
Gene Therapy (1999) 6, 1202–1209
 1999 Stockton Press All rights reserved 0969-7128/99 $12.00

http://www.stockton-press.co.uk/gt

REVIEW

A role for intracellular immunization in
chemosensitization of tumor cells?

A Piché and C Rancourt
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Acquired drug resistance represents a major cause of lar proteins. Thus, these approaches can be exploited to
chemotherapy failure in patients with cancer. The charac- modulate the resistance phenotype of tumor cells. These
terization of the molecular pathways involved in drug resist- gene therapy strategies represent a novel and unique way
ance has provided us with new targets to overcome this to enhance the sensitivity of tumor cells to chemothera-
problem. Many of these target proteins are often overex- peutic drugs. This review will focus on the use of intracellu-
pressed in human cancers. A number of gene therapy stra- lar immunization as a means to modulate the expression
tegies, including antisense oligonucleotides, ribozymes of specific genetic determinants involved in the drug resist-
and single-chain antibodies, have been developed to achi- ance phenotype.
eve the selective modulation and inhibition of various cellu-
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Introduction
The treatment of tumors that fail to respond to therapy
or that relapse after initial response to chemotherapy has
been a major clinical challenge. Acquired drug resistance
and cross-resistance are major causes of chemotherapy
treatment failure in a variety of cancers. Tumor cells can
acquire drug resistance via several distinct mechanisms,
including altered glutathione metabolism,1 increased
DNA repair mechanism,2,3 altered topoisomerase
activity,4,5 and increased expression of the MDR1 gene
product.6–14 In addition, alterations in the expression of
various oncogenes, such as Bcl-2,15–19 p53,18,20–22 and
cyclin D1,23,24 and growth factor receptors, not only can
lead to the perturbation of growth regulation but may
also affect the sensitivity of tumor cells to conventional
chemotherapy.25–34 The delineation of some of the genetic
determinants involved in drug resistance has enabled the
development of new gene therapy-based strategies to
overcome this important clinical problem.

In this context, intracellular immunization strategies
have been developed to abrogate the expression of spe-
cific molecular targets. The term ‘intracellular immuni-
zation’ was introduced by David Baltimore in 1988 and
referred to any forms of gene-transfer-based cellular
resistance to viral infection.35 Since then, the concept has
been extended and applied to the treatment of cancer.
Intracellular immunization approaches have included
antisense oligonucleotides, ribozymes, transdominant
negative mutants, and single-chain antibodies (sFv).
Antisense oligonucleotide molecules hybridize to target
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RNA to inhibit translation or induce degradation of
duplex RNAs.36 Ribozymes are catalytic molecules that
cleave RNAs.37 In contrast, sFvs and transdominant nega-
tive mutants inhibit the target molecule at the protein
level.38,39 All these approaches are thus offering ways to
modulate the expression of specific genetic determinants
involved in the drug resistant phenotype. Such alter-
ations in protein expression can be exploited to chemo-
sensitize cancer cells. This review will focus on the poten-
tial applications of intracellular immunization to
modulate the resistance phenotype of tumor cells. How-
ever, it will not cover genetic addition strategies, such as
adenovirus-mediated gene transfer of p53, to enhance the
sensitivity of cancer cells to chemotherapy.

Intracellular antibodies
Advances in antibody engineering techniques have made
possible the isolation of the specific antigen-binding
regions of immunoglobulin molecules.40,41 The ability to
express the variable heavy and light domains of an
immunoglobulin on a single molecule and the charac-
terization of specific signals which localize proteins to
precise intracellular compartments have permitted the
employment of intracellular antibodies to inactivate
cellular oncogenes. The two variable domains are separ-
ated by a flexible small linker peptide (Figure 1). The
resultant molecule (approximately 34 kDa) has a high
affinity ligand-binding capability. Intracellular
expression of these antibodies has resulted in the inacti-
vation of various target proteins in the endoplasmic retic-
ulum (ER), the cytosol and the nucleus. The ability of
these intracellular single-chain antibodies (sFvs) to inhibit
specific oncogenes has been exploited to sensitize cancer
cells to chemotherapeutic agents.
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Figure 1 Structure of a monoclonal antibody and the single-chain antibody derived from it. The single-chain antibody is constructed by linking the
variable heavy and light regions of the antibody using a small flexible peptide linker. The variable heavy and light regions are derived by polymerase
chain reaction amplification. CDR, complementary determining region; Fw, framework; mAb, monoclonal antibody; CH, heavy chain constant region;
SS, disulfide cross-links; sFv, single-chain antibody.

erbB-2
The c-erbB-2 proto-oncogene encodes a 185 000 kDa tyro-
sine kinase receptor with extensive homology to the epi-
dermal growth factor receptor (EGFR).42 Clinical evi-
dence suggest that overexpression of cell surface erbB-2
is associated with poor prognosis in a variety of tumor
types, including cancer of the ovary.43 In this regard,
patients with tumors demonstrating overexpression of
erbB-2 have a higher intrinsic resistance to conventional
chemotherapeutic agents and a shortened relapse-free
survival.32,43 Moreover, breast cancer cell lines selected
for multidrug resistance often overexpress erbB2 recep-
tors.28,29,33,34 Recognizing that erbB-2 plays a key role in
tumor cell chemoresistance, several groups have
employed strategies to modulate cell surface erbB-2 as a
means to enhance the sensitivity of tumor cells to chemo-
therapeutic agents.44,45 For example, Hancock et al46 have
demonstrated enhanced sensitivity to cisplatin in breast
and ovarian tumor cell lines using monoclonal antibodies
against erbB-2. Additionally, Paik and coworkers45 have
observed that breast cancer cells become sensitized to 5-
fluorouracil (5-FU) when treated with monoclonal anti-
body against erbB-2.

Curiel’s group has exploited a gene therapy strategy to
achieve down-regulation of cell surface erbB-2 and ren-
der tumor cells more sensitive to cisplatin. In this regard,
the intracellular expression of a gene encoding an sFv
directed against the erbB-2 protein resulted in a signifi-
cant reduction of cell surface erbB-2 in ovarian cancer
cells.47–49 This sFv elicited significant phenotypic changes
in erbB-2-overexpressing tumor cells including cytotoxic-
ity and apoptotic cell death.47–50 Furthermore, enhanced
tumor cell chemosensitivity was observed in vivo when
erbB-2 positive tumors were treated with both the anti-
erbB-2 sFv and cisplatin in a murine orthotopic model of
ovarian cancer.44 A phase I/II clinical trial for patients
with refractory ovarian cancer is currently ongoing with
this sFv. In another study, NIH/3T3 cells overexpresssing
erbB-2 reverted to a nontransformed phenotype after

transfection with an anti-erbB-2 sFv.51 In all these studies,
the anti-erbB-2 sFv were directed to the lumen of the ER
where the sFvs bound the extracellular domain of the
erbB-2 receptor, thereby preventing its appearance on the
plasma membrane.51 Taken together, these data demon-
strate the importance of erbB-2 as a determinant of the
drug resistant phenotype and the potential of sFvs to
modulate this phenotype.

EGF receptor
Like the erbB-2 receptor, EGFR is a member of the erbB
type I family of receptors. These receptors are involved
in the regulation of differentiation and cell growth.52

Overexpression of EGFR frequently occurs in a variety of
human carcinomas including glioblastomas and cancers
of lung, breast, ovary, head and neck, and bladder.53,54

Autocrine activation of EGFR is thought to play an
important role in cancer cell growth.55,56 Studies with
EGFR-blocking monoclonal antibodies (MAb 108, MAb
225) showed that concurrent treatment of carcinoma xen-
ografts with cisplatin or other chemotherapeutic agents
resulted in enhanced anti-tumor activity.56–59 MAb 225 is
presently being used in a phase I clinical trial in combi-
nation with chemotherapy in the treatment of renal carci-
noma and carcinoma of head and neck. Thus, an
approach based on intracellular expression of an anti-
EGFR sFv would be rational. In this regard, an ER-tar-
geted sFv directed to the extracellular portion of EGFR
was generated from the hybridoma cell line R1. Introduc-
tion of this sFv into EGFR-transformed NIH/3T3 cells via
retroviral infection inhibited the transit of the receptor
through the ER, leading to a reduction in the plasma
membrane expression and a decrease in the EGF induced
intracellular signaling.60 A reduction in EGF-dependent
colony formation was also demonstrated using this
approach.60 A second anti-EGFR sFv generated from a
different hybridoma cell line (MAb 225), but also directed
to the extracellular domain of EGFR, failed to cause intra-
cellular retention of EGFR, although paracrine inhibition
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these two sFvs had such different effects, but it is likely
that the structure of individual antibodies as well as their
binding sites on the target proteins determine, at least in
part, the final outcome.60 Although antitumor effects
were achieved in vitro with ER-targeted anti-EGFR sFvs,
no attempts were made in these studies to determine, if
any, the potential chemosensitizing effects of the anti-
EGFR sFvs.

Anti-apoptotic proteins
Apoptosis plays a major role in tumor cell death induced
by chemotherapeutic agents. Chemotherapy damages
tumor cells, triggering a cascade of programmed molecu-
lar events that lead to activation of caspases, cytochrome
C release, and cleavage of cytosolic and nuclear sub-
strates. Any mutations or deregulation involving genes
implicated in this cascade can potentially modify the
response of a tumor cell to chemotherapy. The Bcl-2 fam-
ily is a large family of proteins involved in the regulation
of apoptosis.16,17 Some of these proteins function as apop-
totic suppressors (Bcl-2, Bcl-XL, Mcl-1, A1, Bcl-W)
whereas other members function as promoters of cell
death (Bax, Bcl-XS, Bak, Bad, Bik).16,17 Because of their
central role in the apoptotic cascade, these proteins have
been the focus of intense research. A variety of cancers
has been found to overexpress Bcl-2, including glioblas-
toma, and cancers of the prostate, breast, ovary and
colon.62–66 Bcl-XL is also overexpressed in a variety of
tumors.67–72 In addition, numerous studies have shown
that overexpression of Bcl-2 and Bcl-XL modulates the
sensitivity of tumor cells to a wide spectrum of chemo-
therapeutic agents and gamma radiation.16,17 Our group
has explored the utility of sFvs targeted to Bcl-2 and Bcl-
XL to enhance the sensitivity of tumor cells to chemo-
therapy. Bcl-2 and Bcl-XL are mainly localized as integral
membrane associated proteins, although they have also
been found to be associated with other membranes,
including those of the ER and the nucleus.17 We therefore
hypothesized that an sFv targeted to the lumen of the
ER would retain newly synthesized Bcl-2 proteins and
thereby prevent their interaction with other proteins. To
this end, we designed a vector that directed the sFvs to
the lumen of the ER. In this vector, the sFv open reading
frame has an N-terminal IgG kappa leader signal peptide
which directs it to the secretory compartment of the cell.
At the C-terminus, we included a KDEL peptide
sequence, which provides an ER retention signal.73 In a
recent study with an anti-Bcl-2 sFv, we showed that con-
current treatment with cisplatin in the MCF-7 breast can-
cer cells resulted in enhanced antitumor activity.74 We
demonstrated that this chemosensitizing effect was corre-
lated with an intracellular reduction of Bcl-2 protein lev-
els. A similar sFv-mediated chemosensitizing effect was
also found in ovarian cancer cell lines overexpressing Bcl-
2 after treatment with CDDP or taxol.75 The anti-Bcl-2
sFv-transduced tumor cells exhibited a five- to 10-fold
reduction in the IC50 compared with a control sFv. Taken
together, these data suggest that sFvs targeted to anti-
apoptotic proteins may have a role in cancer gene
therapy in the future.

Ras proteins
Mutated active forms of Ras protein have been detected
in a large number of carcinomas.76,77 Deregulated

expression of Ras stimulates a signaling cascade that can
lead to uncontrolled cell growth and cancer.78 In this con-
text, Cochet et al have employed an anti-Ras sFv derived
from the neutralizing Mab Y13–259, which recognize
wild-type and mutated forms of Ras, to inhibit Ras-
dependent functions.79 This group demonstrated that a
lung cancer cell line (H460) undergoes apoptosis upon
microinjection of a Ras sFv in the absence of any apop-
totic stimulus.79 In addition, s.c. injections of an adeno-
viral vector encoding the Ras sFv promoted tumor
regression in pre-established subcutaneous tumor nodule
in nude mice probably due to an increased apoptotic cell
death.79 Constitutive expression of the c-Ha-Ras onco-
gene inhibits doxorubicin-induced apoptosis and pro-
motes cell survival in the R2T24 rat rhabdomyosarcoma
cell line.80 In this context, intracellular Ras targeting could
be combined with chemotherapy to sensitize tumor cells
in which Ras overexpression/mutation is associated with
increased drug resistance.

P-glycoprotein
The most common alteration in drug transport is
increased expression of the MDR-1 gene that encodes the
P-glycoprotein (PGP). An increase in PGP is one of the
mechanisms responsible for the emergence of multidrug-
resistant tumor cells to chemotherapy.6–14 PGP expression
is also frequently increased in some tumors following
relapse after drug treatment.81 The construction and the
crystal structure of an anti-MDR-1 sFv were recently
reported.82 The sFv was constructed from the murine
monoclonal antibody C219 that recognizes a continuous
peptide epitope present in both cytoplasmic domains of
PGP. Although no data were provided about the func-
tionality of this sFv, there is no doubt that the elucidation
of the crystal structure of C219 sFv will facilitate the
development of sFvs with higher affinity and specificity
that might be used intracellularly to inhibit PGP function.

Cyclin D1
It has recently become apparent that the effect of anti-
cancer drugs may also be modulated to a certain extent
by alterations in the expression of genes that control pro-
gression through the cell cycle. Cyclins and cyclin-depen-
dent kinases (CDK) are proteins involved in the regu-
lation of the cell cycle progression.83 Overexpression of
cyclin D1 contributes to the loss of cell cycle control and
to the enhancement of tumorigenesis.84 Cyclin D1 is over-
expressed in a variety of cancers including breast, pancre-
atic, parathyroid and squamous cell carcinomas of the
head and neck.84–87 In addition, gene transfer-mediated
overexpression of cyclin D1 has been associated with an
increase in drug resistance that was specific for metho-
trexate.24 An anti-cyclin D1 sFv was recently reported to
exhibit an inhibitory effect in stably transduced MCF-7
breast cancer cells.88 In this preliminary study, the effect
of the anti-cyclin D1 sFv on the drug sensitivity of tumor
cells was not evaluated, but based on the chemosensitiz-
ing effects of cyclin D1 antisense (see below), it would
not be surprising if anti-cyclin D1 sFvs could induce a
similar chemosensitizing effect.

Antisense oligonucleotides
The use of antisense is another approach that has been
employed to modulate protein expression levels in tumor
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ing to block gene expression in a specific manner. Thera-
peutic AS have been used in two forms: short oligonucle-
otides (15 to 20 acid bases long) or expressed nucleotides
(a few dozen bases to several thousands). Stable intra-
cellular expression is currently the most efficient method
whereby AS can be used to inhibit gene expression.

erbB-2
One study has specifically determined the effects of erbB-
2 antisense and chemotherapy treatment in ovarian can-
cer cells. A retroviral vector encoding a 3.8 kb erbB-2 anti-
sense cDNA fragment was transfected into SKOV3 cells,
a human ovarian cancer cell line. When compared with
parental cells and control cells transfected with the neo-
mycin gene, the erbB-2 antisense-transfected SKOV3 cells
were more sensitive to 5-FU and cisplatin.89 These data
are consistent with the enhanced antitumor effect
obtained with intracellular anti-erbB2 sFvs in ovarian
cancer cells as described previously.

EGF receptor
Stable transfection of antisense constructs of EGFR in a
variety of EGFR-expressing cancer cell lines have resulted
in down-regulation of EGFR expression. For example, an
EGFR-expressing clone derived from the human ovarian
cancer line 2774, and then stably transfected with an anti-
sense construct of EGFR resulted in a 40–50% reduction
of EGFR expression).90 A correlation was noted between
reduced EGFR and decreased anchorage-independent
growth, suggesting that EGFR is an important factor in
the malignant behavior of this ovarian cancer cell line.
Grandis et al91 have targeted EGFR mRNA using anti-
sense oligonucleotides, and showed a decreased EGFR
protein production in squamous carcinoma cell lines. In
addition, inhibition of EGFR expression resulted in 86%
inhibition of growth of these tumor cells. The same group
showed that intratumoral injection of EGFR antisense via
liposome-mediated gene transfer in subcutaneous xeno-
grafts of human squamous cell carcinomas resulted in
inhibition of tumor growth and an increased rate of
apoptosis.92 These data suggest that a combined treat-
ment with apoptosis-inducing drugs and antisense
against EGFR should have synergistic effects. However,
Dixit et al have recently demonstrated that a reduction in
EGFR causes reduced sensitivity to cisplatin. In this
study, MDA-468 human breast cancer cells were stably
transfected with a vector containing a 4.1 kb full-length
antisense EGFR complementary DNA.93 Antisense-trans-
fected MDA-468 clones displayed a significant (.40-fold)
reduction of EGFR protein levels but had a 15- to 60-fold
increase of their IC50 to cisplatin. Based on these results,
it is clear that alterations in EGFR signal transduction
pathways can influence the sensitivity of a number of
tumor cells to cisplatin and other chemotherapeutic
agents. However, the underlying mechanism explaining
these effects has yet to be elucidated.

Cyclin D1
Alterations in cellular levels of cyclin D1 may clearly
affect the sensitivity of tumor cells to chemotherapeutic
agents. A few studies have specifically looked at the
effect of cyclin D1 inhibition in tumor cells. In one study,
chemosensitivity of cisplatin could be enhanced by
exposure of pancreatic cancer cell lines to cyclin D1 anti-

sense.94 The enhanced drug sensitivity resulted in a 10-
to 25-fold reduction in the LD25 of cisplatin in tumor cells
treated with the antisense against cyclin D1. Driscoll et
al95 have derived stable transfectants from lung cancer
cell lines (A549 and NCI-H441) expressing a cyclin D1
antisense construct. They demonstrated that decreased
cyclin D1 expression reduced pRb stability and induced
susceptibility to cell death after withdrawal of exogenous
growth factors only in the antisense transfected cell lines.
Two other studies have demonstrated that transfection of
cyclin D1 antisense constructs can decrease the tumori-
genic properties of human colon and esophageal cancer
cell lines but the combined effect of chemotherapeutic
drugs was not evaluated on these transfected cell
lines.96,97

Bcl-2
A number of recent studies have looked at the effect of
antisense oligonucleotides against Bcl-2 on the drug sen-
sitivity of tumor cells. Down-regulation of Bcl-2
expression mediated by antisense oligonucleotides in
seven blast cell samples obtained from patients with
acute myeloid leukemia resulted in an increase in the sus-
ceptibility of the blasts to apoptosis induced by Ara-C.98

In another study, human melanoma grown in severe
combined immunodeficient (SCID) mice were treated
with continuous infusion of Bcl-2 antisense oligonucleo-
tides for 14 days in addition to intraperitoneal injections
of dacarbazine for 5 days. A significant reduction of the
tumor nodules was observed in mice treated with Bcl-2
antisense compared with control oligonucleotides sug-
gesting the potential of this approach to enhance chemo-
sensitivity in vivo.99

Other antisenses
Antisenses have been developed against a variety of
other oncogenes, including c-fos, c-myc and K-ras.100,101

These antisenses have demonstrated antitumor activity
both in vitro and in animal models. A phase I clinical
study for the treatment of metastatic breast cancer uses
in vivo infection with breast-targeted retroviral vectors
expressing antisense c-fos or c-myc RNA.102 However,
these antisenses have yet to be tested for the ability to
increase the drug sensitivity of tumor cells.

Ribozymes
Ribozymes are RNA molecules that have catalytic activi-
ties. They function by binding to a specific RNA target
through antisense sequence and inactivate it by cleaving
the phosphodiester backbone at a specific site.103

MDR-1
Kobayashi et al104 demonstrated a reduction in MDR-1
mRNA levels when MOLT-3 cells stably expressed an
anti-MDR-1 rybozyme. The modulation of MDR-1
mRNA levels was proportional to the level of ribozyme
expression. Anti-MDR-1 ribozyme-transduced MOLT-3
cells displayed a 25- to 30-fold decreased resistance to
vincristine compared with cells expressing a non-func-
tional ribozyme. Liposome-mediated gene transfer of an
anti-MDR-1 ribozyme into drug-resistant mesothelioma
cells resulted in reduced expression of MDR-1 gene and
restored sensitivity toward chemotherapeutic drugs.105
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A divalent hammerhead ribozyme for the human bcl-2
mRNA was able to degrade bcl-2 mRNA rapidly in vitro.
When this ribozyme was directly transfected into cul-
tured prostate cancer cells (LNCap derivatives), it sig-
nificantly reduced bcl-2 mRNA and protein levels within
18 h of treatment and induced apoptosis in a low bcl-
2-expressing variant of LNCap, but not in a high Bcl-2-
expressing LNCap line upon treatment with apoptotic
agents.106,107

Conclusion
Intracellular immunization represents a novel approach
that can be employed to try to overcome drug resistance.
In this context, intracellular immunization for cancer
gene therapy should not be seen as a curative treatment
in itself, but rather as an adjunct to conventional chemo-
therapy. This approach may be potentially used to reduce
the cytotoxicity of chemotherapeutic agents, in which a
similar efficacy would be reached with lower doses of
drugs. Alternatively, it may also be used in conjunction
with the regular dose of drugs to enhance tumor sensi-
tivity further to those agents or even to study the contri-
bution of a given protein to the resistant phenotype of a
tumor cell. Another advantage of the intracellular
immunization approach is its specificity to the target pro-
tein and its apparent lack of toxicity on normal cells that
usually express low levels of the target protein.

It is clear from the data presented here that the modu-
lation of specific molecular determinants involved in
drug resistance via intracellular immunization may
increase the sensitivity of a variety of tumor cell lines in
vitro. However, the available in vivo data are more lim-
ited. Before intracellular immunization becomes a
realistic strategy to overcome drug resistance in cancer,
several problems need to be addressed. For example, one
obvious requirement for this strategy to be useful in clini-
cal situations is the efficient delivery of sFvs, antisenses
and ribozymes to tumor cells. In this context, a number
of gene delivery systems have been employed for cancer
gene therapy, including viral (adenovirus, retrovirus,
herpes virus and adeno-associated virus) and non-viral
(liposome, naked DNA injection) methods. At the present
time, the major limitations of gene transfer systems are
their relatively low transfection efficacy and the lack of
target cell specificity. The ideal situation with intracellu-
lar immunization strategies would be one whereby every
tumor cell would be transduced without evidence of gene
transfer in the surrounding normal tissues. This goal can-
not be reached with the vector systems available at the
present time. However, new concepts in viral gene trans-
fer have recently emerged such as tropism-modified
adenoviral vectors for targeted gene delivery108,109 and
hybrid vector systems, which combine desirable proper-
ties of two different viral systems.110,111 These vector sys-
tems are designed to achieve significant levels of gene
transfer to tumor cells while minimizing the toxicity asso-
ciated with high numbers of particles. They also offer the
advantage of retaining expression of the therapeutic
genes not only in primarily transduced tumor cells, but
also in the progeny of these tumor cells that would sur-
vive treatment. Moreover, the choice of a gene delivery
system also depends on the nature of the strategy and
the context of the target disease, ie local/regional versus

metastatic tumors. In the various human clinical gene
therapy approaches for cancer, the disease stage con-
sidered most suitable has been loco-regional, whereby
tumor is contained within an anatomical compartment.
This situation potentially allows vector concentrations
favoring optimal cell transduction. In this scenario,
recombinant adenoviral vectors have shown the great-
est potential.112

Any treatment for human malignancy that results in a
bystander effect offers tremendous therapeutic advan-
tages. This concept has been well established in HSVtk
gene therapy strategies.113–115 Although intracellular
immunization therapies are not toxin-based approaches,
recent data suggest that apoptosis-inducing molecular
therapies, such as wild-type p53 gene therapy, are cap-
able of producing a bystander effect.116–118 This means
that some of the strategies presented here, which are cap-
able of inducing apoptosis, have the potential of produc-
ing a bystander effect. In such a context, increased thera-
peutic efficacy and efficiency might be achieved in vivo
without the need to transduce every tumor cell.

Another factor that might potentially limit the efficacy
of intracellular immunization is the multi-factorial nature
of drug-resistance. For example, individual human can-
cers are often composed of multiple clones that are
phenotypically heterogeneous, and thus may express a
variety of different drug resistance genes at a given
time.119 Moreover, the pattern of drug resistance gene
expression may change over time depending on the
chemotherapy regimen used. In this context, the inhi-
bition of a single molecular target may not have a sig-
nificant impact of the tumor phenotype. One would
expect however, that inhibition of proteins involved in
the regulation of a final common pathway such as the
apoptotic cascade might have a significant effect on the
majority of tumor cells given the fundamental impor-
tance of this pathway in the regulation of cell survival.
An ideal strategy would be one whereby multiple path-
ways of drug resistance are targeted. For example, a vec-
tor co-expressing an sFv directed against Bcl-2 and a
ribozyme targeted to mdr-1 RNA could be used to block
both pathways in order to obtain synergistic effects.
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A Piché and C Rancourt

1208 57 Fan Z, Baselga J, Massui H, Mendelsohn J. Antitumor effect of
antiepidermal growth factor receptor monoclonal antibodies
plus cis-diamminedichloroplatinum on well established A431
cell xenografs. Cancer Res 1993; 53: 4637–4642.

58 Baselga J et al. Antitumor effects of doxorubicin in combination
with anti-epidermal growth factor receptor monoclonal anti-
bodies. J Natl Cancer Inst 1993; 85: 1327–1333.

59 Peng D et al. Anti-epidermal growth factor receptor monoclonal
antibody 225 up-regulates p27 and induces G1 arrest in prostatic
cancer cell line DU145. Cancer Res 1996; 56: 3666–3669.

60 Jannot CB et al. Intracellular expression of a single-chain anti-
body directed to the EGFR leads to growth inhibition of tumor
cells. Oncogene 1996; 13: 275–282.

61 Beerli RR, Wels W, Hynes NE. Autocrine inhibition of the epi-
dermal growth factor receptor by intracellular expression of a
single-chain antibody. Biochem Biophy Res Commun 1994; 204:
666–672.

62 Krajewski S et al. Analysis of Bax and Bcl-2 expression in p53-
immunopositive breast cancers. Clin Cancer Res 1997; 3: 199–208.

63 Doglioni C et al. The prevalence of Bcl-2 immunoreactivity in
breast carcinomas and its clinicopathological correlates with
particular reference to estrogen receptor status. Virchows Arch
1994; 424: 47–51.

64 Nakasu S et al. bcl-2 protein expression in tumors of the central
nervous system. Acta Neuropathol 1994; 88: 520–526.

65 Alderson LM et al. Human gliomas with wild-type p53 express
bcl-2. Cancer Res 1995; 55: 999–1001.

66 Bronner MP, Culin C, Reed JC, Furth EE. The bcl-2 proto-onco-
gene and the gastrointestinal epithelial tumor progression
model. Am J Pathol 1995; 146: 20–26.

67 Xerri L et al. Predominant expression of the long isoform of Bcl-
X in human lymphomas. Br J Haematol 1996; 92: 900–907.

68 Sclaifer D et al. High expression of the Bcl-X gene in Reed–
Sternberg cells of Hodgkin’s disease. Blood 1995; 85: 2671–2677.

69 Krajewski M et al. Elevated expression of Bcl-X and reduced
BAK in primary colorectal carcinoma. Cancer Res 1996; 56:
2422–2429.

70 Krajewski M et al. Immunohistochemical analysis of Bcl-2, BAX,
Bcl-X and MCL-1 expression in prostate cancers. Am J Pathol
1996; 148: 1567–1575.

71 Krajewski S et al. Immunohistochemical analysis of Bcl-2, Bcl-X,
MCL-1 and BAX in tumors of central and peripheral nervous
system origin. Am J Pathol 1997; 150: 805–814.

72 Tu Y et al. Bcl-x expression in multiple myeloma: possible indi-
cator of chemoresistance. Cancer Res 1998; 58: 256–262.

73 Grim JE et al. A family of plasmid vectors for the intracellular
expression of single-chain antibodies. Gene (Submitted).
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