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Abstract: Lung cancer is the foremost cause of cancer-related deaths world-wide. Both, the major forms of lung can-
cer, Non-small cell lung cancer (NSCLC) and Small cell lung cancers (SCLC), have responded effectively to chemo-, 
radiation and adjuvant-therapies. Tumor removal through surgery also appeared as a good therapeutic strategy. 
However, these therapies demonstrated unfavourable side-effects, and hence novel drugs targeting lung cancer 
emerged essential. Activation of epidermal growth factor receptor (EGFR)-tyrosine kinases is a key reason for lung 
cancer progression. Two important strategies that have attenuated lung cancers were through treatments with 
EGFR-tyrosine kinase-inhibitors, erlotinib and gefitinib, or EGFR-neutralizing antibodies, cetuximab and bevacizum-
ab. A major advantage with erlotinib and gefitinib was their role in second and third-line treatments following chemo-
therapies. Phase II/III clinical trials showed that combinatorial treatment of tyrosine kinase (TK)-inhibitors with che-
motherapeutics, such as docetaxel and pemetrexed, caused significant improvements in progression-free survival 
and overall survival. Phase I and II clinical studies also revealed that combination of tyrosine kinase-inhibitors with 
the EGFR-targeted antibodies was an effective approach for treating lung cancer. However, patients having T790M-
mutations within EGFR gene were resistant to erlotinib and gefitinib. Alternatively, another second-generation EGFR-
tyrosine kinase-inhibitor, afatinib, that could circumvent the problem of drug resistance has been developed as lung 
cancer therapy. The current review focuses on the role of EGFR in lung cancer progression and apprises about the 
EGFR-targeted therapies. The review also informs on the adverse side-effects of these therapies and enlightens the 
need for safer therapeutic regimens to eradicate this dreaded disease.
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Introduction

Lung cancer is a frequent form of malignancy 
with thousands of death reported in the Wes- 
tern and Eastern countries world-wide [1]. Cig- 
arette smoking has been identified as one of 
the major reasons for lung cancer, which affects 
elderly men and women as well as the young 
and adolescents [2]. The non-smoking catego-
ries of lung malignancy are Non-small cell lung 
cancer (NSCLC) and small cell lung cancers 
(SCLC), characterized by three important histo-
pathological classes, viz. squamous cell, large 
cell and adeno carcinoma [3]. Although NSCLC 
and SCLC together account for 85% of all re- 
ported lung cancer cases, around 45%, 35% 
and 10% of lung cancers come within the cate-
gory of squamous cell, large cell and adeno car-
cinoma respectively [3]. 

It has been observed that 80% of the lung  
cancer patients suffer from NSCLC, with a span 
of three months to one-year survival post-diag-
nosis, depending on stages, I-IV [4]. Removal  
of malignant tumors through surgery has been 
considered as the best treatment option for 
NSCLC, which promoted long-term response 
and survival for about 30% of the patients [5]. 
However, despite surgery, symptoms of recur-
ring tumor growth and progression with severe-
ly poor prognosis have also been reported [6]. 
Hardly any second or third lines of therapies are 
available post-relapse for NSCLC, resulting in 
an incurable situation that culminates in inevi-
table mortality [3]. 

SCLC manifests quick tumor growth and metas-
tasis, where surgical intervention appears diffi-
cult [7]. Radiation therapy and chemotherapy 
emerge as alternative therapeutic choices [8]. 
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However, the two therapies trigger unbearable 
adverse side-effects and often result in limited 
survival [9]. Alternatively, adjuvant chemothera-
py developed as a good therapeutic procedure 
for both SCLC and NSCLC, with 5% increase in 
patient survival compared to radiation therapy 
and chemotherapies [10]. Nonetheless, adju-
vant therapy also proved toxic in elderly pati- 
ents with history of chronic obstructive pulmo-
nary disease [11]. Supportively, clinical trials in 
NSCLC and SCLC patients using chemothe- 
rapy, radiotherapy and adjuvant therapy sho- 
wed severe side effects [3]. Hence, novel thera-
pies for treating lung cancer with minimum tox-
icity seemed extremely essential.

Epidermal growth factor receptor (EGFR) and 
lung cancer 

Lung cancer progression originates from dereg-
ulated cellular proliferation, which prompts nor-
mal cells to undergo malignant transformation 
[12]. Research has proven EGFR group of gro- 
wth factors as key molecules that promote lung 
cancer generation and propagation [13]. Bec- 
ause of their inability to penetrate cell mem-
brane, secreted growth factors function via tar-
geted signal transduction pathways that carry 
cellular information from EGFR to the inside  
of the lung cells [14]. These signalling events 
are activated through autocrine or paracrine 
pathways or both simultaneously [14, 15]. Ulti- 
mately, the signalling cascades not only help 
cell growth and development, but also promote 
lung metastasis [13]. Particularly, EGFR-rece- 
ptor tyrosine kinases (RTK) play an important 
role in initiating and triggering signalling events 
for both NSCLC and SCLC [16]. 

Genetic factors also prominently contribute  
to EGFR activation [17]. Mutations within the 

had features of non-mucinous BAC [20]. Around 
80% of these BAC patients showed significant 
mutations in their EGFR gene [21]. This BAC 
category, resulting from EGFR tyrosine kinase 
mutation, comprises a large group of lung carci-
noma patients, who could probably be trea- 
ted using EGFR tyrosine kinase inhibitors [22]. 
Besides adenocarcinoma, other features of 
lung carcinoma include acinar, papillary solid, 
lepidic, micropapillary and papillary mucinous 
tumours [23-25].

In the current review, we propose to illustrate 
the role of EGFR group of growth factors in  
lung cancer progression and metastasis. We 
will particularly emphasize upon the impact of 
well-known therapeutics targeting EGFR and 
hence lung carcinoma. 

EGFR: mechanism of action in lung cancer

A member of the transmembrane receptor  
family, EGFR is composed of three important 
regions [26] Figure 1. The extracellular ligand-
binding domain binds to EGFR ligands, viz.,  
EGF, Heparin-binding EGF-like growth factor 
(HB-EGF), transforming growth factor-α (TGFα), 
betacellulin, epiregulin and amphiregulin [3, 
27]. Of these EGFR ligands, EGF is most pro- 
minently up-regulated in lung cancer [3, 27]. 
The transmembrane domain of EGFR links the 
ligand-binding domain to intracellular tyrosine 
kinase signalling domain [26]. Following lig- 
and binding, EGFR undergoes auto-dimeriza-
tion and hetero-dimerization with the other 
HER/erbB family of tyrosine kinases, such as 
HER1 (EGFR/erbB1), HER2 (neu, erbB2), HER3 
(erbB3), and HER4 (erbB4) [28]. Ligand binding 
and dimerization are essential prerequisites 
that trigger EGFR signalling and targeted func-
tions [13, 29]. The dimeric form impedes the 

Figure 1. EGFR structure and ligand binding.

EGFR influence both autocrine and 
inducible growth factor secretion 
and activation in lung cancers [17]. 
EGFR mutations also affect diverse 
growth factor signalling pathways  
in lung neoplasm, which ultimately 
leads to aggressive lung carcino-
genesis and metastasis [3]. EGFR 
mutation-induced adenocarcinoma, 
particularly Bronchioloalveolar cell 
carcinoma (BAC), has been reported 
to be a common form of NSCLC [18, 
19]. From about 120 adenocarcino-
ma patients in Japan, around 50% 
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auto-inhibitory role of intracellular tyrosine 
kinase domain of EGFR, and promotes tyrosine 
phosphorylation and down-stream signalling 
[26, 30]. The signalling mechanisms are initi- 
ated through ATP-mediated auto-phosphory- 
lation of tyrosine, which primarily stimulates 
the mammalian mechanistic target of rapa- 
mycin (mTOR)-serine/threonine protein kinase 
pathway in lung cancer [31]. Other than the  
EGF ligand, up-regulated amphiregulin has also 
been reported to cause poor prognosis, with 
fewer chances of survival in NSCLC [32]. Both 
for the increased EGF and amphiregulin lig- 
ands, there are reports of severe lung cancer 
progression and metastasis that lead to bron-
chial lesions and secondary malignant growths 
[33-35]. 

Growth and metastasis of lung tumors involve 
EGFR-dependent activations of Ras/Mitogen-
activated Protein kinase cascade (MAPK) and 
phosphatidylinositol-3 kinase/Akt (PI3K/AKT) 
pathways [16]. PI3K/AKT is a pro-proliferative 
signalling pathway that promotes cellular multi-
plication and then attenuates apoptosis in 
SCLC and NSCLC [16]. For the metastatic pro-
cess, lung cancer cells that escape the tumor 
growth site penetrate int lymphatic circulation 
[36]. Through systemic blood flow, the malig-
nant cells reached distant sites where they 
multiply and proliferate into metastatic colo-
nies [37]. For the malignant cells to get released 
from tumors and translocate, angiogenesis is 

proved to play an extremely important role [38]. 
During this process, activated-EGFR prompts 
break-down of the extracellular matrix (ECM)  
of lung tissues causing enhanced blood supply 
to the tumor blood vessels through angiogene-
sis [37, 38]. Activated-EGFR also triggers enha- 
nced expression of the angiogenic growth fac-
tors, particularly, vascular epidermal growth 
factor (VEGF), basic-fibroblast growth factor, 
platelet-derived endothelial cell growth factor 
and interleukin-8 [39].

Targeting EGFR in lung cancer

Systematic research has proven that EGFR  
may act as a novel target in lung cancer therapy 
[3]. Two major strategies that have been pro-
posed for inhibiting EGFR functioning are (1) 
inactivation of intracellular TK signalling, and 
(2) use of neutralizing antibodies against EGFR 
and its ligands (Figure 2) [40, 41]. The most 
well-studied EGFR-TK-inactivators for lung can-
cer include erlotinib and gefitinib [42, 43]. 
Cetuximab and bevacizumab are monoclonal 
antibodies that block EGFR functioning [16, 
44]. These two categories of EGFR inhibitors 
have been found to be effective in suppressing 
proliferation of malignant lung cells, enhanc- 
ing apoptosis and reducing lung cancer metas-
tasis [16, 45]. Particularly, these EGFR inhibi-
tors were successful in suppressing lung can-
cer progression in the preclinical studies [46, 
47]. Both in vitro and in vivo animal models of 
lung cancer demonstrated that cetuximab in 
combination with radiotherapy and chemot- 
herapy caused an additive or synergistic incr- 
ease in the apoptosis of lung cancer cells [48]. 
Various Phase I and II clinical studies also 
reported certain relief in lung cancer patients 
treated with cetuximab, either alone or in com-
bination with chemotherapy [49]. In pre-treated 
recurring lung cancer patients, the therapeutic 
impact of cetuximab was equivalent to chemo-
therapy [48]. However, the impact of cetuximab, 
co-treated with chemotherapeutic agents, was 
more potent [49, 50]. Treatment of standard 
chemotherapeutic agents, cisplatin and vinorel-
bine, along with cetuximab showed prominent 
improvements and significant chances of sur-
vival in 86 lung cancer patients compared to 
the drugs alone [51]. The EGFR inactivators viz. 
erlotinib and gefitinib, were found to be more 
penetrable within the tumorous cells compared 
to cetuximab [42]. Erlotinib and gefitinib upon 
oral treatments provided minimum adverse 

Figure 2. Targeting EGFR in lung cancer. Monoclo-
nal antibodies block EGFR functioning EGFR-inhibit 
EGFR signaling.
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side effects, to the extent of skin itches, stom-
ach upsets, hand-foot syndrome, exhaustion, 
coagulation abnormalities and hemoptysis [52, 
53]. Clinical trials using EGFR inactivators, par-
ticularly gefitinib, demonstrated 20% cure and 
40% symptomatic relief in NSCLC patients [43, 
54]. However, the gefitinib mono-therapy failed 
in Phase-III clinical trials that demonstrated 
very low survival [55]. In this trial, a combined 
gefitinib treatment with other chemothera- 
pies was incapable of providing any advantage 
[55]. Erlotinib was more useful in this situa- 
tion, where along with other chemotherapies, 
the drug showed potential benefits, even in the 
Phase III double-blind clinical trials on NSCLC 
[56].

Clinical trials revealed that erlotinib and gefi-
tinib were effective in patients with EGFR muta-
tions [22, 57]. Erlotinib and gefitinib failed to 
target threonine to methionine mutations at 
codon 790 of exon 20 in EGFR gene [58, 59]. 
However, the drugs could strongly target mis-
sense and in-frame mutations within exons 
18-21 at the EGFR-TK domain that significa- 
ntly contribute to lung cancer progression and 
metastasis [22, 47, 57]. These EGFR-TK-inhibi- 
tors promoted survival rate and longevity of 
lung cancer patients having the aforesaid EGFR 
mutations [46, 60]. The effects were stronger 
than standard chemotherapeutics [46, 60]. 
Nonetheless, erlotnib and gefinib resistance 
proved to be a major problem in patients und- 
ergoing long-term treatment, post-recurrence 
[58, 59]. This EGFR-TK-inhibitor resistance was 
typically due to a mutation at threonine to 
methionine of codon 790 at the exon 20 sites 
of EGFR, preventing the binding of these drugs 
[58, 59]. For these patients, therapeutics that 
mediated EGFR inhibition with binding sites 
away from these codon sites seemed essential 
[58, 59].

Targeting specific EGFR inhibitors

Erlotinib: Erlotinib is a well-established thera-
peutic for metastatic lung carcinoma [61], wh- 
ich inhibits tyrosine phosphorylation via block-
ing the intracellular ATP binding site of EGFR 
[62]. Phase II and III trials at Cancer Institutes 
of Canada have demonstrated around 12% 
diminution in lung cancer symptoms in NSCLC 
patients following erlotinib treatment [62]. In 
the phase III/IV clinical trials, 150 mg/Kg erlo-

tinib prominently controlled rate of lung cancer 
metastasis and caused a progression-free sur-
vival and overall survival of three and eight 
months respectively [56]. Despite its signifi- 
cant efficacy, continued treatment with erlo-
tinib proved difficult because of its extensive 
adverse side effects, particularly on skin, intes-
tine and eyes [56]. Hence, reduced doses and 
interrupted erlotinib treatments had been sug-
gested for managing these toxic effects [56]. 
However, patients with non-smoking history 
showed overall good survival that was progres-
sion-free [63]. 

Erlotinib was more effective in NSCLC patients 
who had undergone four rounds of platinum 
chemotherapies [61]. Supportively, clinical tri-
als proved a specific role of erlotinib for second 
and third-line treatments in NSCLC and SCLC 
patients [61]. Hence, trials with 150 mg/Kg 
erlotinib in lung cancer patients, already expo- 
sed to platinum-based chemotherapy, revealed 
increased progression-free survival and overall 
survivals at a rate much higher than erlotinib 
alone [56]. Erlotinib co-treatment also improved 
survival rate of NSCLC patients compared  
to single first-line chemotherapy [64]. Use of 
erlotinib as a second-line treatment was very 
effective, particularly in older NSCLC patients 
[65, 66]. The combined treatment remarkably 
improved the patients’ quality of life with atten-
uated symptoms of cough, respiratory uneasi-
ness and chest pain and discomfort [67]. Post-
treatment, the patients showed 60-70% recov-
ery and significant improvements in physical 
ability, with the above three symptoms at a 
range of 35-45% of placebo [67]. Generally, as 
a second or third-line treatment, erlotinib had 
minimum side effects, limited to dysentery and 
minor skin irritations [56]. Erlotinib was also 
remarkably effective as a second as well as 
third-line treatment in combination with doce- 
taxel and pemetrexed chemotherapeutics [68]. 
In fact, erlotinib emerged as the most efficient 
third-line therapeutic choice for patients with 
deteriorated performance status where chanc-
es of survival and quality of lives had promi-
nently worsened [68]. Erlotinib as a third-line 
treatment not only improved the quality of lives 
but also the palliative symptoms of lung cancer 
[69, 70], and the drug was well tolerated as well 
[71]. A notable advantage for erlotinib co-treat-
ment was its easier affordability compared to 
chemotherapeutics [61].
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Gefitinib: Food and Drug Administration (FDA) 
endorsed gefitinib in the year 2003 as a third-
line treatment, based on the data obtained 
from two randomized phase II trials, such as 
Iressa Dose Evaluation in Advanced Lung 
Cancer-1 (IDEAL-1) and IDEAL-2 [43]. For the 
patients already treated with a course of che-
motherapy in IDEAL-1 study, gefitinib at a 250 
mg/Kg dose showed improved response rate, 
symptomatic recovery, better overall survival 
and progression-free survival [43, 54]. Most 
importantly, side-effects of gefitinib in the 
IDEAL-1 study were less [54]. In the IDEAL-2 
clinical trials, NSCLC patients who had already 
been exposed to two regimens of chemothera-
py underwent gefibitinb treatment [43]. Here 
too, the drug prevented metastasis and sho- 
wed improved response rates, even where  
platinum-based and docetaxel chemotherapies 
had failed [72]. On the contrary, in a phase III 
trial of around 1700 patients, 250 mg/Kg of 
gefitinib along with the best supportive care 
failed to show recovery in the overall survival 
[55]. These reports helped FDA to rule on the 
mandatory use of gefitinib in patients already 
pre-treated with chemotherapeutic regimens 
[55, 61]. In a Phase III trial at USA in lung can-
cer patients with mild to moderate metastasis, 
comparison between a well-known chemother-
apeutic for lung cancer, docetaxel, and gefitinib 
showed almost similar effects for the median 
overall survival and quality of life [73]. Simil- 
arly, in patients who were non-smokers, the 
effects of two drugs were approximately same 
[73]. However, patients with higher expres- 
sion of EGFR gene and with a history of smok-
ing responded more positively to gefitinib [73]. 
These data indicate the superiority of gefitinib 
in EGFR-dependent proliferation and mitosis  
of the lung cancer cells [73]. Notably, gefitinib 
was well-tolerated and its unfavorable effects 
were much less compared to docetaxel [73].

Although erlotinib and gefitinib were the only 
drugs with well-established uses as second 
and third-line treatments against lung cancer, 
these first-generation EGFR tyrosine kinase 
inhibitors had certain disadvantages too [74]. 
Most remarkable was a resistance to erlotinib 
or gefitinib in patients kept on continued treat-
ment to the drugs [75-77]. Patients, who had 
acquired a secondary mis-sense mutation at 
exon 10 of EGFR-tyrosine kinase, termed as  
the T790M “gate-keeper mutation”, showed 
greater resistance to erlotinib and gefitinib [78, 

79]. In fact, around 50-60% of patients resis-
tant to erlotinib and gefitinib had T790M muta-
tion within their EGFR gene [78, 79]. In addi-
tion, lung cancer owing to enhanced hepato-
cyte growth factor or the non-EGFR growth fac-
tors was resistant to erlotinib and gefitinib [80, 
81]. Hence, to evade these problems, the  
second-generation irreversible tyrosine kinase 
inhibitor, afatinib, was proposed for the treat-
ment of lung cancer [74].

Afatinib: Afatinib performs its role as an EGFR-
inhibitor by binding to cysteine-773, 805 and 
803 residues of EGFR-tyrokine kinases, partic-
ularly at ErbB4 [82, 83]. Afatinib also prevents 
dimerization of EGFR and ErbB4 and hetero-
merization with HER2 [84]. Afatinib appeared 
effective in lung cancer patients who were 
resistant to erlotinib and gefitinib, and in lung 
cancer cell lines possessing HER2 as well as 
T790M mutations within EGFR gene [82, 85]. 
Few phase I clinical studies proved the efficacy 
of afatinib at an oral dose of around 50 mg/day 
[86, 87]. However, patients exposed to 50 mg/
day afatinib showed signs of skin rash and 
stomach upsets, and hence a dose of 40 mg/
day that demonstrated almost similar effica-
cies (as 50 mg/Kg) and with reduced adverse 
effects had been chosen for advanced clinical 
trials in lung cancer [84, 88]. A co-treatment of 
40 mg/day afatinib with 250 mg/m2 cetaximib 
in the phase I clinical trial, followed by a phase 
II trial in combination with 500 mg/m2 cetaxi-
mib demonstrated a 30% overall response and 
75% partial response among 97 NSCLC pati- 
ents [89]. The drug combinations demonst- 
rated 30-36% partial response for both with 
and without T790M mutations [74]. However, 
around 50% stability was observed in patients 
with T790M secondary mutation and 30%  
for the ones without the mutation, indicating 
greater effectiveness of afatinib in patients 
containing the mutation [89]. Likewise, a Phase 
II clinical study (LUX-Lung 2 study) using afa-
tinib demonstrated an average of around 60% 
objective response rate in 129 patients having 
the EGFR mutations [88]. Nonetheless, stu- 
dies on these combination therapies of afatinib 
are still underway, and prophylactic dose and 
duration of individual drugs in the combination 
therapy strategy await standardization [74].

Combination therapies of afatinib with chemo-
therapeutics and tyrosine kinase inhibitors 
were found to be beneficial in Phase III LUX-
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Lung-5 trial [84]. For this trial, patients first 
underwent treatment with 40-50 mg afatinib 
alone for 12 weeks, and then a combination 
with paclitaxel [84]. The combination treat-
ments led to enhanced progression-free sur-
vival for six months, with markedly improved 
overall response rate compared to single thera-
pies [84]. For NSCLC patients, where a combi-
nation of erlotinib or gefitinib with the tyrosine 
kinase monoclonal antibody (cetuximab) failed, 
afitinib and cetuximab co-treatment were effec-
tive [82]. The erlotinib/gefitinib and cetuximab 
combinations were ineffective due to EGFR 
T790M mutation within the patients’ gene, 
which could be targeted by afatinib and cetux-
imab together [89]. Supportively, a preclinical 
study on EGFR T790M transgenic NSCLC mice 
showed remarkable recovery following afatinib 
and cetuximab combination treatments [82]. 
LUX-Lung 3 and LUX-Lung 6 phase III studies 
revealed that compared to platinum-based 
double-used chemotherapies, such as cisplatin 
and pemetrexed or cisplatin and gemcitabine, 
the progression-free survival for afatinib was 
four months higher [90]. Recovery with afatinib 
was also comparatively better in patients with 
deleted exon-19 or L858R mutation within 
EGFR gene [90]. A study showed that around 
630 of 700 afatinib-treated patients had a bet-
ter overall survival of three months compared 
to the standard chemotherapies (twenty-seven 
months versus 24 months respectively) [84, 
91]. Moreover, a Phase III clinical study on 699 
squamous lung cancer patients, who had not 
responded to platinum-based chemotherapies, 
demonstrated five-month greater median pro-
gression-free survival following afatinib treat-
ment as compared to erlotinib [91]. The study 
also informed that although the overall res- 
ponse rate was almost identical for both afa-
tinib and erlotinib-treated patients, the disease 
control rate was markedly better for the for- 
mer [91]. Nonetheless, despite these superior 
responses, the adverse impact for afatanib 
was at times unbearable, with reports of severe 
diarrhea and mouth ulcers [74]. 

Presently, FDA endorsed 40 mg daily oral dose 
of afatinib as a potent therapy for NSCLC in 
patients with EGFR mutation on exon 19 and 
21 (L858R) [74]. Nevertheless, afatinib also be- 
ars the risk of developing resistance in lung can- 
cer patients [74]. In vitro studies have revealed 
EGFR T790M alleles to be inducing afatinib 

resistance in lung tumors [92]. Secondly, muta-
tions in hepatocyte growth factor receptor, 
MET, ErbB2, etc. failed as afatinib targets [82]. 
For these reasons, detailed research on this 
aspect of afitinib resistance is needed, both for 
individual as well as combinatorial treatments.

Icotinib: Concomitant with lung cancer, metas-
tasis of the central nervous system (CNS) has 
become a familiar problem, both showing very 
poor prognoses [93]. Around 25% of NSCLC 
patients suffered from brain metastasis during 
diagnosis itself and 50% while the treatment 
process [93]. Patients suffering from both lung 
and brain metastasis survived for around six 
months and untreated ones for a few weeks 
[94]. Chemotherapeutic drugs for NSCLC failed 
to cross the blood-brain barrier, and erlotinib, 
gefitinib and afatinib could reach to the extent 
of extra-cranial lesions only [95]. The EGFR-TK-
inhibior, icotinib, that also bears the brand-
name Conmana, marketed in China, was the 
first drug proven to be effective for both NSCLC 
and brain metastasis [96]. Hence, icotinib was 
considered a new treatment choice for pre-
treated advanced NSCLC patients [96]. A phase 
II clinical trial for Conmona demonstrated sig-
nificant effectiveness against both NSCLC and 
CNS metastasis, and phase III trial (ICOGEN) 
verified its potency and safety as well [96]. The 
response rate, overall survival and progression-
free survivals were around 80%, 7 and 15 
months respectively [97]. These patients had 
no history of smoking and had not been pre-
treated with chemotherapies [97]. Only a few 
patients underwent radiotherapy either prior  
to or during icotinib treatment [97]. Another 
phase II trial also revealed that icotinib could 
prevent lung and brain metastasis even in 
EGFR mutated patients [98, 99]. The response 
rate and longevity for these icotinib-treated 
patients were higher than that for wild-type 
EGFR [98, 99]. A phase II clinical trial at China 
demonstrated that icotinib together with whole-
brain radiation therapy were quite potent in 
treating NSCLC patients having EGFR muta-
tions and suffering from CNS metastases  
[97]. The median progression-free survival was 
much higher, twelve months compared to eight 
months for the co-treatment compared to ico-
tinib only [97, 100]. Other than a few reports  
of acneiform lesions and diarrhea, side effects 
of icotinib were milder and free from liver dam-
age [100]. Patients studied for icotinib safety 
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showed around 96% disease control rate, with 
an overall survival of twenty one months and 
progression-free survival of eleven months 
[100]. In general, it may be deduced that ico-
tinib was not only potent in treating lung cancer 
and associated brain metastases, but was safe 
for advanced NSCLC patients [100]. Nonethe- 
less, unlike gefitinib and erlotinib, laboratory 
and clinical trials performed for icotinib are 
fewer [100]. Hence, more world-wide multi-cen-
tric studies are required to provide perfect data 
on effectiveness and safety of icotinib [100].

Other drugs targeting EGFR: Other than erlo-
tinib, gefitinib, afatinib and icotinib, EGFR has 
also been targeted by a few other drugs as a 
third-line of treatment [61]. The monoclonal chi-
meric antibody, cetuximab, has been applied in 
combination with other chemotherapies, such 
as cisplatin and vinorelbin in NSCLC pati-ents 
[48]. A weekly injection of cetuximab in 66 
patients reduced the disease progression and 
enhanced overall survival by 95% [48]. Another 
EGFR-tyrosine kinase inhibitor, Sunitinib malate 
(SutentR), when treated orally in 63 patients at 
a dose of 60 mg/Kg for a period of four weeks 
daily, and then without the drug for two weeks, 
repeatedly for six weeks showed promising 
effects in patients who failed the platinum-
based therapies [101]. Here too, the response 
rates, progression-free and overall survivals 
were 95% each [101]. Phase II clinical trial with 
a Raf/MEK/ERK inhibitor, sorafenib, at 400  
mg oral dose prolonged the progression-free 
survival and overall survival in 52 pre-treated 
patients with relapsed and advanced NSCLC 
[102]. The toxic side effects were relatively mild 
for these refractory NSCLC patients [102]. Ano- 
ther selective MEK inhibitor, AZD6244, was 
effective for second and third-line treatments 
for lung cancer [103]. However, the success  
of AZD6244 could be prominently assessed 
when studied in ERK-mutated cases rather 
than EGFR mutations [61]. Inhibitors of mTOR 
kinases that stimulate lung metastasis have 
also undergone clinical trials in lung cancer 
patients [104]. A Phase II trial with mTOR kinase 
inhibitor, everolimus (RAD001), in combination 
with the EGFR antagonists, showed progres-
sion-free survival of 2.6-2.7 months in pati- 
ents who failed two regimens of chemotherapy 
[104]. A serine/threonine inhibitor, enzastaurin, 
has also been found to be effective for persis-
tent NSCLC [105]. An oral dose of 500 mg/day 

enzastaurin showed an improved overall sur-
vival of around eight months and progression-
free survival of two months in patients who 
failed two chemotherapeutic regimens [105]. 
The multi-kinase inhibitor, vandetanib, when 
combined with docetaxel appeared effective as 
a second-line therapy [53]. Retinoid receptor 
modulators, like bexarotene, also limited lung 
tumor progression via targeting the nuclear 
receptor, RXRα, β and γ [106]. Phase II clinical 
trials using bexarotene in 146 patients resulted 
in five months overall survival for 95% patients 
and a survival of one year for around 25% pati- 
ents [107]. Nevertheless, although these drugs 
have been used for laboratory experiments  
and clinical trials, unlike the typical EGFR inhibi-
tors (erlotinib, gefitinib, etc.), detailed toxicity 
studies for the drugs are pending. Hence, these 
drugs await FDA endorsement.

Selective use of second and third lines of 
treatment 

Generally, first and second-lines of therapeutic 
interventions are being widely used in different 
clinical trials for lung cancer [61]. The concept 
of third-line treatment is particularly applicable 
for critical patients suffering from severe lung 
metastasis [108]. However, patients who truly 
require the third-line of treatment are fairly  
difficult to identify [61]. For these treatments, 
EGFR mutation grade, position, patient age, 
cigarette smoking history, weight loss and tu- 
mor size require precise consideration [108].  
A single study on the comparative role of erlo-
tinib as a first, second and third-line treatment 
revealed about 27%, 45% and 28% recovery 
respectively [109]. Docetaxel as a therapy for 
second and third line treatment has been tried 
for 74 NSCLC clinical cases at the Princess 
Margaret Hospital, Toronto [68]. A comparative 
study among patients receiving docetaxol and 
tyrosine kinase inhibitors as second and third-
line treatments revealed almost the same over-
all survival and progression-free survival [110]. 
Nonetheless, erlotinib appeared as a more 
suitable second-line and third-line therapeutic, 
especially in patients who failed to respond  
to chemotherapeutic interventions [111]. How- 
ever, an open-label phase III trial (INTEREST) 
and another clinical trial on 477 patients ad- 
ministered with either erlotinib or gefitinib as 
second-line and third-line therapeutic demon-
strated almost similar overall and progression-
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free survivals for the two drugs [111]. Hence, 
comparative data on these EGFR inhibitors as 
second and third-line therapies are difficult to 
obtain, showing comparable efficacies for both. 
Thus, large cohort studies that may compare 
the efficacies of second and third-line thera-
peutics in lung cancer are needed to deduce 
the individual treatment efficacies.

Targeting VEGF that promotes tumoregenesis 
and lymphangiogenesis

Angiogenic growth factors, particularly, VEGF 
may also be up-regulated during EGFR activa-
tion [39]. Lung cancer proliferation is stimul- 
ated during angiogenesis where VEGF has a 
marked contributory role promoting blood sup-
ply to the tumor site [112]. VEGF has a promi-
nent mitogenic function in the endothelial cells 
that participate in inducing angiogenesis and 
lymphangiogenesis [112]. VEGF also triggers 
microvascular hyperpermeability that intricate-
ly associates or precedes angiogenesis [113]. 
The VEGF family has seven members, viz. VEGF- 
A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, VEGF-F, 
and PlGF, and particuarly VEGF-C promotes 
lung adenocarcinoma, tumor lymphangiogene-
sis and metastasis at the lymph nodes [114]. 
Transgenic mouse models revealed participa-
tion of VEGF-C in tumor lymphangiogenesis and 
metastasis at the lymph nodes [115]. A VEGF-D 
to VEGF-C ratio governs both enhanced pene-
tration of malignant cells within lymph nodes 
and metastasis in lung adenocarcinoma, the 
[114]. VEGF-A together with VEGF-C enhance 
lung carcinoma progression, where VEGF-A par-
ticipates more in the lymph node invasion, and 
VEGF-C promotes tumor enlargement close to 
the metastatic and angiogenic region [112]. 
The VEGF-A and fibrin or fibrinogenconjugates 
stimulate hyperpermeability via the endothelial 
junctions, promoting the endothelization pro-
cess [112]. VEGF also participates by interfer-
ing with the functions of p53 tumor suppres- 
sor gene that inhibits angiogenesis [116]. 
Reduced p53 helps in up-regulating VEGF-A via 
bind-ing to VEGF-promoter involving the func-
tional hypoxia inducible factors (HIF-1a) and 
HIF-1b [116]. Increased heterodimerization of 
these two isoforms of HIF-1 stimulates VEGF- 
A expression, promoting angiogenesis in lung 
tumors [116]. VEGF-A also functions via influ-
encing the expression of the matrix metallopro-
teases (MMP) that disrupt the cell extracellular 
matrix and promote angiogenesis [117]. Via 

feed-back mechanism, MMPs, especially MMP- 
9 up-regulates VEGF-A expression as well [117]. 
Increased reactive oxygen species and free 
radical generation enhances VEGF and MMP 
expressions, promoting lung tumor growth 
[117]. VEGF suppresses apoptosis in the lung 
cancer cells by enhancing anti-apoptotic B-cell 
lymphoma-2 (BCl2) expression that further 
arbitrates cell proliferation [116]. BCl-2 also 
increases synthesis of interleukin-8 that trig-
gers angiogenesis and contributes to enhanced 
proliferation of malignant lung cells [118]. Plat- 
elet aggregation and adherence to endothelia 
trigger the secretion of VEGF that otherwise 
stays dormant in the platelet granules [119]. 
Hence along with the aggregated platelets, 
VEGF promotes lung tumor cell growth and 
metastasis [119]. 

The major function of VEGF-A in enhancing 
endothelial permeability is via activation of the 
receptor TK (RTK), i.e. VEGFR1 and VEGFR2 
[120]. A monoclonal antibody to VEGF, market-
ed as bevacizumab (Avastin; Genentech; South 
San Francisco, CA) is a well-known anti-angio-
genic agent used for lung cancer treatment 
[112]. Co-treating bevacizumab with the estab-
lished chemotherapies, paclitaxel and carbopl-
atin, enhanced their responses and reduced 
lung metastasis phenotypes, as observed in 
ninety nine patients going through Phase II clin-
ical trials [121]. However, bevacizumab treat-
ment caused pulmonary blood loss in patients 
suffering from NSCLC of the squamous epithe-
lia [121]. In addition, treatment regimens of 
bevacizumab, paclitaxel and carboplatin cau- 
sed increased death (17 of 878 patients) rep- 
orts in comparison to paclitaxel+carboplatin in 
phase III trials [121]. Nonetheless, because of 
the significant positive effects in suppressing 
lung metastasis, doctors continued the treat-
ments of bevacizumab, paclitaxel and carbopl-
atin along with other precautions and safety 
measures that reduced patient death rate.

Targeting SCLC

SCLC is resistant to the established chemo-
therapies, and new targets for its attenuation 
are essential [122]. An interesting aspect with 
SCLC is the augmented expression of neuro-
peptide growth factor receptors that cause 
increased secretion of autocrine neuropeptides 
[122]. The two important SCLC-induced neuro-
peptides are gastrin-releasing peptide (GRP; 
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the mammalian homolog of bombesin) and 
arginine vasopressin (AVP) [123]. The other 
receptors that also undergo mild to moderate 
induction in lung cancer are Bombesin, Brady- 
kinin, cholecystokinin (CCK), Endothelin-1, gal- 
anin, Neurotensin, Somatostatin, Vasopressin 
and VIP/PACAP [3]. The neuropeptides once 
bound to the receptors signal through Gq and 
G12/13 proteins that trigger intracellular Ca2+ 
release, and PKC, ERK and JNK activations 
[124]. The bombesin-like neuropeptides stimu-
lates autocrine and paracrine growth of lung 
cancers [124]. This has been further estab-
lished using bombesin antagonists and neutral-
izing antibodies that attenuated autocrine 
growth factor expressions in SCLC [124]. For 
CCK, the pre-form of the neuropeptides under-
goes processing into the active forms, and CCK 
binding with CCK-A and CCK-B triggers the sig-
nalling pathways via Ca2+ mobilization in prolif-
erative SCLC [3]. SCLC cells secrete arginine 
vasopressin (AVP), and increased plasma AVP 
levels are observed in SCLC patients [3]. 

The modulated expression of V2 receptor medi-
ates AVP-induced SCLC proliferation [124]. V2 
receptors are usually heterotrimeric G-protein 
coupled, seven transmembrane receptors that 
via the Gq-proteins activate phospholipase Cβ 
(PLCβ) [124]. The PLC pathway then activates 
inositol trisphosphate (IP3) that consequently 
causes Ca2+ channel opening [124]. This situa-
tion triggers ERK and protein kinase D or PKCμ 
signalling [124]. The neuropeptides also bind  
to G12 and G13 proteins that then activate Ras 
and Rho proteins [124]. These activated mole-
cules then up-regulate JNK members of the 
MAP kinase family [124]. Cytoskeletal tyrosine 
kinase, Src and Tec/Bmx proteins, are also evi-
dent in SCLC [124]. It has been observed that 
Substance P derivatives of neuropeptides mod-
ulate functioning of the neuropeptide receptors 
in SCLC patients [122]. Substance P targets 
the Ca2+ mobilization mechanism, triggered by 
the neuropeptides AVP, CCK and GRP in SCLC 
cells [122]. This observation had been strongly 
detected in the in nude mice xenografts, where 
Substance P derivatives induced apoptosis in 
lung cancer cell lines through the G12 and G13 
proteins [122]. 

A typical example of a direct therapy against 
neuroendocrine peptides and receptors is mAb 
2A11 that targets GRP and prevents its recep-

tor binding [3]. However, mAb failed in clinical 
trials [3]. Neutralizing antibodies to AVP and 
pro-vasopressin have also been recognized as 
therapeutic agents against SCLC mitogenesis 
[3]. Substance-P analogs abrogated function-
ing of substance P as well as GRP [3]. Studies 
on neuropeptide growth factors as therapeu-
tics for SCLC are underway, where the efficacy 
and safety aspects are strongly considered.

Conclusion and future direction

Clinical trials in lung cancer patients have 
revealed that the EGFR-TK-inhibitors and mono-
clonal antibodies (mAbs) are effective in atten-
uating the progression of lung cancer. There 
are several reports where these therapies, indi-
vidually and in combinations, have failed. Even 
when applied along with chemo and radiation 
therapies, the TK-inhibitors and mAbs have 
been found to be ineffective. Hence, although 
advances have been made using EGFR-TK-
inhibitors and EGFR-targeted mAbs in treating 
lung cancer and metastasis, more potent ther-
apeutic regimens are still needed. One impor-
tant aspect that could solve this problem, to 
some extent, is via the generation of broad-
spectrum growth factor inhibitors. Secondly, 
other than using a combination of TK inhibitors 
and mAbs only, inhibitors of EGFR could also  
be co-treated with that of VEGFR. This concept 
appears useful for both NSCLC and SCLC pati- 
ents. However, toxicity studies on these com-
bined treatments would ultimately decide feasi-
bility of their usage during lung malignancy. 
Targeting angiogenesis and lung tumor growth 
using fibroblast and VEGF inhibitors could also 
provide a partial solution to the problem of 
EGFR-TK resistance. In addition, extensive res- 
earch on individual patient’s tumor biology  
may be necessary for appropriate targeted 
therapy. This individual patient approach would 
ultimately result in improved progression-free 
survival and overall survival for the diverse cat-
egory of lung cancer patients.
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