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Abstract: Conventional therapy for non-small cell lung cancer (NSCLC) has reached a plateau in increasing patient survival and overall 
prognosis still remains dismal. Advances in the knowledge of molecular events governing oncogenesis has led to a number of novel 

agents targeting specific pathways critical for tumour growth and survival. In the present paper we have thoroughly reviewed the existing 
evidence of novel agents currently studied in clinical trials, focusing on epidermal growth factor receptor family inhibitors, angiogenesis 

inhibitors, cyclooxygenase-2 inhibitors, Bcl-2 targeted agents, protein kinase C inhibitors, proteasome inhibitors, farnesyl transferase in-
hibitors and retinoids. Although erlotinib monotherapy in the second or third line setting and bevacizumab combined with conventional 

chemotherapy as a frontline therapy manage to prolong the life of patients with NSCLC, there is still much to be learned about the proper 
design of clinical trials and the selection of patient population enrolled in them. Multi-targeted therapy still remains the most attractive 

avenue for future treatment strategies. 
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INTRODUCTION 

 More than 80% of lung carcinomas are non-small cell lung 
cancers (NSCLCs) and approximately 60% of the patients have 
advanced disease at the time of diagnosis [1,2]. Systemic chemo-
therapy alone or in combination with radiotherapy failed to improve 
patients overall survival and their prognosis still remains dismal 
with a 5 year survival rate being below 5% in stage IIIB/IV [3]. At 
the same time both toxicities and drug resistance limit the use of 
conventional therapy. Under these circumstances the development 
of new treatment strategies was obligatory. 

 We are now living in an exciting new era where the understand-
ing of tumour biology and oncogenesis has begun to evolve. Mo-
lecular techniques have allowed insight into specific biological 
pathways involved in tumourigenesis and these same techniques 
have developed a cascade of novel therapies directed towards mo-
lecular factors critical to the pathogenesis of cancer growth and 
survival. Due to the targeted mechanism of action, these therapies 
are more specific, more sensitive and less toxic to noncancerous 
cells. 

 In the present paper, we have reviewed the existing evidence of 
novel agents now studied in clinical trials emphasizing on epider-
mal growth factor receptor family inhibitors, angiogenesis inhibi-
tors, cyclooxygenase-2 inhibitors, Bcl-2 targeted agents, protein 
kinase C inhibitors, proteasome inhibitors, farnesyl transferase in-
hibitors and retinoids. 

EPIDERMAL GROWTH FACTOR RECEPTOR (EGFR) 

FAMILY INHIBITORS 

 The EGF family of receptors consists of four structurally simi-
lar members including EGFR- (ErbB1/HER-1), HER-2/neu (erbB2), 
HER3 (erbB3) and HER4 (erbB4) [4]. EGFR is the first receptor 
discovered which has two predominant ligands, the EGF and the 
transforming growth factor-a (TGF-a) [5]. This receptor crosses the 
cell membrane and has two portions; an extracellular portion that is 
the ligand-binding side and an intracellular portion that has a tyro-
sine kinase activity [6,7]. Activation of the receptor by the ligand 
leads to an autophosphorylation of the tyrosine residues in the in-
tracellular portion. This, in turn, leads to a sequential activation of 
molecules that mediate the transduction of a signal downstream 
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towards the nucleus and activate gene transcription and conse-
quently, oncogenesis. Three major pathways are involved in the 
HER-1 signal transduction: (1) The mitogen-activated protein 
kinase (MAPK) which is strongly connected with the transduction 
of proliferation signals, (2) The phosphatidylinositol –3-OH kinase 
(PI3K/Akt) which is a major antiapoptotic pathway and (3) The 
signal transducer and activator of transcription (STAT) - mediated 
pathways (Fig. 1). These multi-complex signal cascades involve the 
interaction or dimerization with other erbB-receptor types, the in-
teractions with signals from heterologous pathways such as stress 
inducers, hormones and lymphokines, and the complex activation 
and inhibition of all intermediate molecules. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. (1). The major signaling pathway following EGFR activation.  

Ligand binding to EGFR (1) leads to autophosphorylation in the intracellu-

lar portion (2). Three pathways are subsequently involved: the MAP kinase 

pathway (3), the PI3K/Akt pathway (4) and the STAT mediated pathway 

(5). The transduction of the signals to the nucleus leads in upregulation of 

genes that are involved in oncogenesis (6). 
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 It is suggested that there is both an overexpression and an ab-
normal activation of EGFR in many solid tumours, which enhance 
their growth and survival, leading to a poorer outcome [8,9]. Over-
expression of EGFR has been observed in 43-83% of NSCLC 
[10,11]. The lack of a gold standard method in detecting EGFR 
expression can explain the variety of levels reported [12]. Most of 
the available data are based on immunohistochemistry (IHC) in 
which direct evaluation of the target can be achieved on resected 
surgical specimens. In addition, EGFR promotes invasiveness 
through activation or downregulation of matrix metalloproteinases 
(MMPs) and interacts with the integrin pathway, which is crucial 
for the tumour to invade local tissues [13,14]. On the other hand, 
HER-2/neu has a modest expression in NSCLC with expression 
levels in squamous cell histology of less than 5% [15].  

Anti-EGFR Monoclonal Antibodies 

 Monoclonal antibodies directed against the extracellular portion 
of EGFR, block ligand binding and inhibit the activation of the 
EGFR pathway [16]. Cetuximab (IMC-C225, ERBITUX

®
, Merck 

KGaA, Darmstadt, Germany) is a monoclonal chimeric human-
mouse IgG1 monoclonal antibody that has a higher binding affinity 
to HER-1 than other ligands (EGF, TGF-a). Cetuximab competes 
with ligands for receptor binding causing internalization of the re-
ceptor and promoting inhibition of angiogenesis and enhancement 
of apoptosis [17]. An interesting antitumour activity was suggested 
when this antibody was studied in preclinical models causing EGFR 
antagonism and tumour regression [18]. Synergistic tumour growth 
inhibition was also demonstrated when cetuximab was combined 
with chemotherapy and radiotherapy in preclinical models [19,20].  

 Two phase I pharmacokinetic studies in patients with solid 
tumours supported a weekly regimen between 250 and 400 mg/m

2 

[21,22]. Most of the patients developed grade 1 or 2 skin rash. In 
another multicentre phase I trial in patients with EGFR-expressing 
tumours, cetuximab was examined with or without cisplatin [23]. 
There was no pharmacokinetic alteration of cetuximab from cis-
platin and only one of the 52 patients developed antibodies to 
cetuximab. Grade 3 toxicities of the above combination were dysp-
nea, diarrhea, epiglottitis, and anaphylaxis. In a phase I/II study, 
cetuximab was administered with paclitaxel and carboplatin in 31 
untreated patients with stage IV NSCLC [24]. The most common 
toxicity observed was rash in 84% of the patients (grade 3 in 13%). 
Objective response (OR) was seen in 8 patients (26%), median time 
to progression was 5 months, median overall survival was 11 
months and the first- and second- year survival rates were 40% and 
16%, respectively. 

 In another phase I/IIa study, cetuximab was combined with 
carboplatin and gemcitabine in 35 chemotherapy-naïve patients 
with stage IV NSCLC [25]. The major toxicities related to cetuxi-
mab were mild to moderate, presenting either as an acne-like rash 
(88.6%), skin disorders, dry skin, asthenia, mucositis, fever, chills, 
or nausea and vomiting. Partial responses (PRs) were observed in 
28.6% of the patients. In addition, 60% of the patients had stable 
disease (SD). The median time to progression was 165 days and the 
median overall survival was 310 days. 

 A randomized phase II trial studied the combination of cisplatin 
and vinorelbine with and without cetuximab in the first-line setting 
of patients with advanced NSCLC [26]. Forty-three patients were 
randomized in each arm and 90% of the patients had EGFR-
expressing tumours. There was a higher incidence of acneiform 
rash, diarrhea, asthenia, leukopenia, thrombocytopenia, and infec-
tion in the cetuximab arm. The response rate (RR) and median sur-
vival time were 31.7% versus 20% and 8.3 months versus 7.0 
months in favour of cetuximab, with no statistical significance re-
ported. Patients younger than 60 with normal lactate dehydrogenase 
(LDH) level and adenocarcinoma histology had a better benefit 
from the addition of cetuximab to cisplatin/vinorelbine.  

 The combination of cetuximab with docetaxel in EGFR-
positive patients with recurrent NSCLC was examined in another 
phase II study [27]. The most common grade 3 toxicities were rash, 
infection, and fatigue. The RR was 28% and in one patient, a com-
plete response (CR) was achieved. Nearly 66% of the patients had 
SD with this combination regimen.  

 Finally, in another single-arm phase II trial, cetuximab was 
examined in 66 patients with relapsed NSCLC who had failed at 
least 1 regimen [28]. The RR was 3.3% and 28% had SD. The me-
dian survival was 8.1 months and median time to progression was 
2.3 months. Cetuximab was well tolerated with rash being the most 
common adverse effect reported (77%, 6.1% with grade 3). The 
cetuximab-related acneiform rash, which is the commonest adverse 
effect observed so far, possibly predicts response and prolonged 
survival [29]. The dosing regimen of cetuximab in clinical studies is 
a loading dose of 400 mg/m  followed by a maintenance dose of 
250 mg/m /weekly. The role of cetuximab combination with radio-
therapy for local disease control is being studied in the RTOG 
phase II trial 0324. 

 Panitumumab (ABX-EGF, Abgenix and Immunex, Philadel-
phia, USA) is a fully humanized IgG2 monoclonal antibody, which 
has a higher affinity for EGFR than cetuximab [30]. Activity of 
panitumumab, in combination with cytotoxic agents or as a single 
agent, has been documented for a wide range of human cancer cell 
lines in vivo and in vitro [31]. Its action in xenograft tumour models 
is quite promising but without any effect on EGFR-negative tu-
mours [32]. In a phase I study, ABX-EGF was well tolerated and its 
biologic activity, evidenced by a dose dependent acneiform reversi-
ble rash, was observed at a dose level of 1.0 mg/kg [33]. The most 
common adverse effect, which occurred in another phase I trial, 
also involved skin toxicity [34]. Among the 43 patients of this 
study, 2 PRs and one minor response (MR) were demonstrated. 
From the 4 patients who experienced SD, 2 had NSCLC.  

 The combination of ABX-EGF with paclitaxel and carboplatin 
in 19 EGFR-overexpressing patients with advanced NSCLC is cur-
rently under study in a phase II trial and until now, 1 CR and 4 PRs 
have been observed [35]. Skin rash was the most common toxicity 
reported, which did not appear to be dose-related. There was no 
pharmacokinetic interaction between chemotherapy and this novel 
agent. 

EGFR oral Tyrosine Kinase Inhibitors (EGFR-TKIs) 

 Two agents are mainly available for clinical trials in this class 
of tyrosine kinase inhibitors (TKIs), gefitinib (ZD1839, Iressa

TM
, 

AstraZeneka, London, UK) and erlotinib (OSI-774, Tarceva
TM

, 
Roche, Basil, Switzerland). Both agents belong to the quinazola-
mine class and inhibit the EGFR by directly blocking the phos-
phorylation of the intracellular receptor tyrosine kinase, preventing 
its activity and subsequently, decreasing cellular proliferation, in-
creasing apoptosis and inhibiting angiogenesis. After failure of 
chemotherapy, gefitinib and erlotinib are able to induce responses 
in approximately 10% of Caucasian patients and 25-30% of Japa-
nese patients (gefitinib only) with NSCLC tumours [36].  

Gefitinib 

 When gefitinib was studied in a wide range of human tumour 
xenografts, an antitumour activity was postulated [37]. In phase I 
trials, gefitinib was well-tolerated achieving objective antitumour 
responses when used as a single agent in refractory NSCLC patients 
[38-40]. An acneiform skin rash, diarrhea, asthenia, nausea and 
vomiting were the most common toxicities. Dose limiting toxicities 
(DLTs) including reversible rash and diarrhea occurred at daily 
doses of 700 to 800 mg. In one of these trials, 10% of the 100 
NSCLC patients achieved PRs and 13% had disease stabilization 
[39]. Antitumour activity was reported in all dose levels, without a 
clear dose-response relationship, and 28% of the patients remained 
on gefitinib for at least 3 months and 20% for at least 6 months.  
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 The role of gefitinib, as a monotherapy, in preventing brain 
metastasis was also investigated and showed promising anticancer 
activity [41]. These encouraging results led to phase II trials in 
patients with advanced disease who exhibited progression with 
standard platinum chemotherapy. In the IDEAL1 and IDEAL2 
trials, two dosages (250mg and 500mg daily) of gefitinib were ad-
ministered. Response rates were 18,4% and 11,8% in the low dose 
group respectively, with an overall symptomatic improvement in 
approximately 40% of the patients [42,43]. Side effects were mild 
and included rash, pruritus, and diarrhea which were more com-
monly seen in the higher dose group. Given the similar response 
rates of the two dose level groups, the recommended dosage for 
gefitinib was established at 250 mg/daily.  

 Based on the results of phase II trials, two phase III clinical 
trials (INTACT1 and INTACT2) were launched to study the com-
bination of gefitinib with chemotherapy. In the INTACT 1 study, 
1,093 chemotherapy-naïve patients with advanced NSCLC were 
randomized to receive gefitinib in combination with cisplatin and 
gemcitabine, or cisplatin/gemcitabine with placebo

 
[44]. All pa-

tients received up to 6 cycles of chemotherapy with either 250mg 
gefitinib, 500mg gefitinib, or a placebo. No significant toxicity was 
reported. Median survival times were identical between the two 
gefitinib groups (9.9 and 9.9 months) and even slightly better in the 
placebo group (10.9 months). Median times to progression were 
also insignificantly different (5.8 months for the 250mg/d dosing, 
5.5 for the 500 mg/d dosing, and 6.0 months for the placebo). Re-
sponse rates varied slightly at 50.3%, 49.7%, and 44.8%, respec-
tively. 

 In the INTACT 2 study, 1,037 patients with advanced NSCLC 
were randomized to receive paclitaxel and carboplatin plus either 
gefitinib 250 mg/d, or gefitinib 500 mg/d, or a placebo [45]. Again, 
there was also no difference in overall survival (median 9.8, 8.7, 
and 9.9 months, respectively). In gefitinib patients, dose-related 
diarrhea and skin toxicity were observed. A trend towards improved 
survival in patients with adenocarcinoma histology was also dem-
onstrated. Gefitinib was better tolerated in both trials at a dose 
regimen of 250 mg/d with fewer dose reductions and treatment 
interruptions. 

 The possible role of gefitinib as a second- or third-line treat-
ment for patients with advanced NSCLC who were refractory or 
intolerant to their latest chemotherapy regimen was examined in a 
phase III clinical trial (ISEL trial) [46]. In this study, 1692 patients 
were randomized to receive either gefitinib (n=1129) or a placebo 
(n=563). After a median follow-up of 7 months, the investigators 
reported no difference in overall survival (5.6 months for gefitinib 
and 5.1 months for placebo). Longer survival on the gefitinib arm 
was observed in patients with Asian ethnicity (n=342, hazard ratio 
[HR]=0.66, p=0.01) or who were nonsmokers (n=375, HR=0.67, 
p=0.01).  

 The use of gefitinib as a maintenance therapy after systemic 
therapy has been completed in the phase III trial SWOG (South-
West Oncology Group) 0023 [47]. This study involved patients 
with stage IIIA/B NSCLC who were randomized to receive either 
gefitinib or placebo after completing the SWOG 9504 phase II 
study [48]. In the SWOG 9504 regimen, patients received cisplatin 
plus etoposide with concurrent thoracic radiation therapy followed 
by docetaxel in stage IIIB patients. The study was designed to dem-
onstrate a 33% increase in median survival time in the gefitinib 
group over the estimated 21-month survival of the control group. 
SWOG 0023 was closed early, after the results of the ISEL trial, 
with 575 patients of the planned 840 who registered. An interim 
analysis of 263 patients suggested that gefitinib maintenance could 
not have possibly improved survival (p=0.0015) even if this trial 
was completed to accrual. Grade 3 or 4 pneumonitis was more 
common during docetaxel treatment (8% of the patients) as well as 
in the gefitinib arm (3% of the patients compared with 0% in the 
placebo arm).  

 A randomized trial of gefitinib versus observation only in sur-
gically resected patients stage I-III is now ongoing by the NCI-
Canada (National Cancer Institute) joined by EORTC and North 
American cooperative groups. A potential role of TKIs as radiation 
sensitizers in treating stage III NSCLC is under study. 

Erlotinib 

 Erlotinib showed in vivo and in vitro activity when tested in 
preclinical trials in several human cancer cell lines, including 
NSCLC [49,50]. In two phase I trials, an interesting antitumour 
activity was demonstrated and erlotinib was evaluated using differ-
ent doses and schedules [51,52]. The regimen that was selected for 
further evaluation was daily administration of 150mg. Higher doses 
resulted in a dose-limiting acneiform rash and diarrhea [52]. Other 
adverse effects reported were mild to moderate nausea and vomit-
ing, headaches, mucositis, and elevation in bilirubin.  

 At the same time, encouraging results were observed in an er-
lotinib phase II trial [53]. The overall response rate was 12.54% 
(26.3% had an additional SD), the median survival was 9 months 
and the one-year survival rate was 40%, with EGFR expression 
being a requirement for entry into the study, unlike the gefitinib 
studies. Response to erlotinib was not associated with EGFR ex-
pression level. Erlotinib was generally well tolerated and the most 
common toxicity was an acneiform rash (78% of the patients). In 
another phase II trial of erlotinib in patients with bronchoalveolar 
carcinoma (BAC), 26% of the patients experienced an objective 
response [54]. The presence of rash in erlotinib patients may indi-
cate response and improved survival, like cetuximab patients 
[55,56]. 

 Based on the results of the above studies, two phase III clinical 
trials (TALENT and TRIBUTE) studied the possible role of er-
lotinib in combination with chemotherapy. In the TALENT study, 
1172 previously untreated patients with advanced NSCLC patients 
were treated with six cycles of cisplatin/gemcitabine and either 
erlotinib or placebo [57]. Erlotinib was continued until disease pro-
gression. Unfortunately, the combination of erlotinib with platinum-
based chemotherapy did not significantly prolong overall survival. 
In the parallel study, TRIBUTE, 1059 patients were randomized to 
receive either erlotinib or placebo combined with carboplatin and 
paclitaxel followed by maintenance monotherapy with erlotinib 
[58]. Median survival was 10.6 versus 10.5 months for the erlotinib 
and placebo group, respectively (p=0.95). There was also no differ-
ence in OR and median time to progression. Skin toxicity and diar-
rhea were the main toxicities in the erlotinib group.  

 An interesting observation from the TRIBUTE study was that 
never smokers in the erlotinib group had a median survival twice as 
long as those on chemotherapy alone [59]. Several possible expla-
nations have been postulated so as to interpret these negative results 
of the concurrent combination of both TKIs with conventional 
chemotherapy: (a) The concurrent use of TKIs with chemotherapy 
may result in an antagonistic effect, (b) TKIs and chemotherapy 
may be targeting the same cell population, (c) Neoplastic cells may 
use alternative pathways as escape mechanisms, or (d) Clinical 
trials are made in an unselected population [60-62]. 

 Of vital importance is the result of a phase III randomized pla-
cebo-control trial (BR.21 study) in which erlotinib was adminis-
tered to patients with advanced NSCLC (stage III/B and IV) after 
failing one or two lines of chemotherapy [63]. In this study, 731 
patients were randomly assigned in a 2:1 ratio for erlotinib, to re-
ceive either oral erlotinib or placebo. The overall response rate to 
erlotinib was 8.9% and less than 1% in the placebo group (p<0.001) 
with a median duration of response 7.9 months and 3.7 months, 
respectively. Overall survival was 6.7 months for the erlotinib 
group versus 4.7 months in the placebo group (p<0.001). The most 
common adverse effects in the erlotinib group were skin toxicity, 
diarrhea, and infections. Twenty-six patients (5%) discontinued 
erlotinib due to drug-related toxic effects compared to 4 patients 
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(2%) who received placebo. In a multivariate analysis, objective 
response was significantly associated with never smoking status, 
adenocarcinoma histology and expression of EGFR by IHC. This is 
the first study demonstrating that EGFR-TKIs may prolong survival 
after chemotherapy in NSCLC.  

Other EGFR-TKIs 

 CI-1033 (Pfizer Global Research and Development, Ann Arbor, 
MI) is an irreversible pan-EGFR inhibitor having synergistic action 
with both chemotherapy and radiotherapy in phase I trials [64,65]. 
A phase II randomized trial comparing different schedules and 
doses of CI-1033 in NSCLC patients entering the second-line is 
ongoing with one-year survival as the primary efficacy parameter.  

 PKI 166 (Novartis Pharma, Basel, Switzerland) is a selective 
inhibitor of the tyrosine kinase activities of the EGFR and HER-
2/neu which has been recently, evaluated in phase I trials [66,67].  

 GW 572016 (GlaxoSmitheKline, London, UK) is also a TKI 
with molecular action on HER-1 and HER-2 having an acceptable 
toxicity profile as described in phase I trials [68,69]. 

 An essential breakthrough in the field of EGFR-targeted ther-
apy is the identification of somatic mutations of the EGFR gene, 
which are associated with clinical response to gefitinib and erlotinib 
in patients with NSCLC [70-72]. These genetic alterations are 
mainly frame deletions or point mutations in exons 18-24 which 
encode the kinase domain of the protein. The most common altera-
tions reported are point mutations in the exon 21 and small dele-
tions in the exon 19 that eliminate amino acids 747-750 (Leu-Arg-
Glu-Ala). These mutations are most frequently detected in a sub-
population of patients with NSCLC with characteristics associated 
with an improved outcome: female sex, never smokers, East Asian 
ethnicity and adenocarcinoma histology and in particular, BAC 
histology [73-75]. In a recent analysis from IDEAL 1, IDEAL 2, 
and INTACT studies, a RR was seen in 46% of patients with an 
EGFR mutation versus 10% of those with wild-type EGFR, and in 
29% having a high copy number versus 15% with a low copy num-
ber [76]. Recent analysis from BR.21 study has suggested that there 
was an unusually high EGFR mutation rate (23% of the 177 pa-
tients for whom tumour tissue was adequate for the study), with a 
low positive predictive value (16%) and a higher response rate 
(20% versus 2.4%) in patients with a high versus a low EGFR copy 
number, respectively [77]. Dr. Paul Gumerlock has also reported a 
response rate in 23% of patients with an EGFR mutation versus 
13% of those with wild-type EGFR, and in 26% of those with a 
high copy number versus 11% of those with a low one, with k-ras 
mutations being a possible resistance marker for response [78]. At 
the same time, higher results (53% to 100%) were reported by other 
groups regarding the positive predictive role of an EGFR mutation 
[79-81]. K-ras gene mutations, which are detected in 30% of 
NSCLC patients, lead to a resistant form of cancer cells to TKIs and 
are associated with a lack of response [73,82]. In the TRIBUTE 
study, k-ras mutations detected in 21% of the tumours, were associ-
ated with decreased time to progression and overall survival in 
patients treated with erlotinib combined with chemotherapy [83]. 
An acquired resistance to EGFR-TKIs has been suggested to be 
associated with the prevalence of an additional EGFR mutation 
[84]. Members of the erbB family of receptors, such as HER-2, 
have been studied as possible predictive markers of EGFR-TKI 
therapy. The presence of mutations in the HER-2 kinase domain has 
been reported in NSCLC patients, although the response to gefitinib 
seems to be independent of HER-2 levels [85,86]. These mutations 
are more frequent in patients with clinical characteristics similar to 
the group of patients bearing EGFR mutations.  

ErbB2-(HER) Inhibitors 

 Trastuzumab (Herceptin
TM

 Roche, Bazel, Switzerland) is a 
chimeric monoclonal antibody that targets HER-2 receptor with 
activity in metastatic breast cancer. In lung cancer cell lines, anti-

tumour activity was demonstrated in HER-2/neu positive cells with 
a synergistic activity when combined with cytotoxic agents [87,88]. 
Unfortunately, all phase II trials of trastuzumab when combined 
with chemotherapy failed to demonstrate any additional therapeutic 
benefit [89-92]. In the largest trial performed to date, 619 patients 
screened to select 103 eligible patients with HER-2 positive 
NSCLC who were randomized to receive gemcitabine and cisplatin 
with or without trastuzumab [92]. No differences were reported in 
the RR (36% in the antibody arm and 41% in the control arm), me-
dian time to progression, and progression-free survival.  

ANGIOGENESIS INHIBITORS 

 Angiogenesis is unquestionably an essential component in the 
ability of tumours to grow, invade locally, and metastasize from the 
primary tumour site [93,94]. An avascular tumour has a modest 
growth of 2-3 mm and only when it becomes vascularized, it has a 
rapid expansion [95]. Pro-angiogenic stimuli may be released not 
only from tumours but also from stromal and inflammatory cells 
and may trigger the angiogenic switch enhancing the formation of 
microvessels from the surrounding host vasculature [96]. Once 
tumours switch to the angiogenic phenotype, they recruit their own 
blood supply. The neoplastic capillaries often have irregular mem-
branes giving the opportunity for cancer cells to leak into the circu-
lation and increase the metastatic potential [97,98]. The intratumu-
ral microvessel density (IMD) has been associated with a poorer 
prognosis and an increased risk of relapse in patients with operable 
NSCLC [99,100]. In order to stop this important mechanism of 
tumourigenesis, several biological agents were studied in clinical 
trials, mainly vascular endothelial growth factor (VEGF) targeted 
agents, matrix metalloproteinase inhibitors (MMPIs), endogenous 
inhibitors of angiogenesis, thalidomide, squalamine and a novel 
agent ZD 6126 (AstraZeneca, London, UK). 

VEGF-Targeted Agents 

 VEGF was originally discovered in the 1980s and is the major 
and most potent regulator of the neovascularization process promot-
ing angiogenesis in response to hypoxia [101,102]. This heparin-
binding glycoprotein exists in several isoforms and functions as an 
endothelial-specific cell mitogen [103]. High levels of VEGF have 
been reported in patients with NSCLC and they may be connected 
with tumour stage progression [104,105]. Except for the promotion 
of vascularization and growth of the primary tumour, VEGF may 
have an essential role in the early stages of establishing new metas-
tatic foci [106]. VEGF may increase vascular permeability and 
enhance the metastatic tumour potential [107]. By inducing the 
expression of the survival gene bcl-2, it can also inhibit the endo-
thelial cell apoptosis [108]. VEGF also has a critical role in deter-
mining tumour radiation response [109]. In a study examining the 
importance of VEGF isoforms in NSCLC, it was suggested that 
VEGF-189 was connected with high IMD, short survival, and early 
postoperative relapse, whereas VEGF-121 was associated with 
short survival and relapse [110]. The overexpression of this glyco-
protein is associated with poor prognosis in patients with NSCLC 
[111-113]. VEGF binds to its receptors (VEGFRs), mostly 
VEGFR-1 and VEGFR-2, causing receptor dimerization and subse-
quent activation of the TK domains promoting the angiogenesis 
signaling pathway. VEGF antibodies and VEGFR-TKIs are mostly 
used in order to stop this important mechanism of tumourigenesis 
(Fig. 2).  

Monoclonal Antibodies Against VEGF 

 Bevacizumab (Avastin
TM

, Roche, Basel, Switzerland) is a re-
combinant humanized monoclonal antibody against all VEGF iso-
forms [114]. VEGF production appears to be involved with mediat-
ing tumour resistance to chemotherapy and radiotherapy. Bevaci-
zumab enhances the antitumour activity of both therapeutic modali-
ties [115]. When bevacizumab was examined in murine xenograft 
models, an interesting antitumour activity was observed [115,116]. 
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Administration of bevacizumab reversed the protective effect of 
VEGF against the antiangiogenic effects of docetaxel in endothelial 
cells in vitro and in vivo [117]. In a number of phase I studies, 
bevacizumab produced a significant reduction in VEGF concentra-
tion in patients’ serum, without causing any pharmacological inter-
actions when combined with a variety of chemotherapeutic agents 
[118,119]. The most common adverse effects observed included 
hypertension, epistaxis, thrombosis, and proteinuria.  

 The above data led to a phase II randomized trial of 99 patients 
with NSCLC stage IIIB with pleural effusion and stage IV [120]. A 
combination of carboplatin and paclitaxel (control arm) were com-
pared to carboplatin and paclitaxel alone with either a low dose of 
bevacizumab (7.5 mg/kg/ every 3 weeks) or a high dose (15mg/kg/ 
every 3 weeks). Patients in all three arms received an average of 6 
cycles of carboplatin plus paclitaxel. When the control group was 
compared to patients on the higher dose of bevacizumab, there was 
a higher response rate (31.5% versus 18.8%), a significantly ex-
tended time to progression (7.4 months versus 4.2 months) and a 
longer median survival time (17.7 months versus 14.9 months) in 
favour of the antibody group. On disease progression, 19 controlled 
patients received a single agent of bevacizumab and 5 experienced 
disease stabilization. The addition of bevacizumab to chemotherapy 
resulted in modest changes to the expected toxicity profile of che-
motherapy alone with a slightly greater incidence of diarrhea and 
leukopenia. Grade 3 hypertension was observed in 2 patients in the 
high-dose arm. However, no patient discontinued bevacizumab 
because of hypertension. The most important toxicity was an in-
creased risk of bleeding seen as mucocutaneous or as a major he-
moptysis. The most common mucocutaneous bleeding was grade 1 
or 2 epistaxis, which was observed in 31% of the low-dose bevaci-
zumab patients and 44% of the high-dose patients compared to 6% 
of control patients. Life threatening hemoptysis was demonstrated 
in 6 patients and resulted in 4 deaths. All 6 patients had centrally-
located tumours close to major blood vessels, 4 of the severe hem-
orrhages were observed in patients with squamous histology and 5 
occurred in the low-dose bevacizumab arm. In 5 of the 6 cases, 
patients had at the start of the therapy with bevacizumab, cavitation 
or necrosis of the tumours or had developed them along the way. 

 Based on the results of this phase II trial, where the established 
dose of 15mg/kg for bevacizumab was decided for the treatment of 
NSCLC stage IIIB and stage IV, a phase III trial (ECOG 4599) 
comparing the same chemotherapeutic combination with or without 
bevacizumab in a dose of 15mg/kg/every 3 weeks was organized in 
878 chemonaïve patients with advanced NSCLC [121]. Interim 
analyses of this study showed an improvement in response (10% 
versus 27%), progression-free survival (4.5 versus 6.5 months) and 
median survival time (10.2 versus 12.5 months) with the bevacizu-
mab group. Given the information from the phase II trial, patients 
with squamous cell disease, central nervous system metastases and 
a history of hemoptysis, coagulopathy, or thrombosis were ex-
cluded. Unfortunately, the bevacizumab arm was correlated with 
higher rates of toxicity, including a larger number of treatment-
related deaths (9 versus 2). Although fatal hemoptysis was seen in 
the bevacizumab arm (5 of the 9 deaths), the difference was not 
statistically significant between the two arms. In addition, even 
though an observation of prolonged response rate and time to pro-
gression was seen with the women in the bevacizumab arm, an 
increase in overall survival was not achieved.  

 These results are quite promising for the role of bevacizumab in 
addition to the conventional double chemotherapy in patients with 
advanced NSCLC. Furthermore, the possible initiation of radiation 
therapy before or concurrent with bevacizumab therapy may have a 
role in reducing bleeding events. An ongoing European trial of 
gemcitabine-cisplatin with and without bevacizumab will further 
confirm the possible beneficial role this agent may play in inhibit-
ing angiogenesis in NSCLC.  

 The bevacizumab and chemotherapy for operable NSCLC 
(BEACON) trial involves stage IB-IIIA patients with resectable 
NSCLC. Patients with nonsquamous peripheral tumours receive 
two cycles of docetaxel (75 mg/m

2
) plus cisplatin (75mg/m

2
) plus 

the addition of bevacizumab (15 mg/kg) every 3 weeks, and pa-
tients with squamous or central tumours receive the same che-
motherapeutic combination without bevacizumab. Patients who 
exhibit a 10% or greater reduction in tumor size will receive a fur-
ther two cycles and the remainder will be removed from the study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Various strategies to inhibit VEGF signalling. 

Inhibition of VEGF signaling includes monoclonal antibodies targeting VEGF and a variety of small-molecule VEGFR TK inhibitors that inhibit ligand-

dependent receptor autophosphorylation of VEGFR-1 and VEGFR-2. 
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Patients who continue in the trial undergo surgical resection 4 
weeks after the last cycle of chemotherapy. Postoperatively, all 
patients receive a maintenance therapy of bevacizumab (15/mg/kg 
every 3 weeks) for 1 year. After surgical removal of the primary 
lesion, patients with squamous cell histology may benefit from the 
use of this monoclonal antibody to destroy microscopic residual 
disease after induction chemotherapy and surgery have been per-
formed. 

VEGFR-Tyrosine Kinase Inhibitors (TKIs) 

 There are three isoforms of VEGFR: 1) VEGFR-1 which has a 
modest TK activity despite its high affinity with VEGF, 2) VEGFR-
2 which is mostly connected with cell growth and chemotaxis, and 
3) VEGFR-3 which is associated with lymphangiogenesis [93,122]. 
VEGFR-1 and VEGFR-2 are the two high affinity receptors for 
VEGF and are exclusively expressed and function on endothelial 
cells with their expression temporarily regulated in times of angio-
genesis and upregulated in response to hypoxia and hypoglycemia 
[123,124]. Preclinical data suggest an important role for VEGFR in 
angiogenesis and their inhibitors show a promising new class of 
antiangiogenic agents [125]. However, SU5416 (Sugen, Inc., South 
San Francisco, CA) and SU6668 (Sugen, Inc., South San Francisco, 
CA), which are VEGFR TKIs, will not be developed further be-
cause of their unacceptable toxicity profile. 

 ZD 6474 (Astra Zeneca, Macclesfield, UK) is a novel TKI of 
VEGFR-2 with activity against EGFR, VEGFR-3 and RET kinases 
[126,127]. An interesting antitumour activity of this agent was 
demonstrated both in vivo and in vitro preclinical models [126,128]. 
A possible role of ZD 6474 as an adjuvant to radiotherapy was 
suggested when this agent was studied in combination with and 
without radiotherapy in a NSCLC tumour model [129]. In a phase I 
dose escalation study, the most important toxicities observed were 
grade 3 thrombocytopenia, diarrhea, and rash. Asymptomatic pro-
longation of QT interval was also demonstrated in 7 of the 49 pa-
tients at various dosages [130]. A phase I study in 18 Japanese pa-
tients with refractory solid tumours (9 with NSCLC), ZD 6474 was 
administered in a dose regimen of 100-400 mg daily [131]. ZD 
6474 was well tolerated at doses of 300 mg/daily and the most 
common adverse effects in all of these groups were rash (probably 
due to its anti-EGFR activity), diarrhea, hypertension, proteinuria 
and asymptomatic QTc prolongation. DLTs (dose limiting tox-
icities) were observed in two of the three patients receiving 400 
mg/d which was observed as grade 3 hypertension and grade 3 
alanine aminotransferase elevations. This dosage is considered to 
exceed the maximum tolerated dose (MTD). Tumour regression 
was observed in 4 patients with NSCLC at 200 and 300 mg/d and 
this effect was maintained despite dose modification in two of these 
patients. 

 In a phase II study, ZD6474 was studied in combination with 
and without docetaxel in 127 previously treated patients with 
NSCLC [132]. Forty-two of these patients allocated to docetaxel 
alone, 41 to ZD6474 alone and 44 received docetaxel plus ZD6474. 
A 57% increase in the time to progression with docetaxel/ZD6474 
versus docetaxel alone (18.7 weeks versus 12 weeks) was demon-
strated. Currently, NCI-Canada is conducting a trial of adjuvant 
ZD6474 versus placebo in patients with small cell lung cancer 
(SCLC). 

 CP-547,632 is an ATP-competitive kinase inhibitor which 
blocks VEGFR-2 kinase autophosphorylation and VEGF-induced 
VEGFR-2 phosphorylation in VEGFR-2 transfected endothelial 
cells. It also targets EGFR, platelet-derived growth factor (PDGF) 
and other tyrosine kinases. Phase I trials suggest modest toxicity 
and interesting pharmacokinetic parameters [133,134]. In a phase 
I/II trial, CP-547,632 when combined with carboplatin and pacli-
taxel as a first-line therapy for patients with advanced NSCLC 
(stage IIIB and IV), objective response was seen in 20% of the pa-

tients. Doses of CP-547,632 ranged from 100-200 mg/daily and the 
most common adverse effects were diarrhea and rash. 

 ZD 2171 is also a novel inhibitor of VEGFR VEGFR-1, 
VEGFR-2 and VEGFR-3 without any interactions with EGFR-TK 
which is under study. 

Matrix Metalloproteinase Inhibitors (MMPIs) 

 Matrix metalloproteinases (MMPs) belong to a family of en-
dopeptidases and it is suggested that their activity favors tumour 
growth, invasion and metastasis [135]. It is well known that the 
extracellular matrix plays an important role in maintaining tissue 
compartments and is a great obstacle for tumour cells to face to 
invade locally and to achieve metastasis. These zinc-depended pro-
teases degrade the extracellular matrix, which comprises collagens, 
laminins, fibronectins, elastins and the protein core of proteogly-
cans, and in turn, enhance the invasive behaviour of malignant tu-
mours [136]. About 30 MMPs have been identified and are classi-
fied in 4 major classes: gelatinases, collagenases, stromelysines and 
membrane-type MMPs [137]. The majority of MMPs is secreted in 
a latent form and only a few of these MMPs have a transmembrane 
domain and are attached to the cell membrane. It is also suggested 
that MMPs stimulate the release and activation of VEGF, insulin-
like growth factor (IL-GF) and basic fibroblast growth factor 
(bFGF) affecting tumour growth and metastasis [138]. MMP-2 
levels have been associated with an increased frequency of local 
and distant metastases whereas MMP-9 overexpression has been 
associated with a poor outcome in patients with NSCLC [139]. 

 Marimastat (British Biotech Inc, Oxford, UK) is a broad spec-
trum MMPI with inhibitory activity against MMPs 1, 2, 3, 7 and 9 
[140]. In preclinical models, marimastat demonstrated antitumour 
activity and was not cytotoxic [141,142]. When marimastat was 
studied in a randomized double-blind phase III trial in SCLC pa-
tients, who had responded to first-line therapy, there was no sur-
vival benefit but an important musculoskeletal toxicity was reported 
which caused a discontinuation of the therapy in 20% of the pa-
tients [143]. Phase III trials of marimastat were halted due to a lack 
of any obvious efficacy [144].  

 BAY 12-9566 (Bayer Corp, West Haven, CT) is an inhibitor of 
MMP-2, MMP-3 and MMP-9. When this novel agent was tested in 
patients with SCLC, who achieved complete or near-complete re-
mission after chemotherapy and radiotherapy, there was also no 
evident survival benefit [145]. Phase III trials were also halted, as 
with marimastat, because of the lack of any effective therapeutic 
evidence [146]. 

 Neovastat (Les Larotatories AEterna, Quebec, Canada) is an 
MMPI with an additional activity towards VEGF and endothelial 
cell apoptosis pathways [147]. In a phase I/II trial of neovastat 
monotherapy in patients with advanced NSCLC, no tumour re-
sponses were observed. However, 26% of the patients had SD in the 
high-dose group compared with 14% in the low one [148]. A phase 
III trial of this agent combined with conventional chemotherapy and 
radiation therapy in patients with stage III NSCLC who are not 
amenable to surgery is ongoing.  

 Prinomastat (Agouron Pharmaceuticals, Inc, a Phizer Company, 
La Jolla, CA) is another MMPI with activity specifically directed 
against MMP-2 and MMP-9. Prinomastat was studied in an ortho-
topic lung cancer model with and without carboplatin [149]. When 
both of these agents were administered separately, neither drug 
increased survival over compared with control animals. The combi-
nation of the lower dose of carboplatin and prinomastat signifi-
cantly enhanced survival in comparison to the control animals as 
well as the animals treated with carboplatin alone. Two randomized 
phase III clinical trials of prinomastat in combination with a two-
drug conventional chemotherapy regimen for patients with ad-
vanced NSCLC did not show any benefit in overall survival, having 
a toxicity profile not acceptable for chronic use [150,151]. In one of 
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these trials, 362 chemotherapy-naive patients with advanced 
NSCLC were randomized to receive either prinomastat or placebo 
twice daily orally in combination with cisplatin and gemcitabine 
[151]. There were similar overall response rates for the two treat-
ment arms (27% for prinomastat and 26% for placebo, p=0.81). The 
median overall survival times were 11.5 months and 10.8 months 
(p=0.82) and the one-year survival rates were 43% and 38% 
(p=0.45) for prinomastat and placebo group, respectively. The most 
important toxicities observed in prinomastat arm were stiffness, 
arthralgia, and joint swelling. Treatment interruption was necessary 
in 38% of prinomastat patients and 12% of placebo patients. 

 BMS-275291 (Bristol-Myers Squibb Co., New Brunswick, NJ) 
is broad spectrum MMPI that contains a novel mercaptoacyl zinc-
binding compound. BMS-275291 minimally affects other metallo-
proteases including the sheddases, which may be responsible for the 
polyarthritis seen with marimastat [152]. When BMS-275291 was 
studied in a phase I trial of 44 patients with advanced cancer, 
mostly NSCLC and colorectal cancer, the DLTs were rash, transa-
minitis and shortness of breath and were observed in 2 patients 
[153]. A randomized phase III trial (BR.18 study) examined the 
possible role of this novel agent when combined with paclitaxel and 
carboplatin in 774 chemo-naïve patients with advanced NSCLC 
[154]. An interim safety analysis not only showed no survival bene-
fit but also an increased toxicity in the BMS-275291 arm and study 
treatment was therefore terminated. The most important toxicities 
observed were flu-like symptoms, hypersensitivity reactions, rash, 
and febrile neutropenia.  

Endogenous Inhibitors of Angiogenesis 

 Endostatin and angiostatin are potent inhibitors of angiogenesis. 
It is suggested that they are secreted from primary tumours so as to 
inhibit the growth of their metastatic lesions, creating a great antici-
pation among oncologists [155]. Increased antiangiogenic activity 
has been reported for the combination of angiostatin with endostatin 
[156]. 

 In murine Lewis lung cancer models, when endostatin was ad-
ministered at doses of 20 mg/kg per day, almost complete regres-
sion of the established tumours was demonstrated [157]. Two phase 
I trials using recombinant human endostatin (rHE) in patients with 
advanced solid tumours showed modest tumour responses with 
minimal side effects [158,159]. The combination of endostatin with 
chemotherapeutic agents suggested an enhanced antiangiogenic 
effect [160].  

 Recent studies suggested that application of angiostatin may 
suppress the growth of a variety of mouse tumours [161,162]. 
When angiostatin was examined in 143 primary NSCLC tumours 
with immunohistochemistry, 24% of the cases stained positively 
[163]. Patients with angiostatin positive tumours survived longer 
(146 weeks) than patients with angiostatin negative tumours (77 
weeks). In a phase II study, recombinant human angiostatin (rh 
Angiostatin) was combined with carboplatin and paclitaxel in che-
motherapy-naïve patients with stage IIIB (with pleural infusion) or 
IV NSCLC [164]. Patients without disease progression after com-
pleting at least 4 cycles continued rh angiostatin as a maintenance 
therapy until progression. The most important toxicities observed 
were neutropenia, fatigue, dyspnea, and infection. Overall response 
rate was 39.1%, and 39.1% of the patients had disease stabilization. 
Median time to progression was 144 days and the one-year survival 
was 45.8%. 

Thalidomide 

 Thalidomide (Celgene Corporation, Warren, NJ) has both an 
antiangiogenic and an immunomodulatory action and is believed to 
suppress VEGF, tumour necrosis factor alpha (TNF-a), COX-2, 
interleukin-6, and to modify components of the extracellular matrix 
[165]. In a dose escalation pilot study of thalidomide combined 
with carboplatin/paclitaxel in advanced NSCLC, the average toler-

ated dose of thalidomide was 600 mg/d [166]. The most important 
toxicities were fatigue, nausea, and vomiting. Grade 3 or 4 hemato-
logical toxicity occurred in 5 patients who have been previously 
treated with chemotherapy. The median time to progression was 
118 days. ECOG is currently conducting a phase III trial of stage 
IIIB NSCLC patients implementing chemoradiation with thalido-
mide or a placebo. The primary end point of this study is survival. 

Squalamine 

 Squalamine [Magainin Pharmaceuticals, Inc. (currently Genaeva 
Corporation)] is a natural aminosterol, originally isolated from the 
liver of the dogfish shark, which has been shown to inhibit angio-
genesis through a mechanism, which consists of inhibition of mito-
gen stimulation of endothelial cells through modulation of cellular 
pH [167]. It seems that the greatest effect of this agent is seen on 
newly emerging vessels with no apparent effect on unstimulated 
endothelial cells [168]. Squalamine showed an interesting antitu-
mour activity in xenograft lung models and has also shown to re-
duce lung metastases [169,170]. Three phase I trials have shown 
that squalamine is well tolerated in the treatment of NSCLC [171-
173]. In a phase I/IIA study, 45 chemotherapy-naïve patients with 
advanced NSCLC received squalamine (100-400 mg/m

2
/day) in a 

continuous 5-day (days 1-5) infusion in combination with paclitaxel 
and carboplatin administered on day 1 of every 21 days [174]. Two 
of three patients who received squalamine at 400mg/m

2
/day in 

phase I experienced DLT that included grade 3 or 4 myalgia, ar-
thralgia, and neutropenia. Reduction of the dosage to 300mg/m

2
/ 

day was then used in the phase II portion. PR was observed in 18% 
of the patients and 19% had SD as their best response. The median 
survival was 10 months and the 1-year survival was 40%. 

ZD6126  

 ZD6126 (Astra Zeneca, London, UK) is an agent with a potent 
antiangiogenic activity, which directly causes damage to existing 
cancer cells [175]. This agent binds to the tubulin of the tumour 
cells’ cytoskeleton, causing vessel occlusion and necrosis. When 
ZD6126 was studied in a human NSCLC xenograft model with 
ZD1839 (Astra Zeneca, Macclesfied, United kingdom) (an EGFR-
TKI) and radiation, an enhanced activity was observed [176]. Gefit-
inib has also been shown to enhance its activity in NSCLC 
xenograft models and in colorectal cancer [177]. In a dose escala-
tion study of ZD6126, the main toxicities were anorexia, dyspnea, 
constipation, fatigue, headache, nausea, vomiting, and pain [178]. 

CYCLOOXYGENASE (COX)-2 INHIBITORS 

 It has been postulated that arachidonic acid and its metabolic 
pathways play an essential role in tumour pathogenesis. There are 
mainly three metabolic pathways: the cyclooxygenase (COX) 
pathway, the lipoxygenase (LOX) pathway and the cytochrome p-
450 monooxygenase pathway. In general, the COX pathway has 
been most extensively studied. 

 The COX pathway consists of two COX enzyme isoforms, 
COX-1 and COX-2 [179]. COX-1 is responsible for physiological 
functions, particularly in the gastrointestinal tract [179]. COX-2, 
however, is overexpressed in many solid tumours, including lung, 
colon, and breast. These higher levels of COX-2 result in decreased 
apoptosis, increased angiogenesis, tissue invasion and a worse 
prognosis [180-182]. Increased COX-2 expression has been also 
demonstrated in lung cancer metastatic lymph nodes [183]. It is 
very common in well-differentiated adenocarcinomas and minimal 
in squamous subtype [183,184]. COX-2 dependent expression of 
survinin and the respective COX-2 stabilization in NSCLC, changes 
the balance between the pro- and anti-apoptotic proteins, facilitating 
the prosurvival type leading to increased resistance to apoptosis 
[185,186]. It is also suggested that COX-2 inhibitors may inhibit 
tumour pathogenesis by a COX independent mechanism [187]. The 
most important COX-2 inhibitors studied are celecoxib (Celebrex; 
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Pfizer, New York, NY) and rofecoxib (Vioxx®; Merck & Co., Inc., 
Whitehouse Station, NJ). 

 Celecoxib is the first COX-2 inhibitor approved for the treat-
ment of adult arthritis. It inhibits the growth of colon and breast 
cancer xenograft tumours in nude mice [188,189]. It has also anti-
tumour activity in tumour cells and tissues that lack the COX-2 
enzyme [190]. When this COX-2 inhibitor was investigated in hu-
man NSCLC cell lines, a decreased cell survival, an increased DNA 
fragmentation and activation of caspase cascades were observed 
[191]. In a phase I escalation dose study, celecoxib was adminis-
tered concurrently with radiation therapy in 47 patients with unfa-
vorable performance status, inoperable/unresectable NSCLC [192]. 
The main toxicities were grade 1 and 2 nausea and esophagitis, 
which were independent of the dose of celecoxib or radiotherapy 
schedule. Celecoxib toxicity developed in three patients, an uncon-
trolled hypertension in one patient receiving the maximum dose of 
800 mg/d and two hemorrhagic episodes in patients on 200 mg of 
celecoxib who were on warfarin therapy for another reason. Of the 
37 patients evaluable for tumour response, 14 had CR and 13 had 
PRs. The acturial local progression-free survival was 66% at 1 year 
and 42.2% at 2 years following initiation of radiotherapy.  

 Two phase II trials of the docetaxel and celecoxib combination 
in patients with advanced NSCLC suggested that this COX-2 in-
hibitor may enhance docetaxel activity as monotherapy [193,194]. 
In these two studies, docetaxel 75 mg/m

2
 every 3 weeks was com-

bined with celecoxib 400mg twice daily. In the first trial, 41 pa-
tients with advanced NSCLC who had progressed after one or more 
platinum-based chemotherapy were enrolled. Thirty-nine were 
deemed eligible and received at least one course of docetaxel [193]. 
Grade 3 or 4 neutropenia was reported in 25.6% of the patients 
which included one death due to neutropenic sepsis. Major hepatic 
or renal toxicity was not observed. The RR for all the eligibly 
treated patients was 10.2% and the overall survival was 11.3 
months with a progression-free survival 19.6 weeks. In the second 
study, a total of 56 patients with advanced disease were enrolled 
who had received at least one prior chemotherapy regimen [194]. 
Celecoxib was administered 5-10 days prior to initiating chemo-
therapy and urine PGE-M, the major metabolite of prostaglandin E2, 
was calculated so as to ascertain COX-2 action. The median sur-
vival was 6 months (as with docetaxel alone) with a RR of 11%. An 
interesting observation was that patients with a greatest propor-
tional decline in urinary PGE-M had a longer survival compared to 
those with no change or an increase in PGE-M (14.8 versus 6.3 
versus 5.0 months, respectively). When the above combination was 
studied in the elderly or in patients with a performance scale 2 with 
advanced NSCLC, the treatment was well-tolerated and responses 
were seen in 22% of the patients [195]. COX-2 expression was 
tested in 10 patients and responses were observed in 3 out of the 4 
patients who were COX-2 positive.  

 In an other phase II trial of celecoxib combined with weekly 
paclitaxel in 58 patients with platinum-refractory NSCLC, a 24.1% 
of responses was seen (41.3% had stable disease) [196]. Median 
time to progression was 5 months and median overall survival 11 
months. The one-year survival was 42.5% and the main toxicity 
was neuropathy (4% had grade 3). Preliminary results suggest that 
the clinical response is associated with a decrease in serum VEGF 
levels.  

 A phase II neoadjuvant trial studying the combination of cele-
coxib with carboplatin/paclitaxel was carried out by Altorki et al 
[197]. The results were comparable to the results of the neoadjuvant 
‘BLOT’ study employing carboplatin/paclitaxel alone [198]. In-
creased respectability, as well as slightly higher objective response 
rates were seen in COX-2 treated patients. 

 When rofecoxib was studied in NSCLC xenograft models, an 
inhibition of tumour growth was observed as well as a reduction of 
the recurrence rate after surgical debulking [199]. 

BCL-2 TARGETED AGENTS 

 Bcl-2 is a major antiapoptotic protein and it is overexpressed in 
a number of solid tumours, including the majority of SCLCs and 
approximately 40% of NSCLCs, conferring tumour cell chemore-
sistance and radioresistance in vitro leading to a poor prognosis 
[200-202]. The bcl-2 protein also plays an important role in regulat-
ing response to hormonal therapy and monoclonal antibodies and 
promotes tumour invasion and spread by inducing MMP-2 gene 
expression through posttranslational and transcriptional mecha-
nisms [203-205]. This ‘’antideath’’ protein causes inhibition of 
cytochrome C release in the mitochondrial pathway blocking mito-
chondrial distraction and natural cell death [206]. In xenograft 
models, noncancerous cells can become highly tumourigenic by 
transfection with the bcl-2 gene [207-208]. Recent data also suggest 
that bcl-2 overexpression may indicate taxane sensitivity in NSCLC 
patients in vitro [209]. Although a lot of studies have examined the 
prognostic role of bcl-2 expression in lung cancer, the impact of 
bcl-2 expression on outcome is not as important as that of p53 ex-
pression. It is believed that bcl-2 overexpression will impact a sur-
vival benefit to cells in the face of treatment [210]. At the same 
time, downregulation of bcl-2 expression may increase sensitivity 
to chemotherapy and radiation [211]. 

 Oblimersen (G3139, Genasense; Genta Inc. Berkeley Heights, 
NJ) is an antisense oligonucleotide that blocks production of bcl-2 
protein, thereby restoring the principal pathway of cell death. This 
agent binds to the first six codons of human bcl-2 messenger RNA 
(mRNA) resulting in degradation of bcl-2 mRNA and a subsequent 
decrease in bcl-2 protein translation and intracellular concentration 
[212] (Fig. 3). When oblimersen was tested in xenograft models, an 
enhanced antitumour activity was demonstrated when combined 
with standard chemotherapy in several cancers including breast 
cancer, gastric cancer, and NSCLC [213]. It also potentiates the 
effect of radiation and monoclonal antibodies [214]. The combina-
tion of oblimersen with vinorelbine in a NSCLC xenograft model 
showed an enhanced antitumour activity versus that with oblimer- 
sen alone [215]. When oblimersen was examined in two phase I/II 
trials, the most common toxicities observed were fatigue and low 
grade fever which was usually self-limiting [216-217]. In one of 
these studies, 12 chemorefractory SCLC patients received pacli-
taxel plus oblimersen after failing treatment with etoposide plus a 
platinum regimen [217]. Oblimersen was administered on days 1-8 
as a continuous infusion of 3 mg/kg/day and paclitaxel 150 mg/m

2 

was administered on day 6 of every 21-day cycle. Four patients 
(33%) achieved disease stabilization after two treatment cycles and 
one of them remained free of progression for over 1 year. This pa-
tient interestingly had consistently high plasma oblimersen levels. 
A potential activity of oblimersen when combined with car-
boplatin/etoposide in 16 previously untreated SCLC patients was 
suggested in a phase I clinical trial [218]. Of the 14 evaluable pa-
tients, 12 patients experienced PR and two patients experienced SD. 
A phase II randomized trial of docetaxel with or without oblimersen 
as second-line therapy in relapsed or refractory advanced NSCLC is 
no longer recruiting patients. In this multicentre trial the primary 
endpoint will be survival, with tumour response and time to pro-
gression as secondary endpoints. 

PROTEIN KINASE C INHIBITORS 

 The protein kinase C (PKC) belongs to a family of serine-
threonine kinases and contains more than 12 isoenzymes involved 
in signal transduction pathways that regulate cell growth, prolifera-
tion and death [219,220]. PKC isoenzymes play an important role 
in downregulating the G1-S and G2-M cell cycle check points as 
well as apoptosis, angiogenesis, invasion, senescence, drug efflux, 
and may have a role as a secondary messenger in the mitogenic 
signaling pathway of PDGF and VEGF [221-223]. It is essential 
that PKC isoforms regulate the phosphatidylinositol 3’-kinase/Akt 
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and MEK/extracellular signal-regulated kinase pathways which are 
commonly activated in the majority of NSCLC cell lines [224-225]. 

 UCN-01 (7-hydroxy-staurosporine) (UCN-01 bulk drug was 
supplied by Kyowa Hakko Kogyo Co, Ltd, Tokyo, Japan. The 
clinical product was manufactured and provided by the National 
Cancer Institute) and PKC412 (N-benzoyl-staurosporine) (Novartis, 
Basel, Switzerland) are two indolocarbazole staurosporine ana-
logues which compete for the binding at the ATP site on PKCs and 
have been investigated as single agents in patients with advanced 
malignancies [226-227]. PKC412 was examined in a phase I com-
bined with gemcitabine and cisplatin in 23 patients with advanced 
NSCLC including 17 chemotherapy-naive and radiotherapy-naive 
patients [228]. The recommended dose for phase II trials was 50 
mg/day. Among 33 cycles in 8 patients, the major adverse effects 
observed were diarrhea and asthenia. One patient experienced grade 
3 headaches at this level. Three patients experienced PR. 

 The expression of PKC alpha has been known to increase in 
tumours compared with normal tissue and has been implicated in 
malignant transformation and proliferation [229,230]. Inhibition of 
PKC-a may arrest the growth of prostate cancer, hepatoma, and 
medulloblastoma cell lines [231-233]. A selective inhibitor of PKC-
a expression is affinitak (LY900003, ISIS 3521, aprinocarsen, ISIS 
Pharmaceuticals Inc., Carlsbad, CA). This agent is a 20-base an-
tisense phosphorothioate oligonucleotide that binds PKC-a mRNA, 
blocking its expression, and reducing its cellular concentration. The 
phosphorothioate structure of LY900003 (a sulfur substitution of a 
nonbridging oxygen on the backbone) leads to a resistant form of 
endonuclease and exonuclease mediated degradation, resulting in a 
solid heterodublex with its target mRNA [234]. Inhibition of PKC-a 
expression by this novel agent in vivo and in vitro was demon-
strated [224,235]. The antitumour activity of LY900003 as a single 
agent or combined with cisplatin and paclitaxel in xenograft models 
was also shown [230]. 

 In a phase I study, ISIS 3521 was given in 21 patients with 
advanced cancer with a minimum of two prior chemotherapy regi-
mens received [236]. Doses were increased from 0.5 to 3.0 
mg/kg/day and patients continued on the study until evidence of 
progression or unacceptable toxicity observed. The MTD was 2.0 
mg/kg/day. The DLTs were fatigue and thrombocytopenia at a dose 
of 3.0 mg/kg/day. Tumour response was observed in 3 of 4 patients 
with ovarian cancer. In another phase I trial of this agent, 14 pa-
tients with refractory solid tumours in a 24-hour weekly infusion 
schedule, exhibited grade 3 toxicities which included neutropenia, 
nausea, and chills [237]. Mean prothrombin times and activated 

partial thromboplastin times (APTT) increased by 10% and 29%, 
respectively, from their baseline. 

 In a phase I/II trial, ISIS 3521 was given in conjunction with 
carboplatin/paclitaxel in patients with NSCLC [238]. In the phase I 
part, there was no DLT of the ISIS compound. A phase II trial then 
followed in 53 previously untreated patients with advanced 
NSCLC. The most common grade 3/4 toxicities were thrombocy-
topenia (21%/11%) and neutropenia (26%/43%). The overall re-
sponse rate was 46% with 21 patients experiencing PRs and one 
patient experiencing a CR (SD in an additional 35%). The overall 
median survival was 15.9 months, median time to progression was 
6.3 months, and 1-year survival exceeded 50%.  

 Despite these encouraging results, a phase III clinical trial of 
the above combination did not demonstrate an advantage in overall 
survival over chemotherapy alone [239]. In this phase III trial, 616 
patients were randomised to receive either paclitaxel 175 mg/m

2
 

plus carboplatin AUC5 every 3 weeks alone on day 1 or in combi-
nation with LY900003 2 mg/m

2
 as a continuous infusion on days 1-

14. There was an increased incidence of grade 3 thrombocytopenia 
in the LY900003 arm (44% versus 15%) as well as catheter-related 
infections (8.2% versus 0.3%). There was no difference with re-
spect to response rate (37% versus 36%), time to progression (4.5 
versus 4.7 months), and median survival time (9.7 months versus 10 
months). 

 In another phase I/II trial, LY900003 was studied with gemcit-
abine and cisplatin in patients with advanced NSCLC [240]. In the 
phase one portion, 7 patients received the combination regimen 
with one patient experiencing grade 3 fatigue. Antitumour activity 
was observed in two patients (one PR in a patient with stage IIIB 
NSCLC and one MR (minor response) in a patient with metastatic 
pancreatic carcinoma). In the phase II portion, 55 NSCLC patients 
received the combination at two gemcitabine doses [1.000 mg/m

2
, 

n=44 (original cohort); 1.250 mg/m
2,

 n=11 (expanded cohort)]. 
Fourteen of 39 evaluable patients in the original part 2 cohort had a 
major response (1 CR and 13 PRs) for a RR of 36%. In the ex-
panded cohort, 2 of the 9 evaluable patients experienced PRs, for a 
combined part 2 response rate of 33%. The median time to progres-
sion for the entire group was 3.9 months and the median survival 
time 8.9 months.  

 In a different phase II trial 18 patients with advanced NSCLC 
were randomized to receive either gemcitabine/cisplatin (control 
arm) or this chemotherapeutic combination with aprinocarsen (ex-
perimental arm) [241]. The major toxicities seen were hematologi-
cal with a higher incidence of thrombocytopenia in the experimen-

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). Effects of Oblimersen on bcl-2 gene expression. 

Oblimersen binds to the first six codons of bcl-2 mRNA and inhibits its translation. As a result there is a decrease in total Bcl-2 protein concentration. 
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tal arm (87.5% versus 33.3%). Unfortunately, the response rate was 
16.7% in the experimental arm and 44.4% in the control arm. Fur-
ther enrolment was terminated in March 2003 because of the results 
of a phase III trial suggesting no additional survival benefit of apri-
nocarsen when combined with cisplatin and gemcitabine in patients 
with advanced NSCLC [242]. 

PROTEASOME INHIBITORS 

 The ubiquitin proteasome pathway has a significant role in 
regulating the intracellular concentration of specific proteins, pro-
tecting cellular homeostasis. A variety of proteins that govern cell 
growth, regulation, signaling and transcription are substrates that 
are temporally degraded by this pathway. The strict control of the 
degradation of these proteins is essential for normal cell functioning 
and normal protein homeostasis. The first step of degradation is the 
marking of the protein substrates with ubiquitin, a smaller cytosolic 
protein. When this procedure is completed, these proteins are pre-
sented to the 26s proteasome complex were degradation takes 
place. This multi-subunit protein consists of 19S proteasome, 20S 
proteasome and multiple peptidases and ATPases. Tumour cells can 
often escape the procedure of protein homeostasis and alter the ratio 
of pro- and anti-apoptotic proteins or pro-survival growth factors, 
providing a survival advantage for the transformed cells [243]. 
Cyclins, cyclin-dependent kinases, cyclin-dependent kinase inhibi-
tors as well as oncogenes, such as c-myc and n-myc and tumour 
suppressor genes are regulated in this way [244]. The proteasome 
pathway is also necessary for activation of the nuclear factor kB, 
NF-[kappa] B, by degradation of its inhibitory protein, IkB. NF-
[kappa] B is a major antiapoptotic protein which maintains cell 
viability through the transcription of inhibitors of apoptosis, in re-
sponse to cytotoxic agents or environmental stress [245,246]. Stabi-
lization of IkB protein and inhibition of NF-[kappa] B activity has 
been demonstrated to make cells more susceptible to apoptosis 
[245,247]. It is also suggested that NF-[kappa] B controls the cell 
surface expression of adhesion molecules such as vascular cell ad-
hesion molecule-1, intercellular adhesion molecule-1, and E-
selectin [248]. The association of factor NF-[kappa] B with NSCLC 
resistance to therapeutic agents when activated has been suggested 
[249,250]. Several studies suggested that inhibition of tumour cell 
proteasome sensitizes tumour cells to conventional therapeutic 
agents and radiation therapy [251,252]. Proteasome inhibitors may 
also overcome bcl-2 mediated protection from apoptosis [253]. 

 Bortezomib (Velcade, Millennium Pharmaceuticals, Inc., Cam-
bridge, MA) is a reversible inhibitor of the chymotrypsin-like activ-
ity of the 26s proteasome [254]. This novel agent increases the 
levels of cyclin-dependent kinase inhibitors p21 and causes G2-M 
cell cycle arrest promoting cancer cell apoptosis [255]. Bortezomib 
also suppresses the secretion of VEGF in the bone marrow, inhibits 
VEGF-mediated caveolin phosphorylation, and decreases caveolin 
expression [256]. Caveolin-1 regulates interleukin-6, insulin-like 
growth factor-I dependent growth and VEGF-dependent migration 
of multiple myeloma cells [257]. It is also suggested that the gen-
eration of reactive oxygen species plays a significant role in the 
initiation of the bortezomib-induced apoptotic cascade by mediating 
a disruption of the mitochondrial membrane potential and by releas-
ing cytochrome C from mitochondria [258]. 

 Bortezomib activity in human NSCLC cell lines was studied 
including those with p53 wild type, p53 mutant, and p53 null phe-
notypes [259]. Cell cycle arrest in the G2-M phase was observed 
without affecting microtubule polymerization or depolymerisation. 
Activation of cyclin B and cyclin A kinases as well as activation of 
caspase-3 were also demonstrated. Bortezomib also produced inhi-
bition of the human squamous carcinoma cell lines which was asso-
ciated with inhibition of NF-[kappa] B activation and increased 
caspase-induced apoptosis [260]. In all studies, bortezomib was 
administered twice a week- given that the duration of proteasome 
inhibition is 48-72 hours. Based on the results of two phase II trials 

bortezomib recently received FDA approval for the treatment of 
relapsed myeloma [261,262].  

 In a phase I trial, 43 heavily pretreated patients with solid tu-
mours received a total of 89 cycles of bortezomib at doses ranging 
from 0.13 to 1.56 mg/m

2
/dose [263]. DLTs on this schedule were 

sensory neurotoxicity and diarrhea. There was no dose-limiting 
hematological toxicity. A dose-related inhibition of 20s proteasome 
activity with increasing dose of the drug was observed. There was 
one major response in a patient with refractory NSCLC. In another 
phase I trial in patients with advanced tumours, the most common 
toxicities observed were fatigue, anorexia, nausea, electrolyte dis-
turbances, and thrombocytopenia [264].  

 When bortezomib was combined with gemcitabine in patients 
with advanced solid tumours, the MTDs were 1.0 mg/m

2
 for borte-

zomib and 1.000 mg/m
2
 for gemcitabine. The DLTs seen at these 

doses were grade 3 thrombocytopenia and leukopenia [265]. One 
PR was demonstrated in a patient with NSCLC. When the combina-
tion of bortezomib with carboplatin/ gemcitabine in a phase I trial 
was studied, four patients of the ten evaluable patients had PR and 
five patients had disease stabilization [266]. The combination of 
bortezomib with irinotecan was also safe without any pharmacoki-
netic interactions or additive toxicities [267].  

 In a phase II pharmacodynamic trial, 23 minimally pretreated 
patients with NSCLC received bortezomib in 3-weekly cycles 
[268]. The most important grade toxicities observed were nausea, 
constipation, sensory neuropathy, thrombocytopenia and rash. Four 
hours after administration, the effects on NF-[kappa] B were had 
reached a maximum, with recovery beginning after 24 hours. PR 
was demonstrated in one patient and nine had SD. In a recent ran-
domized phase II study, pretreated NSCLC patients received either 
bortezomib in a dose of 1.5 mg/m

2 
or bortezomib in a dose of 1.3 

mg/m
2
 with 75 mg/m

2
 of docetaxel [269]. Patients receiving the 

combination schedule experienced fatigue and neutropenia more 
frequently than the single-agent arm. An interim analysis showed 
partial response rates of 10.3% in the bortezomib arm and 16% in 
the combination arm (n=31). In addition, more patients were found 
to have SD in the combination arm (45% versus 17%), suggesting 
the possible beneficial role of this novel agent when added to con-
ventional chemotherapy.  

FARNESYL TRANSFERASE INHIBITORS (FTIS) 

 The ras family of proto-oncogenes encodes proteins that play an 
essential role in critical cellular process such as proliferation, dif-
ferentiation and apoptosis. Mammalian cells contain 3 functional 
ras genes (H-ras, N-ras and K-ras) that encode 4 oncoproteins (H-
Ras, N-Ras, K-Ras4A and K-Ras4B). K-Ras4A and K-Ras4B are 
the result of two alternatively spliced K-ras gene products. Muta-
tions in the Ras proteins are found in about 30 % of all human can-
cers and 40 % of NSCLC indicating poor prognosis [270,271]. 
Activating mutations in these proteins lead to constitutive signaling, 
inhibition of apoptosis and promotion of cellular proliferation 
[272]. When a ras protein is being generated a nonpolar farnesyl 
group is attached to the COOH-terminal, a reaction catalyzed by the 
enzyme farnesyl tranferase. This reaction enables the ras protein to 
move from the cytoplasm to the cell membrane, as it becomes more 
hydrophobic, where it cycles from the inactive ras-GDP to activated 
ras-GTP in response to cellular binding of growth promoting factors 
to its tyrosine kinase receptor. Geranylgeranyl tranferases I 
(GGTase-I) and II (GGTase-II) can alternatively catalyze the farne-
sylation of K-Ras and other proteins. FTIs block this procedure and 
its cellular consequences (Fig. 4). Other proteins, which may have a 
role in mediating the antitumour activity of FTIs, are the centro-
meric (CENP-E and CENP-F) proteins, RhoB, and members of the 
phosphatidylinositol 3’-kinase/Akt pathway [273-275]. FTIs have 
been shown to inhibit the growth of a broad spectrum of tumour 
cell lines in vitro and in vivo and it is suggested that tumour cells 
bearing mutated K-ras may be less sensitive to FTIs than those with 
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wild-type ras or mutated 11-ras genes [276,277]. The combination 
of FTIs with irradiation and paclitaxel may increase cell cytotoxic-
ity and death [278,279]. A possible suppression of the angiogenic 
factors expression such as VEGF from FTIs antitumour action is 
also suggested [280]. 

 L-778,123 (Merck & Co., Inc., Whitehouse Station, NJ) tipi-
farnib (R115777 ZarnestraTM; Ortho Biotech Products, L.P., 
Bridgewater, NJ), lonafarnib (SCH66336 SarasarTM; Schering-
Plough Corporation, Kenilworth, NJ)) and BMS-214662 (Bristol-
Myers Squibb, Princeton, NJ) are FTIs currently being studied in 
clinical trials.  

 L-778,123 was studied in a phase II trial in 23 NSCLC patients 
with stage IIIB (with pleural effusion) or IV, with a performance 
status (PS) of 0-1 who have not received chemotherapy before 
[281]. The DLTs of this agent, when examined in a phase I trial, 
was fatigue, myelosuppression and neurotoxicity and the recom-
mended dose was 560 mg/m

2 
i.v.

 
daily [282]. Throm-boembolic 

toxicity was observed in patients with a central venous access. 
Three patients developed a pulmonary embolism and one patient 
had a superior vena cava thrombosis. Nineteen twenty there of the 
patients completed at least one cycle without any objective response 
observed. The development of this compound was then discontin-
ued.  

 Tipifarnib (R115777) is an oral methylquinolone analogue of 
the imidazoles which inhibits the growth of tumours with N-ras, H-
ras, and wild- type mutations being less active against wild-type ras 
mutations. When tipifarnib was investigated in a phase I trial, one 
patient with platinum-refractory NSCLC who received continuous 
dosing had a partial remission [283]. The major toxicities observed 
were hematological with peripheral neuropathy. Fatigue and skin 
toxicities were also reported. A phase II study of tibifarnib as a 
single agent therapy in advanced NSCLC was organized in 44 pa-
tients with performance status 0-2 who have not received either 
chemotherapy or radiotherapy to more than 25% of their bone mar-
row [284]. The regimen schedule was 300 mg orally twice daily for 
21 days of a 28-day cycle. The most common grade 3 and 4 tox-
icities were neutropenia, anemia, and anorexia. There were no ob-
jective responses, although 7 patients had SD for more than six 
months. Evidence of farnesyl transferase inhibition was docu-
mented in 83% of the patients. Median survival was 7.7 months, 

median time to progression was 2.7 months and 70% of the patients 
were able to continue with conventional chemotherapy after com-
pleting tibifarnib.  

 Lonafarnib (SCH 66336) is an oral tricyclic halogenated com-
petitive FTI which is active in tumours having all ras mutations as 
well as wild type ras mutations. In a phase I trial, one patient with 
advanced NSCLC had an objective PR and 8 patients demonstrated 
disease stabilization for up to 10 cycles of the drug [285]. In an-
other phase I trial, lonafarnib was given in 24 patients with solid 
tumour in combination with paclitaxel every 3 weeks [286]. Partial 
remission was demonstrated in 15 patients, including 2 with taxane 
resistant advanced NSCLC. The DLTs observed were neutropenia, 
peripheral neuropathy, diarrhea, and hyperbilirubinemia. A phase II 
trial of lonafarnib combined with paclitaxel in 33 taxane-refractory 
advanced NSCLC patients was then organized [287]. Toxicities 
were minimal and included febrile neutropenia, diarrhea and fa-
tigue. Five patients (15%) achieved PR, 4 patients MR and 10 pa-
tients sustained disease stabilization. These promising results led to 
a phase trial III of its combination with carboplatin/paclitaxel 
against carboplatin/paclitaxel/placebo in 675 good performance 
status patients with advanced NSCLC [288]. There was no statisti-
cally significant improvement in time to progression (137 versus 
152 days) and overall survival (144 versus 168 days) for patients 
receiving lonafarnib with the placebo arm having numerically supe-
rior outcomes. 

 BMS-214662 is an imidazole-containing tetrahydrobenzo-
diazepine with cytotoxic and apoptotic properties that differentiate 
it from other FTIs [289]. Because of its unacceptable gastroin-
testinal toxicity profile, intravenous administration is preferred. In a 
phase I trial of 44 patients with advanced solid tumour malignan-
cies, the dose-limiting toxicities observed after the first cycle of 
therapy were nausea, vomiting, and diarrhea [290]. Four patients 
developed reversible transaminitis, which was not dose limiting. 
When BMS-214662 was combined with cisplatin in 29 patients 
with advanced solid tumour malignancies transaminitis, nausea, 
vomiting, diarrhea and renal failure were the DLTs with 15 patients 
having disease stabilization as their best response [291]. In another 
phase I trial, 30 patients with advanced solid tumour malignancies 
received escalating doses of this novel agent, followed by the com-
bination of carboplatin/paclitaxel on the first day of a 21-day cycle 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. (4). Effect of FTIs on Ras pathway. 

The attachment of the farnesyl group (F) is necessary for Ras-oncoprotein activation. The reaction is catalyzed by farnesyl transferase or alternatively by 

geranylgeranyl transferase (1). Subsequently the Ras protein becomes more hydrophobic and moves to the cellular membrane, where it is available for phos-

phorylation (2) in response to ligand binding to its tyrosine kinase receptor (3). FTIs block the above procedure by inactivating farnesyl transferase (4). F: 

Farnesyl group. 
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[292]. Three patients had PR and eight had SD with neutropenia, 
thrombocytopenia, nausea and vomiting as the most important 
DLTs. 

RETINOIDS 

 Retinoids (vitamin A and its analogues) play an essential role in 
a variety of biologic functions especially in epithelial differentiation 
[293]. The majority of their biologic effects is mediated through 
retinoic acids, the active metabolites of retinol, mainly all-trans-
retinoic acid and 9- cis-retinoic acid [294]. Retinoic acids bind to 
specific nuclear receptors that regulate a variety of genes, which are 
connected with cell growth and differentiation, as well as induction 
of apoptosis that suppresses tumourigenesis and tumour growth 
[295]. The two families of receptors known are the retinoic acid 
receptor (RAR) family and the retinoid X receptor (RXR) family, 
each one of them having three subtypes ( , , and ) and for each 
subtype, there are multiple isoforms [296,297]. These receptors 
belong to the steroid hormone receptor superfamily and act as 
ligand-activated transcription factors. The RXR/RAR heterodimers 
are the functional units that activate transcription by binding to 
retinoic acid response elements located in the promoter region of 
retinoic acid target genes [298]. One of the most important genes is 
the RAR 2 gene. The expression of RAR 2 mRNA is found to be 
decreased in a lot of solid tumours including lung cancer, breast 
carcinoma, and squamous cell carcinoma of the head and neck 
which suggests a possible escape mechanism from normal cellular 
homeostasis [299,300]. The expressions of all three RAR subtypes 
have a strong affinity for both all-trans and 9-cis isomers of retinoic 
acid while the RXR family is activated by 9-cis-retinoic acid only 
[294]. 13-cis-retinoic acid is converted to all-trans-retinoic acid and 
exerts its activity through RARs. The mechanisms through which 
retinoids manage to suppress oncogenesis are multicomplex. The 
number of genes involved in tumour cell growth, which have a 
retinoic acid response element in their promoter region, is huge 
[301]. In addition, retinoids regulate the expression of matrix metal-
loproteinases (MMPs), transforming growth factor-  and cell cycle 
regulator proteins such as cyclin-dependent kinase I, p21 and p16, 
which suppress tumour growth and invasion [302-304]. Normaliza-
tion of the increased expression of the TGF-a and EGFR in head 
and neck cancer cell lines with retinoic acid was also reported 
[305]. 

 Synthetic retinoids that exert their activity by binding to RARs 
[13-cis-retinoic acid, TAC-101 (Taiho Pharmaceutical Co, Ltd, 
Tokyo, Japan), Tazarotene (Allergan Inc; Irvine, CA)] have demon-
strated a remarkable toxicity profile when studied in phase I trials. 
Cheilitis, headache, dry skin, mucosal dryness, hypertriglyceride-
mia, and hypercalcemia are the most common adverse effects re-
ported and are associated to traditional retinoid therapy. Synthetic 
retinoids bound to RXRs (rexinoids) have an improved toxicity 
profile compared to those bound to RARs. Given the fact that 
RXRs have a central role in nuclear receptor signaling, rexinoids 
create an attractive avenue for targeted therapy. Bexarotene (Tar-
gretin®, Ligand Pharmaceuticals; San Diego, CA) is a novel rexi-
noid which affects RAR-responsive genes only in higher dose lev-
els [306]. The possible role of bexarotene in preventing paclitaxel 
resistance was studied in human NSCLC cells [307]. Repeated 
exposure to paclitaxel alone resulted in paclitaxel resistance with 
cross-resistance to multi-drug resistant P-glycoprotein substrates. 
The bexarotene/paclitaxel combination, however, prevented the 
development of drug resistance and the cells remain chemosensi-
tive. When the resistant cells were treated with the combination 
regimen, paclitaxel resistance was overcome.  

 The safety and tolerability of bexarotene was tested in two 
phase I trials. Fifty-two patients, including 20 with NSCLC, were 
treated at 14 variable dose levels of this novel agent with a dosage 
regimen from 5 to 500 mg/m

2
/day [308]. The maximum tolerated 

dose was 400 mg/m
2
/day. Grade 3 toxicities were reported in seven 

patients (14%) including neutropenia, hypercalcemia, hypertriglyc-
eridemia and elevated aspartate transaminase (AST). Only 41% of 
the patients experienced mucus membrane dryness and dry skin 
compared to 90% of the patients that were treated with the non-
RXR-selective retinoids 13-cis-retinoic acid and all-trans-retinoic 
acid. Eight of the 20 NSCLC patients completed 3 months or more 
of therapy and one patient had SD for 9 months. In another phase I 
trial, 60 patients with advanced cancer were treated with bexaro-
tene, all with solid tumours except for one [309]. Leukopenia, skin 
toxicity, elevated bilirubin, diarrhea and elevated transaminase were 
the grade 3 toxicities reported in 10% of the patients. No dose-
limiting toxicities were observed at dose levels less than 500 
mg/m

2
/day, which was the recommended dose for the phase II stud-

ies. A long term, follow-up analysis of 36 NSCLC patients from 
these two phase I trials showed a 39% disease stabilization [310]. 
The Kaplan-Meier estimate of median survival was 11.1 months 
and the 1-year and 2-year estimated survival rates were 42% and 
15%, respectively. 

 A phase I/II trial investigated the combination of these agents 
with cisplatin/vinorelbine in 43 patients with stage IIIB (with pleu-
ral effusion)/ IV NSCLC who also had not receive any prior therapy 
[311]. During the phase I portion of the trial, 21 patients received 
bexarotene 1 week before they started chemotherapy. Bexarotene 
was administered daily except on the day after each dose of cis-
platin. The daily MTD of bexarotene was determined to be 400 
mg/m

2
. In the phase II portion, 28 patients were treated with the 

MTD (six from the phase I portion who received the same dose 
level). Seven patients (25%) had PR and one nearly obtained CR. 
Disease stabilization was observed in 14 (50%) patients after two 
completed cycles. The median survival time was 14 months and 
nine (32%) of the 28 patients were still alive at a minimum follow-
up of 2 years. One-year and projected 3-year survival rates were 
61% and 30%, respectively. The most common grade 3 and 4 tox-
icities were nausea, vomiting, dyspnea, asthenia, pneumonia, leu-
kopenia, anemia and hyperlipidemia. There were two cases of pan-
creatitis which were associated with increased triglyceride levels. 

 In another phase I/II trial of bexarotene combined with car-
boplatin/paclitaxel, patients with advanced NSCLC had a 40% ob-
jective response, including 5 PRs and one CR, in 15 evaluable pa-
tients [312]. All patients received antilipid therapy before or on the 
same day that they received bexarotene and grade 3 hypertriglyc-
eridemia was reported in only one patient. In a recent phase II trial, 
bexarotene was combined with carboplatin and gemcitabine in 48 
patients with advanced NSCLC [313]. All patients received atrovas-
tatin (Lipitor; Phizer, New York) 10 mg orally before starting bex-
arotene. The overall median survival was 12.7 months and the me-
dian time to progression was 6.7 months. There was a 25% RR and 
a 1-year survival rate of 53%.  

 Based upon all the above findings, two multicentre phase III 
trials explored the possible role of this novel agent when combined 
with chemotherapy for the treatment of patients with advanced 
NSCLC in the front- line setting. In the first trial (SPIRIT I), che-
motherapy-na ve patients received cisplatin 100 mg/m

2
 on day 1 of 

a 4-week cycle by i.v infusion and weekly vinorelbine 25 mg/m
2
 by 

i.v infusion with or without oral bexarotene 400 mg/m
2
/day [314]. 

In the second trial (SPIRIT II), patients received paclitaxel 200 
mg/m

2 
on day 1 every 3 weeks by i.v infusion and carboplatin AUC 

equal to 6 every 3 weeks by i.v infusion with or without oral bex-
arotene 400 mg/m

2
/day [315]. All patients from the two trials re-

ceived antilipid therapy before starting bexarotene or on the day the 
study began. Unfortunately, both trials showed no difference be-
tween the intervention or placebo arms with respect to median or 
overall survival time. Subgroup analysis from both trials suggested 
a potential benefit for patients who developed hypertriglyceridemia 
of grade 3 or higher. 

 The possible role of bexarotene as a maintenance therapy in 
patients with advanced NSCLC, who had responded to first-line 
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chemotherapy, was also examined in a phase II/III maintenance 
therapy study [316]. Fifty-two patients who had an OR or SD, most 
of them treated with paclitaxel/carboplatin, were randomized to 
receive bexarotene 300 mg/m

2
/day, bexarotene 600 mg/m

2
/day or 

placebo. A median TTP of 8 weeks was observed in patients treated 
with placebo. An increased median TTP of 11.7 months was ob-
served in patients treated with the low dose of bexarotene and 18.3 
weeks in patients treated with the high dose. Although the trial was 
prematurely terminated because of slow accrual and its insuffi-
ciency to detect statistically important differences between the 
treatment groups, a possible survival benefit of this agent when 
given as a maintenance therapy schedule is suggested. The possible 
role of bexarotene in the second line setting was examined with or 
without docetaxel in a randomized phase II trial of 155 pretreated 
patients with advanced NSCLC [317]. The most common toxicities 
observed were nausea, vomiting and dehydration.  

 The most common adverse effects anticipated from bexarotene 
use are mild to moderate skin toxicity, central hypothyroidism, and 
hyperlipidemia (both triglycerides and cholesterol) with atrovastatin 
and fenofibrate, being the main antilipid therapy used. Gemfibrozil 
interacts with bexarotene and therefore is not the preferred choice 
in controlling bexarotene’s hyperlipidemic reactions [318]. Lipid 
levels and hepatic biochemistry must be monitor carefully. Central 
hypothyroidism should be treated with levothyroxine, starting at 
0.05 to 0.075 mg/day, so as to maintain total T4 levels within nor-
mal limits. Normal thyroid function will return after the discon-
tinuation of this novel agent [319]. 

SPECIFITY OF TARGETED THERAPIES 

 Although novel agents focus on cell signaling and block patho-
logical pathways critical for tumor growth and survival, they also 
have an effect on normal tissues that share similar growth factor 
receptors, proteins or enzymes. The ErbB family of receptors is 
widely expressed in mesenchymal, epithelial and neuronal tissues 
and inactivation of the EGFR gene was shown to cause impaired 
epithelial development in many organs including gastrointestinal 
tract and lung [320,321].  

 EGFR targeted therapies, such as erlotinib, gefitinib and cetuxi- 
mab, inhibit ligand-induced activation of EGFR and MAPK in hu-
man keratinocytes which may be the key molecular event for the 
dermatological toxicity observed [322]. ErbB2 was also shown to 
be required for the maintenance of normal heart function in adults, 
as HER-2/neu signaling is essential for myocyte survival [323,324]. 
In a retrospective analysis of seven phase II/III trials for metastatic

 

breast cancer, older age and the combination of trastuzumab
 
with 

anthracyclines was shown to be associated with a higher risk for
 

cardiotoxicity [325]. 

 Bevacizumab has been associated with poor wound healing and 
bleeding disorders in clinical trials, while the mechanisms of its 
unique toxicities have not yet been fully characterized. VEGF is an 
important proangiogenic factor that optimizes healing in damaged 
tissues and a defect in VEGF regulation might be associated with 
wound healing disorders [326,327]. It has also been recently re-
ported that the autocrine expression of VEGF from endothelial cells 
may present a protective mechanism against injury from cytotoxic 
agents [328]. 

 MMPs are also expressed in the macrophages, fibroblasts, 
chondrocytes and synovial lining cells and may play a part in the 
turnover of bone and cartilage [329]. All trials have shown an im-
portant toxicity, especially musculoskeletal, towards the MMPI arm 
that had a negative impact on quality of life, even in the trial of 
BMS-275291, which was expected to have less muskuloskeletal 
toxicity than marimastat or prinomastat. 

CONCLUSIONS 

 Although several targeted agents studied on clinical trials dem-
onstrated an acceptable toxicity profile and efficacy, their influence 

on the natural history of the disease was below our expectations. 
The majority of phase III clinical trials demonstrated negative re-
sults (Table 1).  
 

Table 1. Results of Phase III Clinical Trials of Targeted Therapies 

in NSCLC Treatment 

Ref. Target Agent/ Study Name 
Added Benefit  

in Survival 

[44] EGFR-TK Gefitinib/ INTACT 1 No 

[45] EGFR-TK Gefitinib/ INTACT 2 No 

[46] EGFR-TK Gefitinib/ ISEL No 

[57] EGFR-TK Erlotinib/ TALENT No 

[58] EGFR-TK Erlotinib/ TRIBUTE No 

[63] EGFR-TK Erlotinib/BR.21 2 months 

[121] VEGF Bevacizumab/ ECOG 4599 2 months 

[150] MMPs Prinomastat No 

[151] MMPs Prinomastat No 

[154] MMPs BMS-275291/ BR.18 No 

[239] PKC-a ISIS 3521 No 

[242] PKC-a ISIS 3521 No 

[288] FT SCH 66336 No 

[314] Retinoids Bexarotene/ SPIRIT I No 

[315] Retinoids Bexarotene/ SPIRIT II No 

EGFR-TK: epidermal growth factor receptor-tyrosine kinase; VEGF: vascular endothe-
lial growth factor; MMPs: matrix metalloproteinases; PKC: protein kinase C; FT: 

Farnesyl Transferase.  

 

 We have certainly learned that erlotinib can prolong the life of 
patients with NSCLC after failing frontline therapy (2 months or 
41% comparing to the placebo arm and that the combination car-
boplatin/paclitaxel and bevacizumab is superior to car-
boplatin/paclitaxel alone in prolonging life as frontline therapy (2 
months or 20% compared to the chemotherapy arm) Nevertheless, 
all of this information is just the beginning of clinical research in 
this field and useful conclusions must be extracted without any 
pessimism. Some important indications that must be taken into 
consideration are: 

a) For HER-1/EGFR targeted agents, a reliable predictive marker 
of response has not been established yet, as the overexpression 
of HER-2 for trastuzumab. Current data suggest that a patient’s 
phenotype as well as mutations in the genes regulating onco-
genic pathways may have a predictive role for these agents and 
thereby selecting patients according to the tumours characteris-
tics and by gathering tumour tissue samples consistently, must 
all be seriously considered when a clinical trial is designed. A 
variety of results reported about the positive predictive role of 
an EGFR mutation may be the consequence of differences in 
the methodology used in several studies. However, it is still un-
clear whether or not the presence of an EGFR mutation trans-
lates into a survival benefit. 

b) Blocking only one molecular pathway each time may permit 
others to act as escape mechanisms for tumour cells therefore 
targeting multiple pathways simultaneously may have a better 
chance of shutting down the oncogenetic process and improving 
the outcome. A phase II study exploring the combination of er-
lotinib and bevacizumab in patients with advanced NSCLC 
with one or more chemotherapeutic failures has demonstrated 
partial response in 20% of the patients (SD an additional 65%) 
[330]. Gefitinib can be also administered safely with celecoxib 
and rofecoxib [331,332]. Appealing preclinical data also sug-
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gest a synergistic activity when several targeted agents are 
combined [333,334]. Examining this information in clinical tri-
als is warranted. 

c) Novel agents differ considerably from cytotoxic drugs and may 
have a cytostatic rather than a tumouricidal action [335,336]. 
This point of view resulted in the initiation of large clinical tri-
als based only in positive in vitro studies and phase I trials in-
stead of previous phase II trials, searching for responses. This is 
an important reason for the disappointing results of most of the 
large randomized trials. We strongly believe that large phase II 
clinical trials with an appropriate control arm should be con-
ducted obligatorily after a positive phase I testing. Large ran-
domized phase III trials must be organized only if there is 
enough positive evidence from phase II studies, as it was done 
with bevacizumab.  

 Finally, it is crucially anticipated that by continuing to analyze 
extensively and to integrate fully all of the pertinent information 
collected from first generation clinical trials, second generation 
studies will successfully continue to broaden our knowledge in the 
direction that will, someday, deliver hope to the patient with 
NSCLC. Only the future can reveal whether or not molecular tech-
nologies will soon unveil critical breakthroughs in this field and 
whether we are at all aiming in the right direction. 
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