant B cells, and in vitro susceptibility to rituximab-
mediated CDC depends primarily on CD20 protein expres-
sion. However, there have yet been no reports about the
relationship between tumor size and sensitivity to CDC or
between tumor size and CD55 expression.

More recently, small interfering RINA (siRNA) has been
developed and applied to knock down target gene expres-
sion.! For example, the nuclear factor of activated T cells
(NFAT) and NF-xB were shown to be constitutively active in
large B-cell lymphoma cells, and downregulation of NFATc1
and NF-xB in malignant B-cell lymphoma with siRNA inhib-
ited lymphoma cell growth.®® Although many researchers
tried siRNA for genes of membrane proteins such as growth
factor receptors,?? there have been no successful reports
describing siRINA for complement inhibitors.

To clarify the resistance to rituximab and overcome the
resistance, especially with regard to bulky mass unrespon-
siveness and efficacy for re-treatment, we examined the rela-
tionship between CDC activity and rituximab, and CD55
expression in our patients, using siRNA for CD55 to treat
CDC with rituximab.

Materials and Methods

Cell lines

Human malignant B-cell lines as well as Daudi and Raji cells
(ATCC) were cultured in RPMI-1640 (Gibco, Carlsbad, CA,
USA) with 10% fetal calf serum (FCS) at 37°C. The cell
lines were used as sensitive and resistant controls in CDC
with anti-CD20 antibody. The human breast cancer cell lines
MCF7 and SK-BR3 (ATCC) were cultured in Dulbecco’s
minimal essential medium (DMEM; Gibco) with 10% FCS.

Complement-mediated cytotoxicity assay

Cells were washed once with fresh complete medium, and
anti-CD20 antibody (rituximab; Roche, Basel, Switzerland) or
anti-Her2/neu antibody (trastuzumab; Roche) was added at a
concentration of 20 pg/mL. Cells were incubated at 37°C for
I'h, and then human AB blood serum from healthy
volunteers with informed consent was added at 20% (v/v).
After incubation at 37°C for 1h, propidium iodide (PL;
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Sigma, St Louis, MO, USA) was added and CDC assays
were carried out by flow cytometry with FACscan (Becton
Dickinson, San Jose, CA, USA). For CDC assays using a
microplate reader, Daudi, Raji and SKBR3 cells were seeded
at 1x10%cell/mL in each well, and then rituximab or
trastuzumab (20 pg/mL) and normal AB serum (20% [v/v])
were added. The reaction was incubated at 37°C for 1 h, and
the cells were washed with phosphate-buffered saline (PBS)
at least three times. Ten microliters of Calcein-AM (2 pg/
mL) (Dojindo, Kumamoto, Japan) was added to each well
and mixed thoroughly. After incubation at room temperature,
fluorescence intensity was measured at 485 nm/535 nm
wavelengths with a microplate reader (Fluoroskan Ascent;
Labsystems, Helsinki, Finland).

Surface markers

Cells were washed once with PBS, and were then were
stained with phycoerythrin (PE)-conjugated anti-CD20, and
fluoresceinisothiocyanate (FITC)-conjugated anti-CD55 (Becton
Dickinson). Flow cytometry was then carried out using
FACscan. The intensities of C20 and CD55 expression were
normalized compared with a control. For confocal laser
scanning microscopy, rituximab and trastuzumab were
labeled with Alexa Fluor 594 (Molecular Probes; Invitrogen,
Carlsbad, CA, USA) in accordance with the manufacturer’s
instructions. In brief, 100 pg of antibody was labeled with
Alexa Fluor 594 for 20 min after alkalization with carbonate.
The mixture was put into a spin column and spun down at
1500g, and the flow-through was collected as Alexa Fluor
594-conjugated antibody.

Laser scanning confocal microscopy and phase-contrast
microscopy

To see CDC activity on living cells, pictures were taken by a
CDC camera with phase-contrast microscopy after the CDC assay
with rituximab or trastuzumab. The cells were also stained with
Alexa Fluor 594-labeled rituximab or Alexa Fluor 594-labeled
trastuzumab and FITC-labeled anti-CD55 antibody, and
serum was added to the culture medium. The stained cells
were observed in real time under a confocal laser scanning
microscopy system (Olympus, Tokyo, Japan).

Collection of clinical samples

Fresh lymphoma cells were collected from the lymph nodes
of 30 patients with non-Hodgkin’s lymphoma (11 cases of
diffuse large B-cell type, 10 cases of marginal zone cell type,
five cases of follicular cell type, two cases of small
lymphocytic type, one case of B-cell immunoblastic type,
and one case of diffuse small cell type) after receiving
informed consent. In brief, the lymph nodes were resected
surgically and specimens were broken into small pieces with
scissors and ground between two glass slides. The cells were
collected after centrifugation and washed with RPMI-1640
containing 10% FCS. Cell counting and viability were
assessed by toluidine-blue exclusion dye test, and CD19-
positive cells were isolated using a magnetic cell sorting
(MACS) system. The isolated cells were stained with FITC-
conjugated anti-CD19, PE-conjugated anti-CD20, and FITC-
conjugated anti-CD55 antibodies and flow cytometry was
then carried out.
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Vector and siRNA for CD55

CD55 ¢DNA in Ultimate open reading frame (ORF) clones
(clone ID: TOH3209) was purchased from Invitrogen, and
amplified by polymerase chain reaction (PCR) (forward, 5’-
CGCGGATCCGCGATGACCGTCGCGCGG-3; and reverse,
5" -TCCCCCGGGGGACTAAGTCAGCAAGCC-3"). The
PCR product was subcloned into the pEGFP-C1 vector
(Clontech, Mountain View, CA, USA). To generate double-
stranded RNA for CD55, three parts of the DNA sequence,
corresponding to nucleic acids 1-380, 381-817 and 821-
1146 in the CD55 ¢cDNA, were amplified by PCR. These
sequences were named CDS55-N, CD55-M and CD55-C,
respectively. RNA transcription was then performed with
this DNA template to generate sense and antisense single-
stranded RNA. After production of double-stranded RNA,
a reaction with the Dicer enzyme was carried out using
a BLOCK-iT Dicer RNAIi kit (Invitrogen). For siRNA for
CD55, the siRNA was transfected into Raji and SK-
BR3 cells using Lipofectamine 2000 (Invitrogen). In brief,
0.75ng of siRNA and 5uL of Lipofectamine 2000 in
Optimen medium were mixed and incubated at room
temperature for 20 min. The mixture was added to culture
medium with SK-BR3 cells and fresh lymphoma cells, and
the cells were incubated at 37°C for 72h and 24 h,
respectively. To see downregulation of CD55 expression, the
CD55-transfected cells were stained with FITC-conjugated
anti-CD55 antibody, and then expression of CD55 was
observed without fixation of the cells at the same intensity of
emission and excision as under laser scanning confocal
fluorescent microscopy.

Statistical analysis

Correlation of susceptibility to CDC with tumor size, CD20
expression and CDS55 expression were tested using the
Spearman rank comelation  coefficient.  Statistical
comparisons were carried out using two-sided Student’s -
tests. All statistical analyses were performed using StatView
5.0 software (SAS Institute, Cary, NC, USA).

Results

Negative correlation between tumor size and susceptibility
to CDC with rituximab

Rituximab is known to be effective at the early stages of
indolent and aggressive lymphomas, but the effect of
rituximab declines in some patients with bulky disease and a
large number of lymphoma cells. According to this fact, we
investigated whether susceptibility to CDC is dependent on
the size of the tumor. The diameter of extirpated lymph
nodes, CDC assay and CD20 expression were examined in
fresh samples from 30 patients with lymphoma, as described
in ‘Materials and Methods’. As shown in Fig. la, the
relationship between susceptibility to CDC and size of
extirpated lymph nodes showed a significant negative
correlation (R =-0.895, P <0.001). In contrast, the
relationship between susceptibility to CDC and CD20
expression, and between size of extirpated lymph nodes and
CD20 expression, did not reveal significant correlations, as
shown in Fig. Ib,c (R=-0.076, P =0.6807 and 0.072,
P =0.6979, respectively). This suggests that susceptibility to
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Fig. 1. Relationships between the size of extirpated tumors,
susceptibility to complement-dependent cytotoxicity (CDC), and
CD20 expression. The size of tumors from 30 patients with non-
Hodgkin’s lymphoma was measured and the cells were collected.
After isolation of CD19-positive cells, FACScan analysis was carried
out with anti-CD20 antibody, and CDC assay with rituximab was
performed. Intensity of CD20 expression was normalized compared
with a control. (a) Scatter plot and correlation analysis for size of
extirpated tumor versus susceptibility to CDC. (b) Scatter plot and
correlation analysis for size of extirpated tumor versus mean
fluorescence intensity of CD20. (c) Scatter plot and correlation
analysis for mean fluorescence intensity of CD20 versus susceptibility
to CDC. All correlations were tested using the Spearman rank
correlation coefficient.

CDC is dependent on the size of the lymphoma tumor, and
that expression of CD20 does not contribute to susceptibility
to CDC with rituximab in non-Hodgkin’s lymphoma.

doi: 10.1111/].1349-7006.2006.00139.x
© 2006 Japanese Cancer Association



(a) (b)
T 12 35.0 Fig. 2. Relationships between tumor size,
g 30.0 s CD55 expression and susceptibility to
5 10 °® ) ° complement-dependent cytotoxicity (CDC).
3 s 250 The size of tumors from 30 patients with
= . 2 200 S o lymphoma was measured and the cells were
g 6 7% ) M collected. After isolation of CD19*/CD20*
s > 8% 5 180 o cells, FACscan analysis for CDC assay and
s 4 ° 10.0 < CD55 expression were carried out. The
% 2 f’ ® 50 S intensity of CD55 expression was normalized
g % : o, compared with a control. (a) Scatter plot and
a o 0.0 o——a$ correlation analysis for size of extirpated
0.00 50.00 100.00 150.00 0.00 50.00 100.00 150.00 tumors versus CD55 expression. (b) Scatter
. . . . plot and correlation analysis for CD55
CD55 (mean fluorescence intensity) CD55 {(mean fluorescence intensity) expression versus susceptibility to CDC. All
r=-0.921 r=-0.927 correlations were tested using the Spearman
P <0.0001 P < 0.0001 rank correlation coefficient.
Differential Differential
GFP interference GFP-CD55 interference
contrast contrast

CD55-N (-)

CD55-N (+)
Fig. 3. Effect of small interfering RNA (siRNA) against the 5'-site of the CD55 gene on expression of the exogenous CD55 gene. MCF7 cells

were transfected with pEGFP or pEGFP-CD55 in the presence or absence of siRNA. After 24 h, the cells were observed by laser scanning

microscopy.

Size, CD55 expression and CDC in clinical samples

To investigate the relationship between the size of the
extirpated tumor and CDS55 expression in clinical samples,
correlations between the size of extirpated tumor and
fluorescence mean intensity of CDS55, and between
susceptibility to CDC with rituximab and fluorescence mean
intensity of CD55, were analyzed statistically (Fig. 2). As
shown in Fig. 2a, the level of CD55 expression on lymphoma
cells was statistically correlated with the size of the lymph
node (r=0.921, P <0.001). In contrast, the relationship between
susceptibility to CDC with rituximab and fluorescence mean
intensity of CDS55 statistically revealed a negative correlation
(r=-0.927, P<0.001) (Fig.2b). This suggests that
increasing size of tumor contributes to higher or enhanced
CD355 expression -and resistance to CDC with rituximab.

Effect of siRNA for CD55 on CD55-transfected MCF7 cells
To overcome the resistance to CDC with rituximab on bulky
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mass, siRNA against a part of CD55 (CD55-N for 1-380
nucleotides) was designed and cotransfected with the pEGFP
or pEGFP-CD55 plasmid into MCF7 cells (Fig. 3). When the
cells were cotransfected with both pEGFP and siRNA for
CD55, the expression of green fluorescent protein (GFP) did
not change compared with transfection with only pEGFP
vector (Fig. 3, upper panels). On the other hand, when the
cells were cotransfected with both pEGFP-CD55 and siRNA
for CDS55, the expression of GFP-CDS5S5 disappeared
compared with transfection with only the pEGFP-CDS55
vector (Fig. 3, lower panels). This suggests that CD55-N,
siRNA against 1-380 nucleotides in the CDS55 gene, is
effective for blocking the expression of CD55.

Decrease in CD55 expression by siRNA overcomes resistance
to CDC in breast cancer cell line SK-BR3

We investigated the use of a monoclonal antibody against the
Her2/neu molecule for breast cancer, named trastuzumab.
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Because the breast cancer cell line SK-BR3 expresses Her2/
neu and CD55 on its cell surface, siRNAs against three parts
of CD55 (CD55-N for 1-380 nucleotides; CD55-M for 381-
817 nucleotides; and CD55-C for 821-1146 nucleotides)
were designed and introduced into SK-BR3 cells (Fig. 4). To
detect dying cells, PI staining was used for the CDC assay
with trastuzumab, and then the percentage of PI-positive cells
was evaluated under laser scanning confocal microscopy.
Most SK-BR3 cells expressed CD55 molecules without
transfection of siRNA against CD55 (Fig. 4a, left). In
contrast, expression of CD55 on SK-BR3 cells transfected
with CD55-N disappeared 72 h after transfection, or became
much weaker than without transfection of siRNA against
CD55 (Fig. 4a, right). SK-BR3 cells transfected with CD55-
M or CD55-C did not reveal knock down of CD55
expression to the level seen with CD55-N (Fig. 4a). Only
3.0 1.0% of SK-BR3 cells without transfection of siRNA
(mock transfection) against CD55 became Pl-positive by
CDC with trastuzumab, whereas 36.0 £ 6.0% of cells were
Pl-positive by CDC with trastuzumab after the transfection of
siRNA (Fig. 4b). This suggested that siRNA against
nucleotides 1-380 of CD55 (i.e. CD55-N) was effective for
decreasing CD55 expression and sensitivity to CDC on
adherent cells such as SK-BR3.

Blockade of CD55 expression by siRNA overcomes resistance
to CDC in fresh lymphoma cells

To investigate the effect of siRNA against CD55 on fresh
lymphoma cells, lymphoma cells were isolated from the
lymph nodes of five patients with recurrent lymphomas and
transfected with siRNA against CD55 (Fig. 5). As shown in
Fig. 5a, lymphoma cells from all five cases with recurrent
lymphoma strongly expressed CD55 molecules under laser
scanning confocal microscopy. When fresh lymphoma cells
were transfected with CD55-N for 24 h, but not CD55-M and
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CD55-C, CD55 expression on fresh lymphoma cells was
significantly knocked down under laser scanning confocal
microscopy, compared with the control (Fig. 5a, left
columns). The percentage of Pl-positive cells showed no
significant differences among transfections with and without
CD55-N, CD55-M and CDS55-C before the CDC assay
(Fig. 5b). The percentage of Pl-positive cells in the
transfection with CD55-N significantly increased from
7.1+£2.8% to 67.9+8.1%. This indicates that the siRNA
against CD55 (CD35-N) could efficiently knock down the
expression of CD55 on SK-BR3 and freshly isolated lymphoma
cells from recurrent lymphomas, and that it could induce cell
death in SK-BR3 and freshly isolated lymphoma cells from
recurrent lymphomas by CDC. This suggests that the degree
of CD55 expression can determine resistance to CDC with
antibody therapy, and that the therapies, which target CD55
molecules such as siRNA and its monoclonal antibody,
would be helpful in antibody therapy for bulky disease.

Discussion

Treatment of malignancies has been largely based on
chemotherapy and radiotherapy. Although improvement in
response rates and survival has been obtained with these
therapies over the years, a significant proportion of patients
do not respond to treatment, or they relapse. Moreover, conven-
tional cytotoxic therapy is often associated with significant
morbidity. Recently, molecular targeting therapy has been
developed® and monoclonal antibodies against CD20 and
HER2/neu have been used for molecular targeting therapy.—
Also, in recent therapies for malignancies, monoclonal
antibodies have emerged as important therapeutic agents.

In the preset study, we have shown a negative correlation
between the size of extirpated lymph nodes and susceptibility
to CDC with rituximab, but the level of CD20 expression did
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not correlate with the size of the lymph node or susceptibility
to CDC with rituximab. To date, no other studies have analyzed
the relationship between size of lymph node and susceptibility
to CDC with rituximab. It has been shown previously that
CDC is directly correlated with CD20 expression.!''™ In
contrast, Manches er al.?® have reported in detail that there
is no direct correlation between lysis and expression of CD20
in global lymphoma such as FL, mantle cell Iymphoma
(MCL), small lymphocytic lymphoma (SLL), diffuse large B
cell lymphoma (DLCL), and non-tumor B cells, as we
showed in the current study. They also suggested that other
regulators such as C-reactive protein (CRP) might play
important roles in this complement system.

Although antibody therapy is a good tool, resistance some-
times occurs due to unknown mechanisms.®*? Patients with
bulky mass, especially more than 7 cm of lymphoma mass,
often show resistance to rituximab and are not curable.®® We
have demonstrated that CDC activity negatively correlates
with the size of extirpated lymph nodes, and that the for-
mula’s intercept is 7.447 cm. This suggests that CDC is inef-
fective to tumors greater than 7.447 cm in size, and that our
observation is consistent with the report of Coiffier et al.?®
Additionally, CD55 expression significantly correlates with
the size of extirpated lymph nodes, suggesting that CD55
expression may play an important role in CDC resistance
with antibody therapy. High densities of Daudi and Raji cells,
associated with bulky mass, also became resistant to CDC
with rituximab, and expression of CDS55 increased during cell
culture (Terui et al., unpublished data). The relationship
between cell density and size of tumors, resistance to CDC
and CD55 expression are the same in not only extirpated
Iymph nodes from patients but also in experimental cell lines.
Although previous reports have discussed whether CD55 can
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be an indicator of prognosis, no one has reported the relation-
ship between cell density and tumor size, resistance to CDC
and CD55 expression. Low or high CD35 expression has
been reported in CLL cells." However, some researchers
have reported that in vitro susceptibility to rituximab-induced
CDC could not be predicted by the levels of CD55 protein in
CLL cells, nor in vivo in FL and CLL patients.?%!® On the
other hand, Golay e al.?” have reported that relative levels
of CD55 and CD59 may become useful markers to predict
clinical responses. Overexpression of CD55 on some tumor
cell lines and in colorectal carcinomas has been shown to be
an indicator of poor prognosis. This result is consistent with
the present study, as we found that CD55 expression in bulky
disease may be a useful indicator of this prognosis. Recently,
Madjd et al.® reported that loss of CDS55 is related to poor
prognosis in breast cancer. High expression of CD55 was
significantly associated with low-grade lymph node neg-
ativity and with good prognosis. Survival analysis showed
that CD55 overexpression was associated with a more
favorable outcome. On the other hand, loss of CD55 is asso-
ciated with poor survival. They established a novel anti-
CD55 antibody for use in immunohistochemistry. Although
they classified weak to strong intensity of CD5S3, it is pos-

~ sible that the antibody recognized the non-glycosylated

SCR3 domain of CD55 molecule, but not the glycosylated
CD55 molecule. The authors pointed out that loss of CD55
is associated with poor prognosis, but not with monoclonal
antibody resistance. In the present study, we demonstrated
that blockage of CD55 overcomes resistance to antibody
therapy and that CDC plays an important role in tumor attack
in antibody therapy. As the mechanism that we refer to is dif-
ferent from their study, it may depend on the type of cancer
investigated.
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~ Malignant progression has been reported to be associated
with tumor hypoxia, and the inside of the bulky mass showed
low oxygen partial pressure (PO,) (<10 mmHg).®* Because
hypoxia induces COX-2 expression and prostaglandin E,
(PGE,) production in not only human vascular endothelial
cells®” but also tumor cells,®*? PGE, may be produced
more in bulky tumors with hypoxia. Recently, it has been
reported that PGE, upregulates expression of the complement
inhibitor CD55 in colorectal cancer.®® This suggests that
bulky mass of lymphoma and other cancers may express
CD55 to high levels via PGE, production.

It has been reported that the protective activity of ntuxnnab
or the 1F5 antibody is completely abolished in syngeneic knock-
out animals lacking Clq, the first component of the classical
complement pathway C (Clqa™).®¥ This indicates that com-
plement activation is fundamental for rituximab therapeutic
activity in vivo. As CDC is more rapidly and efficiently triggered
by monoclonal antibodies in cells with higher expression of
their target molecules, we focused on how sensitivity to CDC
can be recovered in the resistance to monoclonal antibody therapy.
In antibody therapy, blockage of CD55 may be useful for
recovery of sensitivity to CDC. It has been reported that anti-CD55
and anti-CD59 antibodies can enhance CDC sensitivity with
rituximab, and that CD55 and CDS9 may become useful markers
to predict the clinical response.® Although they did not
mention the therapy against resistance to antibody therapy
using anti-CD355 and anti-CD39 antibodies,® there are three
ways to block the function of CD55: (i) blocking the anti-
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body against CD55; (ii) siRNA®Y for CD535; and (iii) small
molecules as CDS55 inhibitors. We have demonstrated that
SiRNA for CD55 successfully inhibited functional CD35 pro-
tein, and that CDC activity was enhanced in the CD55-knock
down breast cancer cell line SK-BR3 and in clinical samples
from lymphoma patients. In particular, siRNA is a better tool
for blocking CD3535, as siRNA can inhibit not only expression
of CD55 but also the function of CD55. Nagajothi er al. also
showed genetic and biochemical methods to decrease CD55
expression and other GPI-anchored proteins.®® This suggests
that a decline in CD55 levels could be enough to make the
tumor sensitive to CDC with rituximab and trastuzumab.

In conclusion, we have shown that CDS5 blockade by
siRNA enhances rituximab-mediated cytotoxicity. This
observation gives us a novel strategy to suppress bulky dis-
ease-related resistance to monoclonal antibody treatment.
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Gene therapy for advanced breast cancer is anticipated to be a useful therapeutic approach. Strategies
in ongoing clinical protocols can be divided into four groups: (1) suppression of oncogenes or transfer of
tumor-suppressor genes; (2) enhancement of immunological response; (3) transfer of suicide genes; (4)
protection of bone marrow using drug resistance genes. We have started a clinical study of multidrug
resistance (MDR1) gene therapy. Advanced breast cancer patients received high dose chemotherapy and
autologous peripheral blood stem cell transplantation (PBSCT) with MDRI-transduced hematopoietic
cells, and then were treated with docetaxel. Two patients have heen treated so far, and i vive enrichment
of MDRI-transduced cells with docetaxel treatment has been seen. Both patients are in complete remis-
sion and had no apparent adverse effects from the MDRI gene transfer.
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The cure rate of advanced or recurring breast
cancer is under 5%, so the usual goal of treatment
is prolongation of survival or improvement of
quality of life (QOL), not cure”. Endocrine thera-
py for hormone-receptor-positive patients, chemo-
therapy, radiation therapy, bisphosphonates for
bone diseases, and trastuzumab for HER2-overex-
pressed patients, have all been shown to be effec-
tive for advanced breast cancer, but none has been
shown to increase the cure rate.

Gene therapy for advanced breast cancer is
expected to be a useful therapeutic approach.
Strategies in ongoing clinical protocols can be
divided into four groups: (1) suppression of onco-
genes or transfer of tumor-suppressor genes; (2)
enhancement of immunological response; (3)
transfer of suicide genes; (4) protection of bone
marrow using drug resistance genes (Table 1)*?.

There are three major methods for gene transfer:

(1) transduction of naked DNA such as lipofection
(transient expression); (2) transduction of aden-
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oviral vector or vaccinia virus vector (transient
expression); (3) transduction of retroviral vector
(stable expression). In this paper, ongoing clinical
trials of gene therapy for breast cancer are revie-
wed, and a clinical trial of multiple drug resistance
1 (MDR1) gene therapy at our institution is descri-
bed.

Present Status of Clinical Trials of
Gene Therapy for Breast Cancer

Suppression of Oncogene Expression or
Transfer of Tumor-Suppressor Gene

The carcinogenic process requires an accumu-
lation of multiple gene mutations or abnormalities
of gene expression. Common gene abnormalities in
breast cancer include p53 gene mutation, ErbB2/
HER2 gene amplification, c-myc gene amplifica-
tion, and cyclin D1 gene amplification®. Several
clinical trials aim to improve those gene abnormal-
ities by local or systemic gene transfer.

A) Transfer of the normal p53 gene: Mutations
of the p53 gene are the most frequently found
gene abnormalities among various malignancies,
including breast cancer®. Tumor cells with mutat-
ed pb3 genes show defects of cell-cycle regulation,



