CUrRRreNT CLiNicaL ONCOLOGY

Maurie Markman, MD, SERIES EDITOR

For other titles published in this series, go to
www.springer.com/series/7631

LuNnGg CANCER

Prevention, Management,

and Emerging Therapies

Edited by

DaviD J. STEWART, MD, FRCPC

Professor and Deputy Chair, Department of Thoracic Head
and Neck Medical Oncology, Division of Cancer Medicine,
The University of Texas M.D. Anderson Cancer Center,
Houston, TX, USA

MMy

>« Humana Press



Gene-Based Therapies for Lung Cancer

hn Nemunaitis and Jack Roth

Abstract Recent advances in genetics, molecular biology, molecular pharmacology,
and biomolecular technology have brought targeted therapeutic opportunities
to the forefront of clinical development. Physician and patient communities are
highly attracted to lung cancer management opportunities that may involve a
personalized approach based on utilizing a unique cancer signal with a target-
specific therapy. In this chapter, we will review several advanced clinical devel-
opments involving gene-based targeted therapies in lung cancer. Discussion
will focus on replacement therapies for abnormal p53 function, FUS1 mediated
molecular therapy, antisense technologies, and early developments with RNA
interference technology.

Keywords Gene » Molecular » Lung ¢ Cancer therapy

Introduction

Non-small cell lung cancer (NSCLC) management over the last 10 years has
significantly improved with the successful development of angiogenesis inhib-
tors and EGFR inhibitors. However, despite these recent additions to our
oncology armament, metastatic disease patients receiving frontline treatment
with doublet platinum based chemotherapy in combination with angiogenesis
nhibition still have a median survival of less than 1 year. Survival of second
ine patients is approximately 8 months. Survival of small cell lung cancer
patients treated with etoposide based chemotherapy regimes is similar to the
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survival of patients with advanced NSCLC. In patients with advanced diséase,
both histologic types of lung cancer have 5-year-survival rates of 1-2% regardless
of treatment.

Understanding of the biomolecular basis of cancer has exploded over the last
10 years. Developments in genetics, molecular biology, molecular pharmacology,
and biomolecular technology promise to dramatically alter strategies of cancer
treatment. Like other cancers, NSCIL.C and SCLC are driven by a complex adap:
tive network of dynamic evolving spatial-temporal biomolecular interactions. Six
essential alterations in the neoplastic physiolome collectively dictate malignant
growth. These include self sufficiency, insensitivity to growth inhibition (including
immune “escape”), independence from programmed cell death, unlimited replica-
tive potential, sustained angiogenesis, and local and metastatic invasiveness (1),
Although it appears intuitive that disruption of any one of these global physio-
logic capabilities would provide a therapeutic opportunity, each cancer is a robust
system capable of maintaining its functional characteristics following internal or
external perturbation (2, 3). Cancer cells are able to buffer the impact of genetic
modification by virtue of having redundant functional pathways in which differ-
ent structural elements have overlapping functions, termed “degeneracy” (4).
Positive and negative feedback controls allow for stochastic robustness by damp-
ening natural noise. Multileveled functional complementation results from
self-contained modules at each organizational level (genome —s transcripto-
some — proteome — metabolome) which interrelate in a functional organizational
hierarchy (5). Work is now underway to integrate theoretical and experimental
programs to map out and model in quantifiable terms topological and dynamic
properties of networks which control the behavior of one cell. Development of
high throughput data collection techniques (i.e., microarrays) allows for simulta-
neous interrogation of the status of a cell’s components at any given time. New
technology platforms, such as protein chips and yeast two hybrid screens, help
define how proteins interact with each other and will enable us to determine var
ous types of interactive networks (protein to protein interaction, metabolic, sig-
naling, and transcription/regulatory networks) (6, 7). Interestingly, the modulati
of pathways that produce “robustness” in certain insults are generally associat
with enhanced “fragility” of other perturbations (2), thereby exposing ,
“Achilles heel” of cancer and potentially permitting a reasoned coordinated mul-
titarget lethal attack on the cancer (8, 9). Specifically, technologies have been
developed that enable the systematic discovery of the molecular pathways thereh
setting the stage for targeted therapeutics which focus on driving reduction
proliferation and tumor growth following transcriptional and translational
modulation.

Efforts to improve these statistics recently have centered around a number
innovative approaches involving immune mediated anticancer effect and/or mole
ular inhibitory approaches. The purpose of this chapter is to summarize ke
molecular directed approaches in lung cancer, specifically, p53 gene therapy, ant
sense technology, and RNA interference technology.

Gene Therapy to Replace Genes Including Missing/Defective
Tumor Suppressor Genes

Mechanism of p53 Tumor Suppression and Rationale for p53
Gene Therapy

Many studies over the past 20 years have established a genetic basis for lung cancer.
Genes that suppress tumors and repair DNA can be damaged by more than 100
carcinogens contained in tobacco smoke (10). Lung cancers show multiple genetic
esions even in histologically normal bronchial mucosa from people with a smoking
history. These genetic abnormalities provide an array of targets for therapy. The p53
Umor suppressor gene appears to play a central role in lung cancer development
nd was the initial focus of gene therapy approaches to lung cancer.

Two tumor suppressor genes, Rb (retinoblastoma gene) and p53, which are both
egulated at the protein level by oncogenes and other tumor suppressor genes, regu-
ate cell proliferation. The Rb protein regulates the maintenance of, and release
from, the G1 phase. The p53 protein monitors cellular stress and DNA damage,
ither causing growth arrest to facilitate DNA repair or inducing apoptosis if DNA
amage is extensive (11). When a cell is stressed by oncogene activation, hypoxia,
r DNA damage, an intact p53 pathway may determine whether the cell will receive
signal to arrest at the G1 stage of the cell cycle, whether DNA repair will be
tempted, or whether the cell will self-destruct via apoptosis (programmed cell
eath). Apoptosis plays a key role in numerous normal cellular mechanisms, from
mbryogenesis to destruction of cells that have sustained irreparable DNA damage
ue to random mutations, ionizing radiation, or DNA damaging chemicals includ-
ng chemotherapeutic agents. The observation that expression of a wild-type p53
ene in a cancer cell triggers apoptosis provided the rationale for gene therapy
pproaches (12). Previously, it was believed that gene therapy could not replace all
he damaged genes in a cancer cell, and thus would not have a significant effect.
The fact that restoration of only one of the defective genes is enough to trigger
poptosis suggests that the DNA damage present in a cancer cell may prime it for
n apoptotic event that can be provided through a single pathway.

The p53 gene product is a transcription factor that plays a major role in regulating
the apoptosis genes (13). p53 also downregulates the prosurvival (or antiapoptotic)
enes, including the antiapoptotic genes bcl-2 and bel-XL, and upregulates the
roapoptotic genes bax, bad, bid, puma, and noxa (14). Available transcripts of
ach of the pro and antiapoptotic genes with bcl2 homology-3 domains interact
ith one another to form heterodimers, and the relative ratio of proapoptotic to
rosurvival proteins in these heterodimers determines the activity of the resulting
olecule, thereby determining whether the cell lives or undergoes apoptosis. p53
30 targets the death-receptor signaling pathway, including DR5 and Fas/CD95,
nd the apoptosis machinery, including caspase-6, Apaf-1, and PIDD. It may also
irectly mediate cytochrome c release.
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volve regulation of angiogenesis (27, 28), immune upregulation (29-31), and
cretion of soluble proapoptotic proteins (32).

The p53 pathway is regulated at the protein level by other tumor suppress
genes and by several oncogenes (11). For example, mdm2 normally binds:to th
N-terminal transactivating domain of p53, prohibiting p53 activation and leading
its rapid degradation. In normal cells, mdm?2 is inhibited by expression of pI4AR
a tumor suppressor gene encoded by the same gene locus as pl6INK4a b
expressed as an alternate reading frame (15). Deletion or mutation of the tumi
suppressor gene pl4ARF, which has been noted in some cancers, results
increased levels of mdm2 and subsequent inactivation of p53, resulting in an ing
propriate progression through the cell cycle. The expression of p/4ARF is induc
by hyperproliferative signals from oncogenes such as ras and myc, thus indicatin:
an important role for p53 in protecting cells from oncogene activation. Importantl
p53 also plays a central role in mediating cell cycle arrest. This function is signif
cant, as prolonged tumor stability has often been observed in clinical trials of p:
gene replacement, suggesting that this effect may be predominant over apoptosis |
some tumors. p33 is involved in regulating cell cycle checkpoints, and p53 expres
sion can promote cell senescence through its control of cell cycle effectors.such
p21CIP1/WAF1. Loss of function in the p53 pathway is the most common alter
tion identified in human cancer to date. About 50% of common epithelial cance:
have p53 mutations (16-18). In some cancers, loss of p53 also appears to be linke
to resistance to conventional DNA damaging therapies that require functional ce
lular apoptosis to accomplish cell death.

inical Trials of p53 Gene Replacement

e first clinical trial protocol for p53 gene-replacement utilized a replication-
defective retroviral vector expressing wild-type pS53 driven by a beta-actin promoter
3). The gene/vector construct was injected into tumors of nine patients with unre-
ctable NSCLC that had progressed after conventional therapy. Three of the nine
tients showed evidence of tumor regression with no vector-related toxicity, dem-
strating the feasibility and safety of p53 gene therapy.

Subsequent p53 clinical trials were conducted with the adenovirus p33 vector
described above. A phase I trial enrolled 28 NSCLC patients whose cancers had not
esponded to conventional treatments. Successful gene transfer was demonstrated in
0% of evaluable patients (34). Expression of p53 was detected in 46% of patients,
apoptosis was seen in all but one of the patients expressing the gene, and, impor-
tantly, no significant toxicity was observed. More than a 50% reduction in tumor size
s observed in two patients, with one patient remaining free of tumor more than a
ar after concluding therapy and another experiencing nearly complete regression
f a chemotherapy- and radiation-resistant upper lobe endobronchial tumor.
Additional studies in patients with head and neck cancer helped to establish Ad-p53
gene transfer as a clinically feasible strategy resulting in successful gene transfer and

Preclinical Studies of p53 Gene Replacement ene expression, low toxicity, and strong evidence of tumor regression.

The studies described above suggest that expressing a wild-type p53 gene in ¢anct
cells defective in p53 function could mediate either apoptosis or cell growth arres
both of which would be of therapeutic benefit to a cancer patient. Initial studi
showed that restoration of functional p53 using a retroviral vector suppressed th
growth of some, but not all, human lung cancer cell lines (19). Because of limit
tions inherent in the use of retroviruses, subsequent studies of p53 gene replac
ment in lung cancer made use of an adenoviral vector (Ad-p53) (20). The origin
adenoviral vector was a serotype 5 replication-defective vector with a deleted E
region, which has been used in all p53 clinical trials. The first published study
pS3 gene therapy showed suppression of tumor growth in an orthotopic human lun
cancer model using a retroviral expression vector (21). This was the first stud
show that restoring the function of a single tumor suppressor gene could result |
the regression of human cancer cells in vivo.

Ad-p53 also induced apoptosis in cancer cells with nonfunctional p53 witho
significantly affecting the proliferation of normal cells (22). Subsequent studic
with Ad-p53 demonstrated inhibition of tumor growth in a mouse model of hum
orthotopic lung cancer (23) and induction of apoptosis and suppression of prolifer
tion in various other cancer cell lines and in vivo mouse xenograft tumor mo
(24-26). Bystander killing (killing of nontransduced cells by transduced cells),
known to be an important phenomenon in the success of gene therapy, appears

Gene Replacement in Combination with Conventional DNA Damaging
ents in NSCLC

Preclinical studies of p53 gene therapy combined with cisplatin in cultured NSCLC
ells and in human xenografts in nude mice showed that sequential administration
cisplatin and p53 gene therapy resulted in enhanced expression of the p53 gene
duct (35, 36), and similar studies of Ad-p53 gene transfer combined with radia-
ion therapy indicated that delivery of Ad-p53 increases the sensitivity of p53-
eficient tumor cells to external beam radiation (26).
~ Many tumors are resistant to chemotherapy and radiation therapy and, therefore,
ail initial therapeutic interventions. P53, often missing or nonfunctional in radiation-
and chemotherapy-resistant tumors, is known to play a key role in detecting damage
 DNA and either directing repair or inducing apoptosis. Once apoptosis was
implicated as a mechanism of cell killing in response to these DNA damaging
gents, it followed that a defect in the normal apoptotic pathway might confer
esistance to some tumor cells. Due to Ad-p53’s low toxicity (less than a 5% inci-
ence of serious adverse events) in initial trials, therapeutic strategies combining
d-p53 gene replacement and conventional DNA damaging therapies were logical
xtensions of earlier studies @37.



310 J. Nemunaitis and J, Rot Gene-Based Therapies for Lung Cancer 311
_ In that study, biopsies of the tumor were performed before and after treatment
0 that detailed studies of gene expression were possible. Ad-p53 vector-specific
DNA was detected in biopsy specimens from 9 of 12 patients with paired biopsies
days 18 and 19). The ratio of copies of Ad-p53 vector DNA to copies of actin DNA
vas 0.15 or higher in eight of nine patients (range, 0.05-3.85), with four patients
1aving a ratio >0.5. For 11 patients with adequate samples for both vector DNA and
mRNA analysis, eight showed a postinjection increase in mRNA expression associ-
ted with detectable vector DNA. Postinjection increases in p53 mRNA were
ctected in 11 of 12 paired biopsies obtained 24 h after Ad-p53 injection, with 10
f 11 increasing threefold or more. Preinjection biopsy specimens that were shown
)y immunohistochemistry to be negative for p53 protein expression were stained
P53 protein expression after Ad-p53 injection. Staining results confirmed that
he p53 protein was expressed in the posttreatment samples in the nuclei of cancer
ells. For p21 (CDKNIA) mRNA, increases of statistical significance were noted
h after Ad-p53 injection and during treatment, as compared with the pretreat-
ent biopsy. MDM2 mRNA levels were higher during treatment than before treat-
ent. Levels of FAS mRNA did not change significantly during treatment. BAK
mRNA expression increased significantly 24 h after injection of Ad-p53 and thus
ppeared to be the marker most acutely upregulated by Ad-p53 injection.

_ The safety profile for intratumoral injection of Ad-p53 has been excellent.
The most frequently reported adverse events related to treatment with Ad-p53
njection were fever and chills, asthenia, injection site pain, nausea, and vomiting.
The vast majority of these events were mild to moderate.

_ To date, no maximum tolerated dose for Ad-p53 injection has been established.

Clinical Trials of Tumor Suppressor Gene Replacement Combined
with Chemotherapy

Twenty-four NSCLC patients with tumors previously unresponsive to convention:
treatment were enrolled in a phase I trial of p53 in sequence with cisplatin (38
Seventy-five percent of the patients had previously experienced tumor progressio
on cisplatin- or carboplatin-containing regimens. Up to six monthly courses ¢
intravenous cisplatin, each followed 3 days later by intratumoral injection o
Ad-p53, resulted in 17 patients remaining stable for at least 2 months, two patien
achieving partial responses, four patients continuing to exhibit progressive diseast
and one patient unevaluable due to progressive disease. Seventy-nine percen
tumor biopsies showed an increase in the number of apoptotic cells, 7% showe
decrease in apoptosis, and 14% showed no change.

A phase II clinical trial evaluated two comparable metastatic lesions in €
NSCLC patient enrolled in the study (39). All patients received chemotherap
either three cycles of carboplatin plus paclitaxel or three cycles of cisplatin plu
vinorelbine, and then Ad-p53 was injected directly into one lesion. Ad-p53 treat
ment resulted in minimal vector-related toxicity and no overall increase I
chemotherapy-related adverse events. Detailed statistical analysis of the dat
indicated that patients receiving carboplatin plus paclitaxel, the combination
drugs that provided the greatest benefit on its own, did not realize addition:
benefit from Ad-p53 gene transfer. However, patients treated with the less
successful cisplatin and vinorelbine regimen experienced significantly greate
mean local tumor regression, as measured by size, in the Ad-p53-injected lesio
than in the control lesion.

ystemic Gene Therapy for Metastases
Clinical Trials of p53 Gene Replacement Combined with Radiation Therapy
ocal control of cancers is important, but most patients with lung cancer die from
ystemic metastases. The development of a cancer vaccine to p53 is one approach.
lthough the p53 protein is expressed by normal cells, it has a short half-life and is
s present at low levels. Mutant p53 is conformationally altered and resists deg-
adation in cancer cells. Thus, it has a prolonged half-life and is expressed at high
vels in cancer cells. These differences in expression between normal and cancer
ells suggest that p53 could function as a tumor antigen and vaccine target (45-48).
everal studies have shown in cultured cells and mouse models induction of anti-
33 cytotoxic lymphocytes that killed cancer cells but not normal cells. A strategy
as developed using dendritic cells, which are the most effective antigen-presenting
ells, transduced with Ad-p53 (49).

 Patients with extensive-stage small-cell lung cancer (SCLC) were entered into a
1al. SCLC patients with extensive stage disease have a median survival of 2—4
onths untreated or 6-8 months with chemotherapy. In that trial, the patients’
utologous dendritic cells were treated ex vivo with Ad-p53, which activates the
lls and results in the expression of high levels of p53 protein. Patients were first
eated with conventional chemotherapy. Those who achieved at least stable disease

Preclinical studies suggesting that p53 gene replacement might confer radia
sensitivity to some tumors (26, 40-43) led to a phase II clinical trial of p53 gen
transfer in conjunction with radiation therapy (44). Patients with a poor perfo
mance status who could not undergo surgery and would be at high risk for ¢
bined chemotherapy and radiation received 60 Gy over 6 weeks with Ad-
injected on days 1, 18, and 32. Nineteen patients with localized NSCLC wer
treated, resulting in a complete response in one patient (5%}, partial response in |
patients (58%), stable disease in three patients (16%), and progressive disease I
two patients (11%). Two patients (11%) were not evaluable due to tumor progres
sion or early death. Three months after the completion of therapy, biopsies reveale
no viable tumor in 12 patients (63%) and viable tumor in three (16%). Tumor,
four patients (21%) were not biopsied because of tumor progression, early deall
or weakness. The 1-year progression-free survival rate was 45.5%. Among
evaluable patients after 1 year, five (39%) had a complete response and three (23%
had a partial response or disease stabilization. Most treatment failures were cau
by metastatic disease without local progression.
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received the vaccine biweekly for a total of three to six injections. If patient
progressed, they were treated with chemotherapy. Of the 29 patients treated,
had a partial response, seven had stable disease, and 21 had progression. Patie
having progression then received second-line chemotherapy. Clinical follow
was completed for 21 patients. Complete or partial responses to the second-l
chemotherapy were observed in 61.9% of the 21 patients treated. Eleven of th
patients were alive 1 year after the first vaccine treatment. These clinical respon
were correlated with induction of immune responses to the vaccine. Publishe
objective response rates for second-line chemotherapy in extensive-stage: SC
patients ranges from 5 to 30%.

Gene delivery to distant sites of cancer is essential for successful cancer g
therapy. Recently, the development of nanoscale synthetic particles that can enc
sulate plasmid DNA and deliver it to cells after intravenous injection has b
reported. This has been studied in mouse xenograft models of disseminated humar
lung cancer. In addition to p53, other tumor suppressor genes have been delive
using this technique. Multiple 3p21.3 genes show different degrees of tumor s
pression activities in various human cancers in vitro and in preclinical ani
models. One of the tumor suppressor genes at this locus is FUS1, which is
expressed in most lung cancers. When wild-type FUS1 is expressed in'a lu
cancer cell, apoptosis occurs. To translate these findings to clinical applications
molecular cancer therapy, we recently developed a systemic treatment strategy.
using a novel FUS1-expressing plasmid vector complexed with DOTAP:choleste
(DOTAP:Chol) liposome, termed FUS1 nanoparticle, for treating lung cancer a
lung metastases (50, 51). In a preclinical trial, we showed that intratumoral adm
istration of FUS1 nanoparticles to subcutaneous NSCLC H1299 and A549 tumo
xenografts resulted in significant inhibition of tumor growth. Intravenous injecti
of FUS1 nanoparticles into mice bearing experimental A549 lung metastasis sig
nificantly decreased the number of metastatic tumor nodules. Lung tumor-bearin
animals treated with FUS1 nanoparticles survived longer (median survival time: 8
days) than control animals. These results demonstrate the potent tumor suppress
activity of the FUS1 gene, making it a promising therapeutic agent for treatment
primary and disseminated human lung cancer (50, 51). Based on these studies
phase I clinical trial with FUS1-mediated molecular therapy by systemic admi
tration of FUS1 nanoparticles is now under way in stage IV lung cancer patients
The University of Texas M. D. Anderson Cancer Center in Houston, Texas:

ppressor gene can cause cancer regression by activation of known pathways
th minimal toxicity.

Gene expression has been documented and occurs even in the presence of an antia-
novirus immune response, clinical trials have demonstrated that direct intratumoral
ection can cause tumor regression or prolonged stabilization of local disease, and
the low toxicity associated with gene transfer indicates that tumor suppressor gene
placement can be readily combined with existing and future treatments. Initial con-
ms that the wide diversity of genetic lesions in cancer cells would prevent the
application of gene therapy to cancer appear unfounded; on the contrary, correction
of a single genetic lesion has resulted in significant tumor regression.

Studies using the transfer of tumor suppressor genes in combination with con-
ntional DNA damaging treatments indicate that correction of a defect in apopto-
is induction can restore sensitivity to radiation and chemotherapy in some resistant
ors, and indications that sensitivity to killing might be enhanced in already
nsitive tumors may eventually lead to reduced toxicity from chemotherapy and
adiation therapy. The most recent laboratory data demonstrating damage to tumor
suppressor genes in normal tissue and premalignant lesions suggests that these
genes could someday be useful in early intervention, diagnosis, and even preven-
n of cancer. Preclinical studies have shown that systemic delivery for treatment
of metastases can be achieved. The ready availability of gene libraries, the ability
administer genes without the extensive reformulation required of small mole-
es, and their specificity make this an attractive therapeutic approach. Despite the
bvious promise evident in the results of these studies, though, it is critical to rec-
nize that there are still gaps in knowledge and technology to address. The major
ssues for the future development of gene therapy include:

Development of more efficient and less toxic gene delivery vectors for systemic
gene delivery.

Identification of the optimal genes for various tumor types.

Optimizing combination therapy.

Monitoring gene uptake and expression by cancer cells.

Overcoming resistance pathways.

wever, given the rapid progress in the field, it is likely that many of these
hnological problems will be solved in the near future.

ntisense Technology in NSCLC

Summary and Conclusions

tisense oligonucleotides (AS ODNs) are unmodified or chemically modified
ingle-stranded DNA molecules of 13-25 nucleotides in length that are designed to
pecifically hybridize to corresponding RNA by Watson—Crick binding. They
nhibit mRNA function by several mechanisms, one, through inhibition of protein
anslation by disrupting ribosome assembly, and two, through utilization of endog-
nous RNase H enzymes that cleave the mRNA strand (52-56). The specificity of

Current therapy such as radiation and chemotherapy controls less than'50%
lung cancers, and overall 5-year survival is only 15%. Combining existing fre
ments has reached a plateau of efficacy, and the addition of conventional cy
toxic agents is limited because of toxicity. The clinical trials summarized in {
article clearly demonstrate that, contrary to initial predictions that gene-thera
would not be suitable for cancer, gene replacement therapy targeted to a tum
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tropenia, anemia, fatigue, dehydration, sepsis and neutropenic fever (76). In the
Ipdated analysis of the trial, the response rate was 37%, including one complete
ission and 11 partial remissions.

Based on these phase II data, two large randomized phase III trials were initiated
s first-line treatment in patients with NSCLC. The first enrolled 600 patients with
ge IV NSCLC using ISIS 3521 in combination with carboplatin and paclitaxel.
Results were disappointing. No difference was observed in time to progression or
verall survival between treatment and control groups. There were, however, indi-
ations of antitumor activity, as a subset of patients who completed the prescribed
yourse of ISIS 3521 (six cycles) had a median survival of 17.4 months when com-
ared with 14.3 months in patients who did not (p=0.048). Negative results were
IS0 obtained in the second phase III trial involving advanced NSCLC patients test-
ng ISIS 3521 in combination with gemcitabine and cisplatin. Therapy was well
olerated, but median survival was roughly 10 months in both groups.

hybridization of an AS ODN to the target mRNA makes the AS strategy attracti
for selective modulation of expression of genes involved in the pathogenesis
malignant disease. One AS ODN has been approved for local therapy of cytomeg
lovirus (CMYV) retinitis, and a number of AS ODN’s are currently being tested
clinical trials. These include ODN’s that target C-Raf kinase, C-Raf 1, H 14, pr
tein kinase A-Type I, protein kinase C-alpha, bcl-2, survivin, and DNA methy
transferase (57, 58).

Most oligonucleotides being clinically tested have a phosphorothioate backbor
in which one of the oxygens on the phosphate moiety is replaced with a-sulfu
Phosphorothioate oligonucleotides enable mRNA degradation through enzyma
cleavage via activation of RNase H, and they carry a negative charge which h
been shown to bind plasma proteins in a manner similar to heparin (59, 60). Thi
characteristic protects them from filtration thereby prolonging product half-if
However, the negative charge has also been correlated with side effects, includin
thrombocytopenia and activation of the complement cascade (61). Phosphorothioat
accumulate predominantly in the liver but also in the kidneys (62—64).

Clusterin: OGX-011

Protein Kinase C-c: ISIS 3521

verexpression of clusterin prolongs cell survival and leads to enhanced metastatic
otential of cancer cells in vitro (77). AS against clusterin significantly enhanced
hemosensitivity in prostate and renal carcinoma cells in vitro (78). A phase I trial
sing OGX-011 for patients with localized prostate cancer has been published (79).
he most frequently reported side effects were mild (grade 1 or 2) and included
evers, rigors, fatigue, and transient elevations of aspartate aminotransferase and
anine aminotransferase. A second phase I study was designed to determine the
ccommended dose of OGX-011 in combination with docetaxel (Taxotere™) in
arious solid tumors (80, 81). OGX-011 is currently in phase II development for
atients with prostate, breast, and lung cancer.

Combination of OGX-011 and docetaxel in 38 patients with different solid
imors reveals a linear dose-dependent pharmacokinetics of OGX-011, with no
pparent interaction with docetaxel. Similar results with OGX-011 were found in
ombination with cisplatin and gemcitabine. A dose-dependent increase in OGX-
11 C,.. and AUC was noted, with no apparent interaction with either chemothera-
cutic. (82). In another trial, OGX-011 was administered in combination with
ocetaxel (80). The study enrolled 38 patients with a variety of solid tumors
ncluding NSCLC, and prostate, ovarian, renal cell, and breast cancer). A signifi-
ant decrease in serum clusterin levels was observed in relation to dose of OGX-
11. Of 24 patients with measurable disease, there was one patient with a partial
sponse (PR) and eight patients with stable disease (SD). In a subsequent clinical
ial involving ten chemotherapy-naive patients with advanced NSCLC OGX-011
as administered in combination with cisplatin and gemcitabine. Two of nine
atients with stable disease to prior therapy achieved a PR to OGX-011, cisplatin
1d gemcitabine. Toxicity primarily occurred within the first week of therapy and
minished with continued dosing. Hematological adverse effects included grade 1

Protein Kinase C (PKC) is a family of phospholipid-dependent cytoplasmic serl
threonine kinases that comprises distinct isoenzymes which differ in their
chemical properties, tissue-specific expression, and intracellular localization (6!
66). PKC isoenzymes provide signals that lead to proliferation or differentiatio
(66, 67) PKC-a. activity specifically appears to be involved in signaling (68) mali
nant transformation and proliferation. Overexpression of the PKC-a gene in brea:
cancer cells results in increased proliferation, anchorage-independent growth, an
enhanced tumorigenicity (69). PKC-a expression is also elevated in human brea
cancers (70). Inhibition of PKC-a limits growth of hepatoma (71) and medullobla
toma (72). ISIS 3521 (also designated ISI 641A) is a 20-mer phosphorothioa
oligodeoxynucleotide that hybridizes to the 3'-untranslated region of the huma
PKC-o. mRNA, resulting in a site amenable to degradation by RNase H (73). Phas
I testing demonstrated acceptable safety and evidence of clinical activity (tw
patients with lymphoma had complete response to ISIS 3521) (74).

Early evaluation of ISIS 3521 in NSCLC involved combination with carboplat
and paclitaxel. Forty-eight evaluable patients with advanced stage TIIB or |
NSCLC were entered into trial (75). Minimal toxicity consisting of neutropenia an
thrombocytopenia lead to treatment delays in less than 15% of patients. Patien
received a median of six cycles and achieved a response rate of 48%, with 2% (On
patient) obtaining complete response and 46% (22 patients) partial response. Th
median time to progression and the median survival were 6.3 and 15.9 month
respectively. A second phase II trial tested ISIS 3521 in combination with ¢isplati
and gemcitabine. Forty-four chemotherapy-naive patients with advanced NSC
were entered into trial. Toxicity was moderate but included thrombocytopeni

s
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leukopenia, thrombocytopenia, and anemia. Other self-limiting common-adverse
events were fever, fatigue and rigors occurring several hours after infusion, and
grade 1 and 2 elevations in hepatic transaminase levels. No apparent dose-dependent
induction of serum complement was observed (79).

8), three patients had grade 3 or 4 thrombocytopenia, and one patient had grade 3
ukopenia. One patient with refractory ovarian cancer had a dramatic reduction in
1 CA-125 level (97%), and two other patients had prolonged disease stabilization
19 and 10 months, respectively. No objective responses were seen in a phase II trial
122 patients with progressive lung cancer (18 NSCLC, 4 SCLC) (89). Hematological
xicity did not exceed grade 2. Nonhematological toxicity was mild to moderate.
ore recently, a different Raf-1 AS ODN has been developed in a new formulation
alled LErafAON (NeoPharm, Lake Forest, IL) (90). To avoid the need to chemically
otect the oligonucleotide from degradation and to improve intracellular delivery,
ErafAON has been encapsulated in a cationic liposome (90). LErafAON is undergo-
g phase I testing in patients with advanced solid tumors (91).

H-ras: ISIS 2503

ISIS 2503 is a 20-base phosphorothioate AS ODN that binds to the translation
initiation region of human H-ras mRNA (ISIS 2503) and that selectively reduced
the expression of H-ras mRNA and protein in cell culture. In a phase I trial, ISIS
2503 administration was not associated with any dose-limiting toxicity. Out of

patients, four had stabilization of their disease for six to ten cycles of therapy. N¢
consistent decreases in H-ras mRNA levels were observed in peripheral blood ly
phocytes (83). A subsequent multicenter phase II trial analyzed ISIS 2503 in stage
IIIB/IV NSCLC. Out of 20 evaluable patients, 7 achieved SD and 13 progressed
within the first three cycles. There were no partial or complete responses (84)
Given that limited activity was seen and most relevant mutations involving ra
oncogene in NSCLCO are K-ras rather than H-ras, further development if ISIS 25
in NSCLC has not been done.

cl-2: Oblimersen

blimersen is an AS ODN which downregulates Bcl-2 protein expression. Animal
udies validated mechanism, safety, and clinical opportunity (92-98). Phase 1, I,
d Il studies have been and are being performed testing oblimersen in patients with
I ultiple advanced cancers including lymphoma, melanoma, breast cancer, hormone-
refractory prostate cancer, and a small number of lung cancer patients (99, 100).
Phase I and I trial investigation in non Hodgkin’s lymphoma (101, 102) dem-
onstrated dose-related safety. Two patients achieved complete remissions. Reduction
Bcl-2 protein as predicted was able to be demonstrated in a subset of patients
(102). Fever and transient grade 3 increases in hepatic enzymes were observed.
Phase IIT investigation involving melanoma (103) did demonstrate limited efficacy;
however, it was not sufficient for the Food and Drug Administration (FDA)
proval. In melanoma, the overall response rate of the combination of dacarbazine
d oblimersen was 12.4% vs. 6.8% for dacarbazine alone (»p=0.0007) (103). The
‘ edian progression-free survival was 2.4 months vs. 1.6 months (»p=0.0003), but
there was only a trend toward improvement in overall median survival (9.0 months
. 1.8 months, p=0.077).

Oblimersen has been tested in combination with paclitaxel and in combination
th carboplatin and etoposide in advanced small cell lung cancer patients, but
nmited efficacy has been demonstrated (100).

C-Raf-1: ISIS 5132

Raf kinases are serine/threonine kinases that regulate mitotic signaling pathwa
most notably those involving the mitogen-activated protein kinase pathway signals
from ras. This regulation of ras-dependent pathways by raf is potentially importan
since the ras oncogene is dysregulated or mutated more frequently than any othel
oncogene studied in human cancer (85, 86). In several tumors, including breast
NSCLC, the presence of a ras mutation is a negative prognostic factor (87). C
has also been reported to bind to Bcl-2 and to be involved in the regulation of apop
tosis. An AS ODN directed to the 3’ untranslated region of the c-raf mRNA (ISKS
5132) inhibits growth of human tumor cell lines in vitro and in vivo in associat
with specific downregulation of target message expression. In a phase I trial
changes in c-raf-1 mRNA expression were analyzed in peripheral blood monond
clear cells (PBMC) collected from patients with advanced cancers treated with[
1532. Significant reductions of c-raf-1 expression from baseline were detected I
13 of 14 patients. Clinical toxicities included fever and fatigue, neither of wh
were dose limiting. Two patients experienced prolonged disease stabilization fo
more than 7 months. In both of these cases, this was associated with reduction I
c-raf-1 expression in PBMC. Initial results of a phase I trial testing continuous
infusion of ISIS 5132 in 34 patients with a variety of solid tumors refractoryto st
dard therapy reported one patient at high dose with fever as a dose-limiting toxicit

rvivin: LY2181308

r'vi.vin is a member of the IAP gene family, and has an important role in both cell
ision and apoptosis inhibition (104-106). Survivin is expressed at a high level in
wide range of human cancer types, including lung, colon, pancreas, breast and
" state cancers (105, 107). However, survivin is generally not expressed in normal
tssue. Survivin expression levels correlate with lower apoptotic index in tumor
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inally, biodistribution studies of single-stranded ASOs had been performed,
oviding suggestions about potential target requirements for siRNA (120-122).

cells and poor prognosis in cancer patients, and serial analysis of gene express
studies have indicated that survivin is the fourth most common gene that is
formly expressed in cancer cells but not in normal tissues (108). A novel 2!-M
ASO (called LY2181308) has been constructed. It specifically downregulates
vivin expression in a broad range of human cancer cells and has produced po
antitumor activity in human tumor xenograft models (109, 110). Antitumor acti
displayed by LY2181308 in these models is oligonucleotide-sequence specific, an
is associated with reduced survivin levels in tumor tissue. Clinical developmen
LY2181308 is moving forward.

ntitumor Effects of RNAi

e exquisite specificity of RNAI has been utilized in multiple studies to exploit
notypic differences between cancer cells and normal cells. The early work of
artinez and coworkers (123) demonstrated that the p53 mutant-specific RNAI
olecule can knockdown the mutant message that differed from wild type by only
single nucleotide, and restored wild type p53 function in heterozygous tumor
lls. Similarly, mutant ras silencing by RNAi produced an antitumor effect that
llified the oncogenic phenotype (124). Kawasaki showed that mutant ras
creased by 90% through RNA silencing without altering wild type messages
vitro and in vivo (125, 126). Mutant K-ras knockdown also produced ~70%
duction of cancer cell growth in the human colon carcinoma cell line SW480.
etroviral delivery of an RNAi molecule specifically inhibited the mutant K-ras*'?
ele in the human pancreatic carcinoma cell line CAPAN-1 without affecting wild
pe K-ras level, and collaterally led to a loss of anchor independent growth and
morigenicity. Similar success has also been attained by targeting the mutant H-ras
cogene (126-128). The targeting of p53 and ras reflect widely different require-

RNA Interference

RNA interference (RNAi) is an evolutionarily conserved gene-silencing mee
nism which functions during vertebrate embryonic development and is inco
rated as an additional layer in the immune defense mechanism (111) whereby s
sequences of intrinsic antisense RNA or extrinsic dsRNA (i.e., viral) trigger tr
lational suppression. In cells that endogenously express a gene, introduction
siRNA molecules that target the gene triggers mRNA degradation. The degrada
process occurs following interaction of siRNA with ATP dependent helicase
with the ATP dependent RNase enzyme Dicer through the formation of'a *R
interfering silencing complex” (RISC) (112). Endonucleolytic cleavage of the
get mRINA occurs at a single site at the center of the target mRNA-siRNA antise
strand duplex (113) and is mediated by Slicer (Ago2) (114).

The use of synthetic siRNA molecules has gained wide acceptance as a.lab
tory tool for target validation, but clinical trials in oncology patients have not
commenced. Nevertheless RNAi has gained greater acceptance in 2 years t
traditional antisense oligonucleotides (ASO) and ribozymes (RBZ) achieved in
years (115). Unlike single-stranded RNA, duplex RNA is quite stable and does
require chemical modifications to achieve a satisfactory half-life in cell-cul
media (116, 117). While antisense oligonucleotides have been tested clinicall
(74, 83, 88), the backbone modifications required for oligonucleotide stabi
increased the risk of toxicity thereby limiting administration at dose levels su
cient to induce significant tumor response, and siRNA methods could potentiall
avoid this problem.

Progress in the development of RNAi technology benefited from ‘previ
research aimed at optimizing traditional ASO and RBZ nucleotides. For exam)
cellular uptake was a major obstacle for efficient gene inhibition inside cells
lessons learned from difficulties in transfecting cells with ASO and RBZs w
applied to RNAI (118). Wide varieties of efficient delivery systems for nucleic a
have now been developed and are commercially available. In addition, researc
using traditional ASOs had already described potential pitfalls and develo
criteria for the essential control experiments needed to validate preliminary data (1

roughout the 11 exon sequences, custom reagents have to be designed for each
utation. By contrast, ras mutations are primarily limited to “hotspots,” thereby
owing a limited number of reagents to cover the most mutated messages. In vitro
cer growth inhibition has been achieved by targeting unique cancer oncogenetic
essages that are derived from novel gene fusions (e.g., ber-abl in myelogenous
kemia) (129), virally-expressed genes (HPV E6/E7 in cervical cancer cells)
30), or overexpressed messages (including HER-2/neu in human breast and ovar-
cancer cells (131, 132), protein kinase A in pancreatic cancer cells (133), mul-
rug resistance genes (134), telomerase (135), and the antiapoptotic bel-2 gene
36)). In vivo studies have also led to favorable outcomes by RNAI targeting of
tical components for tumor cell growth (124, 137-140), metastasis (141-143),
giogenesis (144, 145), and chemoresistance (146, 147).

As with ASOs and RBZ’s, efficacy of siRNA depends on the cell type as well as
the level of expression of the targeted gene (148). Nonetheless, RNAi has repeat-
Y proven to be more robust in terms of consistency of transcript knockdowns at
eshold concentrations that are several orders of magnitude below typically-used
Os (113, 148-151). Theoretically, approximately 1-3 molecules of duplexed
A per cell are effective at knocking down gene expression (112), although most
dies in mammalian cells require an intracellular concentration at the nanomolar
ge. At these concentrations, more prolonged knockdown activity has been
served in vivo as compared with ASO and RBZ ( 152).
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various in vivo studies (112, 166). Other contributing elements of IFN activation
clude the plasmid vector used for siRNA delivery, which may cause formation of
ng hairpin RNA duplexes, or chemical modifications (e.g., 3' triphosphates on the
plex) at the 3’ end of siRNA (167). The liposomal transfecting agent may also
niribute to nonspecific toxicity (168). Hence, each siRNA construct and its deliv-
system should be carefully scrutinized with respect to its likelihood of soliciting
nonspecific IFN response that would negatively impact therapeutic outcome.

In a recent gene expression profile analysis, Jackson and coworkers suggested
at siRNAs may exhibit silencing activities on unintended target sequences having
ss than 18-nucleotide homology with the intended target sequence (169). This
parent lack of fidelity may be explained by an inadequacy of transcriptome
arch (170). A more extensive evaluation of siRNA’s that had been designed for
ecific targets revealed multiple examples of other nucleotide sequence homology
addition to the intended target sequence (170). In fact, Snove and Holen identi-
d unintended target sequences with three or fewer mismatches in 75% of 359
published siRNA sequences (170), highlighting the potential risk of siRNA design
based on limited sequence analysis.

The recent discovery of endogenous microRNAs (miRNAs) furthered misgiv-
gs regarding the off-target activity of siRNA. miRNAs are single-stranded RNAs
21-25 nucleotides found in all multicellular organisms (171-173). In humans,
0-255 genes in the human genome encode miRNAs (172). miRNAs are gener-
d from genome hairpin RNAs through processing by Drosher, and are believed
10 serve a regulatory function. miRNA inhibits the translation of mRNAs into pro-
ns through imperfect base pairing with the target mRNA, but does not impede
transcription or destroy mRNAs. It appears, however, that siRNAs “acting as
mMiRNA” contribute minimally to off-target activity, as synergism between multiple,
tially complementarity-bound miRNAs are needed for effective translational
encing (171). Furthermore, unique, target sequence-independent signatures of
ividual siRNAs remain a laboratory manifestation defined by gene array analy-
. The impact of such off-target activity has not been evident in animal studies
2). Preliminary evidence suggests that in vitro off-target activity may be reduced
ther through chemical modifications, such as nucleotide selection in key posi-
ns, and the intentional introduction of mismatches at defined positions between
siRNA sense and antisense strands (174).

Development of siRNA technology is moving forward. Initial delivery vehicles
will include nonviral strategies (i.e., cationic liposomes). Some of the initial targets
Il likely include similar genes identified for ASO development.

RNAIi Delivery

Building on the premise that RNAi molecules may have a higher therapeutic in
than ASO and RBZ’s, a markedly lower intracellular concentration of RNAI
needed for the desired effect of targeted gene knockdown. Hence the success
RNAI1 therapy, which requires effective and global delivery of RNAI to target ce
is more likely to be attained. This is particularly applicable to cancer therapy, wh
multiorgan metastatic foci are largely responsible for the morbidity and morta
of advanced cancer. Murine studies show that RNAi can be administered “hyd
dynamically” (153) by rapidly injecting duplex RNAi molecules through the
vein. This strategy is not feasible clinically and produces severe cardiovascular sid
effects (152). RNAi molecule delivery by lipid-based technologies (cationic li
somes, liposome-protamine/DNA) (154-156) or viral vectors (157, 158) have a
been explored in animal models.

Liposomal-based technologies allow for up to 90% transfection efficiency in vi
but they are costly, difficult to generate and associated with induction of clinic
toxic cytokines (JL6, TNFa) (154). Cell-specific immunoliposomes have been u
successfully to deliver chemotherapy drugs to target cells and may serve as a via
alternative for cationic-based RNAI delivery. In a recent study by Zhang et al. (15
weekly intravenous injection of pegylated immunoliposomes effectively delive
epidermal growth factor receptor siRNA to xenografts of intracranial gliomas, res
ing in 95% suppression of EGFR function and an 88% increase in survival time.

A number of studies have documented stable transduction of siRNA-expressin
constructs with viral vectors. Retroviral delivered siRNA effectively targeted p53
both cell lines and primary fibroblasts (160). Lentiviral vectors were similarly eff
tive, with a lasting effect of >25 days (112). Lentiviral delivery of antiviral siR
inhibited HIV production from primary human T cells and macrophages (161, ]
in vitro, and silenced target genes in vivo in transgenic mice (163). However, ¢
cern over the risk of insertional mutagenesis with retroviruses precludes their cl
cal use for cancer therapy at this time. Theoretically, bacterial vectors could also
utilized (164), but to date, most cancer gene transfer trials, whether intratumo
intravenous or intra-arterial, involve adenoviral delivery vehicles.

Potential Hurdles for siRNA Cancer Therapeutics

siRNA faces unique hurdles as a cancer gene therapeutic in addition to comm
concerns that it shares with ASO- and RBZ-based therapies. There are concel
regarding the specificity of siRNA gene silencing with respect to interferon (I
induction and “off-target” activity. Contrary to the initial observations of Elbas
et al. (113), Sledz et al. identified JAK-STAT pathway activation and global upr
ulation of IFN-stimulated genes following PKR activation by a 21-bp siRN
molecule (165). However, nonspecific IFN induction or toxicity was not observ

Concluding Remarks

In conclusion, a broad array of targeted gene-based therapies are under active clini-
‘al development in NSCLC. Common attributes of these therapies include remark-
ble safety with virtually no evidence of clinically significant off target effect
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outside of the target specificity. Tolerable toxicity, however, is observed in relati
to delivery components. Further development is ongoing to reduce toxicity: attri
uted to delivery of gene-based targeted therapeutics. Evidence of clinical activi
has been demonstrated and further phase II and a phase 111 investigation is.movi
forward. At the same time quantitative proteomic and genomic technology
becoming more accessible, thereby enabling personalized attempts to match a p
ticular targeted therapy with a unique cancer specific molecular signal. "
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ung Cancer Resistance to Chemotherapy

avid J. Stewart

bstract Metastatic lung cancer remains incurable by chemotherapy. Several factors
ntribute to resistance to chemotherapy, including many factors that are adaptations
 Systems that evolved to protect normal cells from a hostile environment. Tamor
11 characteristics, tumor cell interactions with extracellular matrix and stromal
lls, and tumor physical characteristics all contribute to resistance. Resistance may
ise from gene upregulation or downregulation as a downstream consequence of the
licogene mutations or tumor suppressor gene deletions that underlie tumorigenesis
‘may also arise due to tumor hypoxia or due to exposure to therapy. Host gene poly-
orphisms may alter resistance by determining the half-life or enzymatic activity of
regulated resistance factors. Resistance may arise from decreased drug delivery to
mor, impact of extracellular pH on drug uptake, altered drug uptake transporters or
1l membrane characteristics, increased drug efflux or detoxification, decreased drug
nding, altered drug targets, increased DNA repair, decreased proapoptotic factors,
creased antiapoptotic factors, altered cell cycling or mitotic checkpoints, or altered
anscription factors. This diversity of resistance mechanisms magnifies the chal-
nges facing us in predicting patient prognosis and in overcoming resistance.
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s outlined elsewhere in this text, despite 20-50% of patients with advanced
n-small cell lung cancer (NSCLC) and 60-80% of patients with extensive small
Il lung cancer (SCLC) initially responding to chemotherapy, widely metastatic
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