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Fig. 4. Blockade of endogenous CD55 on breast cancer cells by small interfering RNA (siRNA). (a,b) SK-BR3 cells were transfected with siRNA
against three parts of CD55, namely CD55-N, CD55-M and CD55-C, for 72 h. After transfection, the cells were stained with the anti-CD55
antibody and DAPI, and then the complement-dependent cytotoxicity (CDC) assay with trastuzumab was carried out with or without adding
fresh human AB serum (a, left and right panels). (b) The percentage of propidium iodide-positive cells was calculated by counting 100 cells.
Data are the mean £ SD (error bars) from experiments with triplicate samples. All statistical tests were two-sided Student’s t-tests,

Because the breast cancer cell line SK-BR3 expresses Her2/
neu and CDS55 on its cell surface, siRNAs against three parts
of CD55 (CD55-N for 1-380 nucleotides; CD55-M for 381~
817 nucleotides; and CDS55-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 scamning 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 CD535-C did not reveal knock down of CDS35
expression to the level seen with CD33-N (Fig. 4a). Only
3.0 £1.0% of SK-BR3 cells without transfection of siRNA
(mock transfection) against CDS5 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
CDS55-N, CD55-M and CD55-C before the CDC assay
(Fig. 5b). The percentage of Pl-positive cells in the
transfection with CD55-N significantly increased from
7.1+28% to 67.9%8.1%. This indicates that the siRNA
against CD55 (CD55-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 lymphemas by CDC. This suggests that the degree
of CDS55 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

doi: 10.1111/.1349-7006.2006.00139.x
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Fig. 5. Blockade of CD55 on primary lymphoma cells by small interfering RNA (siRNA). (a,b) Lymphoma cells from the lymph nodes of five
patients with chemotherapy refractory and resistant lymphoma were transfected with siRNA against three parts of CD55, namely CD55-N,
CD55-M and CDS5-C, for 24 h. {a) After transfection, the cells were stained with anti-CD55 antibody and propidium iodide (Pl), and then
the complement-dependent cytotoxicity (CDC) assay with rituximab was carried out with or without adding fresh human AB serum. (b) The
percentage of Pl-positive cells was calculated: by counting 100 cells. Data are the mean +SD (error bars) from experiments with triplicate

samples. All statistical tests were two-sided Student's t-tests.

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 et 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 lymphoma

' (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 tole 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 CD35 increased during cell

culture (Terui et al,, unpublished data). The relationship
between cell density and size of tumors, resistance to CDC

_ and CDS55 expression are the same in not only extirpated

lymph nodes from patients but also in experimental cell lines.
Although previous reports have discussed whether CD55 can

Terui etal.

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 CD55 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 et 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 CD535 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-

CDS55 antibody for use in immunohistochemistry. Although
they classified weak to strong intensity of CD55, 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 CDS5S5 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 endothehal
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 ntuxunab
or the 1F5 antibody is completely abolished in syngeneic knock-
out animals lacking Clg, 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 CD59 may become useful markers
to predict the clinical response.?® Although they did not
mention the therapy against resistance to antibody therapy
using anti-CD35 and anti-CD39 antibodies,®? there are three
ways to block the function of CD355: (i) blocking the anti-
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body against CDS5; (ii) siRNA® for CD55; and (jii) small
molecules as CD55 inhibitors. We have demonstrated that
siRNA for CD55 successfully inhibited functional CD55 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 CDS535, as siRNA can inhibit not only expression
of CD55 but also the function of CD55. Nagajothi et al. also
showed genetic and biochemical methods to decrease CD55
expression and other GPI-anchored proteins.®® This suggests
that a decline in CDS55 levels could be enough to make the
tumor sensitive to CDC with rituximab and trastuzumab.

In conclusion, we have shown that CD55 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 (MDRI) 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 been treated so far, and i vivo enrichment
of MDR1-transduced cells with docetaxel treatment has been seen. Both patients are in complete remis-
sion and had no apparent adverse effects from the MDR1 gene transfer.

Breast Cancer 13:8-15, 2006.
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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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Oncology, Cancer Chemotherapy Center and Cancer Institute

Hospital, Japanese Foundation for Cancer Research, 3-10-6 Ariake,
- Kotoku, Tokyo, 135-8500, Japan. .
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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 (MDR1I) 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 p53 genes show defects of cell-cycle regulation,
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Table 1. Clinical Studies of Gene Therapy for Breast Cancer

Strategy : Gene vector Investigator
1 suppression of oncogene or transfer pS3 adenovirus von Mehren
of tumor suppressor gene Cristofanilli
- Baynes
El1A lipofection Hortobagyi
antisense (c-fos, c-myc) retrovirus Holt
MDA-7 adenovirus Bucholz
2-A transfer of cytokine gene . 12 lipofection Lyerly
adenovirus Stewart
11-12 retrovirus Park
GM-CSF adenovirus Suzuki
TNF + NeoR retrovirus Rosenberg
2-B transfer of costimulatory molecule B7.1 (CD80) lipofection Urba
gene adenovirus Schuchter
2-C transfer of antigen gene MUC1 vaccinia virus Kufe
HER-2 v naked DNA Patel
MUC1 + CD80 vaccinia virus Eder
MUC1 + 12 vaccinia virus Velu
3 transfer of suicide gene HSV-TK retrovirus Favrot
Cytosine deaminase- lipofection Lemoine
CYP 2B6 retrovirus Harris
4 transfer of drug resistance gene MDR1 retrovirus Stewart
Cowan
Deisseroth
Hesdorffer
O’Shaughnessy
Takahashi

according to http://www.wiley.co.uk/genetherapy/clinical

and transfer of normal p53 genes causes cell-cycle

arrest or apoptosis. Clinical studies of p53 gene

therapy using adenoviral vectors (Advexin, Intro-
gen et al.) for various tumor types, including bre-
ast cancer, are ongoing. Von Mehren and Cristo-
fanilli have begun clinical studies of a combination
of local injection of p53-adenoviral vector into skin
metastatic lesions or locally advanced breast can-
cer and systemic chemotherapy. Baynes has initi-
ated a clinical study of high dose chemotherapy
associated with transplantation of autologous
peripheral blood stem cells (PBSC) that have been
purged ex vivo by p53-adrnovirus infection. Bay-
nes’s group has shown that p53 gene transfer has
no effect on normal PBSC.

B) Suppression of the ErbB2/HER2 gene: The
ErbB2/HERZ2 gene encodes an 185 kD protein
and is a member of the epidermal growth-factor

receptor family. This gene is amplified in 20-30% of
breast cancer patients, and correlates with a poor
prognosis and resistance to hormone therapy?.
Monoclonal humanized murine antibody to ErbB2/
HER2 protein (trastuzumab/Herceptin™) is effec-
tive in advanced, ErbB2/HER2-overexpressing
breast cancer patients®. The adenovirus type 2 or
type 5 E1A gene inhibits expression of the ErbB2/
HER2 gene, and E1A gene transfer into ErbB2/
HERZ2-overexpressed tumors causes tumor reduc-
tion and enhances sensitivity to chemotherapy n
vitro and in vivo”. At MD Anderson Cancer Cen-
ter, patients with breast cancer or ovarian cancer
overexpressing ErbB2/HER2 were treated with
gene therapy using a local injection of E1A gene-
liposome into skin lesions or pleural/peritoneal
effusion®. There was no serious adverse effect
other than fever or pain at the injection sites. In
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six cases in which tumor cells in body fluids could
be analyzed, reduction of ErbB2/HER2 expres-
sion and a decrease in tumor cells were shown.
E1A gene transfer also reduced tumor growth of
non-HER2-overexpressing cells, and E1A gene
transfer to tumor tissues of breast cancer or head
and neck cancer by lipofection showed minor
response in HER2-negative tumors®.

C) Suppression of c-myc and cfos gene: Artea-
ga and Holt made a retroviral vector which over-
expresses antisense mRNA to c-myc and c-fos
genes under the control of mammary tumor virus
(MMTV) promoter. Transfer of this vector into a
breast cancer cell line suppressed tumor forma-
tion in animal models™. They have started a clini-
cal trial of gene therapy for malignant effusion or
meningitis in breast cancer patients who have
failed standard therapy. Effusions will be drained
and replaced with a solution of the vector, then

periodically drained to follow the disease and -

assess gene transfer’”.

D) Transfer of melanoma differentiation asso-
ciated protein 7 (MDA-7): MDA-7 is a novel tumor
suppressor gene, and its transfer into tumor cells
causes growth suppression and apoptosis. Howev-
er, MDA-7 gene transfer into normal cell lines
does not™. A clinical trial of gene therapy that
injects MDA-7- adenoviral vector (Ad-mda7, ISGN
241) into tumor cells has started (Buchholz).
There was no serious adverse effect in a phase I
study, and ‘a combination phase I/ study with
irradiation has begun. A

Augmentation of Immunological Response
to Cancer Cells .
Breast cancer cells have long been supposed to

have low antigenecity and to be resistant to imm- -

une therapy. So far, reports of nonspecific immune
therapies such as BCG have shown that those
therapies are not effective for breast cancer™. But
since the 1990s, many breast cancer-associated
antigens have been reported, and various clinical
studies of specific immune therapy for breast
cancer, such as vaccination therapy targeted to
ErbB2/HERZ, are ongoing™ ™. Immune therapy
by gene transfer includes: 1) transfer of cytokine
genes that enhance immune response, 2) transfer
of co-stimulatory molecule genes, and 3) transfer
of antigen molecule genes.

A) Transfer of cytokine genes

i) Interleukin-2 (IL-2): Injection of IL-2 gene-
adenoviral vector into tumor tissues'®, or subcuta-
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neous injection of inactivated tumor cells that
were transduced ex vivo by IL-2 gene lipofection
(Lyerly) may cause a systemic immune reaction
in tumor cells. In a phase 1/1 study, Stewart ez
al.™ treated 23 cases with breast cancer or malig-
nant melanoma by injection of 107-10"pfu aden-
ovirus-IL-2 into subcutaneous tumors. There was
no side effect other than local inflammation of
injection sites, and reduction in diameter of subcu-
taneous tumors was reported in 24% of patients,
but there was no PR. .

ii) Interleukin-12 (IL-12): Retroviral transfer of
II-12 gene into skin fibroblasts of patients ex vivo,

. then injection of the fibroblasts into tumor tissues.

may activate a tumor-specific immune response.
In a phase I study, nine cases with advanced neo-
plasm including breast cancer were treated by
Kang et al. Reduction of tumor at injection sites
was shown in four cases, and reduction of tumor
at remote sites was shown in one melanoma case.
There was no side effect other than slight pain at
the injection sites™.

iii) Granulocyte-macrophage colony stimulat-
ing factor (GM-CSF): Retroviral transfer of GM-
CSF gene into tumor cells and injection of those
cells into subcutaneous tissue may activate sys-
temic immune reaction to tumor cells (Suzuki).
The same gene therapy for renal cell cancer has
been done in Japan.

iv) Tumor necrosis factor (TNF): Retroviral
transfer of TNF gene and Neo gene into tumor
cells ex vivo and subcutaneous injection of tumor
cells may activate systemic immune response to
tumor cells™.

B) Transfer of co-stimulatory molecule gene:
Transfer of T cell co-stimulatory molecule CD80
(B7.1) gene into tumor cells by lipofection and
injection of those tumor cells into subcutaneous
tissue (Urba), or direct injection of CD80-adenovi-
ral vector into tumor tissue (Schuchter) may acti-
vate T cell growth and immune response.

C) Transfer of antigen gene: Clinical studies of
MUC1(CA15-3) gene transfer by vaccinia virus
into tumor cells and injection of tumor cells into
subcutaneous tissue (Kufe), simultaneous transfer
of MUC1 and CD80 gene (Eder), or HER2 gene
transfer (Patel), have been ongoing. Scholl et al.
repeatedly administered vaccinia virus containing
MUC1 and IL-2 genes (TG1031) intramuscularly
to patients with metastatic breast cancer. In 31
patients, two patients (6%) had PR and 15 patients
had SD?. -
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Suicide Gene Therapy

Transfer of drug-activating enzyme gene into
tumor cells and treatment with a prodrug form of
chemotherapeutic agents causes a high concen-
tration of the activated drug in the tumor tissue
and apoptosis of tumor cells. Not only transduced
cells, but also circumferential cells are reported to
die with this gene therapy (bystander effect).

A clinical trial of retroviral herpes simplex
virus thymidine kinase (HSV-TK) gene transfer
into breast cancer tumor tissues and treatment
with gancylovir is ongoing (Favrot).

A phase I study of injection of HER2 promot-
er-driven cytosine deaminase (CD) gene plasmid
into metastatic skin lesions of breast cancer and
treatment with prodrug (fluorocytosine) has been
reported. Fluorocytosine is transformed into 5FU
by the CD gene. Expression of the CD gene in
HER2-positive tumor cells has been shown in 9/11
cases at day 2 and 3/10 cases at day 7. Tumor
reduction was shown in 4 of 12 cases®.

Retroviral P450 2B6 (CYP2B6) gene transfer
into metastatic cutaneous tissues and oral cyclo-
phosphamide therapy causes efficient conversion
of prodrug cyclophosphamide into active metabo-
lite phosphoramide mustard in the tumor tissues.
In a phase I study, nine breast cancer and three
melanoma patients were treated with CYP2B6 vec-
tor (MetXia-P450). One breast cancer patient had
a PR and four (33%) had stable diseases (SD) =3
months®.

Bone Marrow Protection by Drug-
Resistance Gene

Breast cancer is sensitive to chemotherapy.
Response rates of advanced breast cancer for
most combination chemotherapy are between 40%
and 70% (complete response (CR) rate 10-30%),

but duration of response is 7-10 months for PR,

and 9-18 months for CR. High dose chemotherapy
with autologous blood stem cell transplantation
for advanced breast cancer has shown high com-
plete response rates (up to 50%), and 10-15% pati-
ents have enjoyed durable remission® . Howev-
er, most patients will relapse after transplantation.
Randomized studies comparing high dose chemo-
therapy and conventional chemotherapy showed
that median survival times appear to be no better
than those achieved with conventional chemother-
apy, so far®. Probably high dose chemotherapy
cannot completely eradicate residual disease, and
insufficient bone marrow function after the recon-

stitution is a major problem in post-transplantation
chemotherapy. One approach to overcome the
current situation would be the transplantation of
the drug-resistant gene-transduced hematopoietic
stem cells so that normal bone-marrow cells will
be protected from the toxic effect of anticancer
drugs.

A multidrug resistance 1 (MDRI) gene was
cloned from cancer cell lines resistant to various
anticancer drugs®. The MDRI gene product (P-
glycoprotein, P-gp) is a 170 kD glycoprotein con-
sisting of two trans-membranous domains and two
ATP-binding domains. P-gp ATP-dependently ex-
cretes various drugs such as doxorubicin, vinka-
alkaloids, or taxanes from cytoplasm to extra-cel-
lular fluid. Ex vivo transfer of MDR1 genes into
hematopoietic stem cells and transplantation might
make post-transplant chemotherapy feasible.
Chemotherapeutic drugs such as docetaxel and
paclitaxel, which have good clinical activity in the
treatment of breast cancer and are efficiently
effluxed by P-gp, might be the best choice for this
strategy. Using a retroviral vector, Sorrentino et
al’™ transplanted MDRI-+ransduced bone marrow
into irradiated mice and then treated them with
paclitaxel. Paclitaxel treatment increased MDRI-
transduced leukocytes in peripheral blood (iz vive
amplification), and MDRI-transduced mice showed
reduced bone marrow suppression by paclitaxel
(bone marrow protection). Then, several groups
have undertaken clinical studies of MDRI gene
therapy for advanced breast cancer or other neo-
plasms®®, '

A group at MD Anderson Cancer Center first
reported the results of clinical trials®. They per-
formed retroviral gene transfer without using
cytokines, and in suspension or with autologous
stromal cells. In vifro transduction efficiency was
2.8% with the solution method and 5.6% with the
stromal method, detected by iz sitx PCR. But
three to four weeks after transplantation, direct
PCR assay of peripheral blood leukocytes in pati-
ents showed positive results in 0/10 with the solu-
tion method, and 5/8 with the stromal method.
These data show insufficient transduction efficien-
cy without using cytokines. NCI also reported the
results of a clinical trial of retroviral MDRI gene
therapy®™. They transferred MDRI genes into
bone marrow mononuclear cells or peripheral
blood stem cells stimulated by IL-3, IL-6, and SCE.
Ex vivo transduction efficiency was 0.2-0.5%. They
treated transplanted patients with paclitaxel, but
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Fig 1. Schema of MDRI gene therapy for advanced breast cancer patients in Cancer Institute Hospital.

they could not show any enrichment of MDRI-
transduced white blood cells by PCR. A group at
Columbia University also transferred MDRI genes
into bone marrow mononuclear cells or peripheral
blood stem cells stimulated by IL-3, IL-6, and stem
cell factor (SCF). They showed that 20-70% of BFU-
E or CFU-GM colonies from transferred CD34-
positive cells were positive for MDR1 by PCR. BM
from patients 3-12 weeks after transplantation
showed MDR1-positivity by PCR in 2/5 patients.
They also analyzed P-gp expression in bone mar-
row cells using flow cytometry, but they could not
show any expression. Clinical studies of MDRI
gene therapy are now ongoing at several institu-
tions (Stewart, Cowan, Disseroth, Hesdorffer,
- O’Shaughnessy).

MDRI1 Gene Therapy in Cancer
Institute Hospital

Our group also started MDRI gene therapy for
breast cancer. This study was approved by the
Ministry of Health and the Ministry of Education
and Science on February 24, 2000. The outline of
the protocol is shown in Fig 1. We selected histo-
logically confirmed, metastatic breast cancer pati-
ents who achieved good PR or CR to a precedent
conventional dose chemotherapy regimen (using

12

anthracycline and/or taxane). We used a HaMDR
vector in which wild type MDRI ¢cDNA (Kyoto’
University) had been inserted into pHa vector
(NCI) derived from Harvey mice sarcoma virus
(HaMSYV). Peripheral blood stem cells (PBSC)
were harvested by cyclophosphamide and G-CSE
CD34-positive cells were selected from about one
third of PBSC, and HaMDR was transferred into
those cells stimulated by SCF, thrombopoietin, IL-
6, Flt-3 ligand, and soluble I1-6 receptor. Trans-
duced PBSC were checked for safety (presence of
replication-competent retrovirus, etc.) and then
frozen. Patients were treated with high-dose cyclo-
phosphamide, thiotepa, and carboplatin. Then
unprocessed and MDR1 gene-transduced PBSC
were transplanted together. After bone marrow
was reconstituted and patient status was normal-
ized, patients were treated with 50% of standard

“ dose docetaxel, then with increased doses up to

100% if grade 4 neutropenia was not recorded.
Gene transfer efficiency and P-gp expression were
checked with PCR and flowcytometry analysis,
using peripheral leukocytes and bone marrow
cells.

So far, two patients have finished high-dose
chemotherapy, PBSC transplantation with MDR1
gene transfer, and then docetaxel chemotherapy
(Table 2). Peripheral blood P-gp-positive leuko-
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Table 2. Case 1 of MDRI Gene Therapy in Cancer
Insitute Hospital

October-00 Informed consent, approval by Insxtutmal
Review Board

November-00 PBSC harvest and MDRI gene transfer #1

February01  PBSC harvest and MDRI gene transfer #2

April-01 High dose chemotherapy and transplantation
of MDRI-transuced PBSC

June-01 Start of docetaxel chemotherapy

October-01 CR after 5 cycles of docetaxel

February-02  Final docetaxel therapy (#10)

March-05 No sign of relapse/leukemia

cytes increased to 5% after transplantation but
decreased gradually. During docetaxel chemo-
therapy after transplantation, i# vivo expansion of
the MDRI-transduced cells (up to 10%) was obser
ved. Comparison of two patients suggests the pre-
sence of a bone-marrow protection effect by MDR1
expression during docetaxel chemotherapy, but
this is not clear. No serious side effect was obser-
ved, and the patients have been in complete remi-
ssion for 3 years.

Retroviral gene therapy causes random inser-
tion of exogenous genes into genome DNA of tar-
get cells, so it may cause carcinogenesis by activa-
tion of oncogene or inactivation of tumor suppres-
sor gene. At the end of 2002, occurrence of T cell
leukemia in two patients after gene therapy for X-
linked severe combined immune deficiency (X-
SCID) was reported. A genetic defect in the yC
gene, which is a common domain of multiple
interleukin receptors (IL-2R, II4R, IL-7R, ef al.),
causes severe defects of T cell and natural killer
cells as well as severe immune deficiency in X-
SCID patients. Retroviral ,C gene transfer using
autologous CD34-positive hematopoietic cells in X-
SCID patients restored immune system in 9 of 11
patients®. But T cell leukemia occurred in three
patients (one more patient in January 2005) of
those 9. In the leukemic cells, retroviral vector
was inserted in the LMO2 gene, which causes T
cell leukemia®. Then the FDA recommended sus-
pension of all clinical trials of retroviral gene ther-
apy for hematopoietic stem cells. We also sus-
pended MDRI gene therapy for the third patient
in January 2003. After thorough investigation of
refroviral gene therapy trials for hematopoietic
stem cells all over the world, no leukemia event
has been found in clinical gene therapy trials, oth-
er than the French X-SCID trial (American Society

for Gene Therapy Annual Meeting, 2003). Screen-
ing of the Mouse Retroviral Cancer Gene data-
base showed that retroviral insertion into yC and
LMO2 gene was found in two cases each, and

- insertion into both genes were found in one case.

This fact suggests that both genes are oncogenes,
and that the two genes can collaborate®™. In X-
SCID gene therapy, a double hit with retroviral
activation of LMO2 gene and exogenous activated
yC gene might be necessary for leukemogenesis.
If so, retroviral gene therapy with non-oncogenic
genes might have a low risk of cancer®.

Thereafter, gene therapy using retroviral vec-
tor resumed, and retroviral gene transfer into
hematopoietic cells of adenosine deaminase defi-
ciency patients was begun in Japan at the end of
2003. We also resumed our MDRI gene therapy
after changing the protocol (informed consent
with regard to the adverse effects and more thor-
ough investigation of patients’ peripheral blood),
and started high-dose chemotherapy and trans-
plantation of PBSC with MDRI gene transfer to
the third patient in July 2004.

We also started investigation of insertion sites
of HaMDR vector in the first two patients. A clon-
ality study of leukocytes from case 1 showed eight
long-lived clones of MDRI-tranduced hematopoi-
etic stem cells. No sign of expansion of any clones
has been observed.

To summarize the data of our own and other
institutions’ clinical studies of retroviral MDR1
gene therapy, first, there has been no serious side
effect, including secondary neoplasm, but thor-
ough investigations including retroviral insertion
sites are necessary. Second, maintenance of
MDRI-transduced hematopoietic cells for more
than one year was confirmed. Third, the MDRI-
transduced cells were selectively enriched in vivo
by chemotherapy. Whether MDR1 gene therapy
can protect bone marrow from chemotherapy is
not yet certain. We have almost finished proof-of-
concept stage for the gene therapy, and we should
be able to show clinical benefits compared with
conventional therapy.

The techniques and knowledge of gene thera-
py are still limited, so we must proceed with cau-
tion, and we must inform patients of both the risks
and benefits of the therapy.
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