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  Pref ace   

 Lung cancer is one of the most common causes of cancer-related deaths in the 
world, affecting millions of individuals. This volume,  Lung Cancer and Personalized 
Medicine: Current Updates and Therapies , comprehensively reviews lung cancer as 
a disease, details the current state of our knowledge, and showcases the promising 
novel strategies being pursued. With a greater understanding of lung cancer, we can 
better appreciate the heterogeneity among lung cancer patients. It is now more evi-
dent than ever before that a “one-size-fi ts-all” approach is not an effective means of 
clinical management of patients. It is critical to understand every lung cancer patient 
as an individual, the unique genomic make up an individual patient possesses, and 
the unique opportunities that such understandings present in developing a treatment 
plan to which an individual is most likely to respond—that is, “personalized man-
agement,” the focus of this volume. Chapter   1     provides a commentary on lung can-
cer statistics. It is important that we remind ourselves of the threats posed by lung 
cancer. It is the leading cause of cancer-related mortality in men in the USA and 
throughout the world. In women, it is the leading cause of cancer-related deaths in 
the USA, but ranks second worldwide. This chapter provides a detailed overview of 
variations in lung cancer rates and trends in the USA as well as globally. Chapter   2    , 
which addresses the epidemiology of lung cancer, touches upon the various risk 
factors that may predispose an individual to the disease. Availability of putative risk 
prediction models will, undoubtedly, change the personalized care of lung cancer 
patients. Cigarette smoking has always been considered a major factor contributing 
to lung cancer. However, a substantial number of lung cancer patients never smoked. 
As a separate entity, lung cancer among nonsmokers will rank as the seventh leading 
cause of cancer-related deaths, which is discussed in Chapter   3    . 

 Chapter   4    , on immune therapy, addresses the recent advances in immune 
responses in lung cancer patients—previously believed to be irrelevant to lung can-
cer treatment. This chapter discusses the various immunotherapeutic approaches for 
treatment of lung cancer patients, including those in clinical trials. With the realiza-
tion that angiogenesis is frequently upregulated in lung cancer patients, the focus on 
antiangiogenic agents is of relevance to personalized therapy of lung cancer 
patients—which is discussed in Chapter   5    , which outlines the progress as well as 
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 challenges associated with the antiangiogenic therapy in non-small cell vs. small 
cell lung cancers. Chapter   6     discusses the targets of personalized therapy in lung 
cancer, namely, the tyrosine kinases, with a focus on epidermal growth factor recep-
tor (EGFR) mutational status. With such important role of tyrosine kinases in lung 
cancer progression, tyrosine kinase inhibitors have been studied in considerable 
detail, but acquired resistance to these inhibitors remains a major clinical challenge. 
These challenges and the mechanisms of resistance to EGFR-targeted therapies are 
discussed in Chapter   7    , which also touches upon the novel strategies to overcome 
the resistance. Chapter   8     focuses on KRAS-mutant lung cancers that make up 
approximately a quarter of all lung cancers. KRAS mutations have also been linked 
to EGFR-resistance, and their importance in lung cancer progression is increasingly 
being realized. Chapter   9     focuses on anaplastic lymphoma kinase (ALK), another 
tyrosine kinase whose chromosomal rearrangement results in aggressive lung cancers. 
The evolving knowledge on ALK-rearranged lung cancers is of relevance to the 
personalized management of patients. Rounding up our knowledge on the resis-
tance to current therapies, Chapter   10     summarizes the various chemotherapy options 
available for lung cancer patients and the associated resistance pathways. Finally, 
Chapter   11     summarizes the chemistry of metal-based drugs, particularly those based 
on platinum, ruthenium, gadolinium, and iron compounds. A better understanding 
of metal-based compounds promises to deliver novel targeted drugs that can poten-
tially be personalized for individual patients. 

 Part II of this volume, available as a separate volume, addresses the many novel 
and emerging therapies that can potentially change the way individual lung cancer 
patients are treated in clinics. Combined, the two volumes provide a detailed over-
view of topics that are critical to the personalized management of lung cancer.  

    Detroit ,  MI ,  USA      Aamir     Ahmad    
    Shirish         Gadgeel           
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      Lung Cancer Statistics                     

       Lindsey A.     Torre    ,     Rebecca L.     Siegel    , and     Ahmedin     Jemal    

    Abstract     Lung cancer is the leading cause of cancer death among both men and 
women in the United States. It is also the leading cause of cancer death among men 
and the second leading cause of cancer death among women worldwide. Lung can-
cer rates and trends vary substantially by sex, age, race/ethnicity, socioeconomic 
status, and geography because of differences in historical smoking patterns. Lung 
cancer mortality rates in the United States are highest among males, blacks, people 
of lower socioeconomic status, and in the mid-South (e.g., Kentucky, Mississippi, 
Arkansas, and Tennessee). Globally, rates are highest in countries where smoking 
uptake began earliest, such as those in North America and Europe. Although rates 
are now decreasing in most of these countries (e.g., United States, United Kingdom, 
Australia), especially in men, they are increasing in countries where smoking uptake 
occurred later. Low- and middle-income countries now account for more than 50 % 
of lung cancer deaths each year. This chapter reviews lung cancer incidence and 
mortality patterns in the United States and globally.  

  Keywords     Lung cancer   •   Cancer incidence   •   Age-standardized rate (ASR)   •   Cancer 
mortality   •   Five-year relative survival   •   Cancer statistics   •   Age   •   Race/ethnicity   • 
  Socioeconomic status (SES) geographic variation   •   Trends   •   United States   •   Global   
•   International   •   Global patterns   •   Cancer burden  

        Introduction 

 Lung cancer was rare before the twentieth century, [ 1 ] but is now the leading cause 
of cancer death in both men and women in the United States, accounting for 27 % 
of cancer deaths in 2014 [ 2 ]. Lung cancer is also the leading cause of cancer death 
in men and the second leading cause of cancer death (after breast cancer) in women 
worldwide [ 3 ]. It was estimated that 1.8 million new lung cancer cases and 1.6 million 

        L.A.   Torre    •    R.L.   Siegel    •    A.   Jemal      (*) 
  Surveillance and Health Services Research, Intramural Research Department , 
 American Cancer Society ,   250 Williams Street ,  30303   Atlanta ,  Georgia, USA   
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lung cancer deaths occurred in 2012 worldwide, accounting for about 19 % of all 
cancer deaths [ 3 ]. Worldwide variation in the lung cancer burden and trends are primar-
ily driven by historical differences in the uptake and reduction in tobacco use [ 4 ].  

    Common Indicators in Cancer Statistics 

    Incidence 

  Cancer   incidence is the number of newly diagnosed cancer cases in a population 
during a specifi c time period, usually expressed as a rate per 100,000 persons. 
The numerator includes only cases diagnosed during the given time period, and 
only primary sites (i.e., metastatic cancers are not counted). The denominator 
includes only the population at risk for that type of cancer. For example, males 
would not be included in the denominator for cervical cancer incidence rates, 
because they are not at risk for cervical cancer. 

  Age-standardized rates (ASR)   are used to compare cancer occurrence between two 
or more populations with different age structures. It is necessary to account for differ-
ences in population age distributions because the frequency of cancer generally increases 
with age (except for some types of cancers in children). For instance, crude (unstandard-
ized) lung cancer incidence rates are much lower for men in Alaska (a young popula-
tion) compared to men in Florida (an older population); however, once they are age 
adjusted, the rates are virtually the same. Age- standardized rates are constructed by 
taking a weighted average of the rates in each 5 year age group, where the weights are 
the proportion of persons in that age group in a defi ned “standard population.”  

    Mortality 

 Cancer mortality is the number of cancer deaths in a population during a given time 
period, usually expressed as a rate per 100,000 persons. The numerator includes 
only deaths which occurred during the given time period, and the denominator 
includes only the population at risk for that type of cancer. Cancer mortality rates 
refl ect both incidence and survival. For cancers with universally high case fatality, 
such as lung and pancreatic cancers, mortality rates may sometimes be used as a 
proxy for incidence rates.  

    Survival 

  Cancer   survival is the length of time a person lives following cancer diagnosis. 
Relative survival represents the percentage of cancer patients who are living after a 
specifi ed time period since cancer diagnosis compared to the expected survival of a 
cancer-free population of the same age, race, and sex.   

L.A. Torre et al.
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    Data Sources 

    Incidence and Mortality in the United States 

   Incidence   rates for 2006–2010 were obtained from the  North American Association 
of Central Cancer Registries (NAACCR)  ’s Incidence-CiNa Analytic File [ 5 ]. The 
fi le contains incidence data from the Surveillance, Epidemiology, and End Results 
(SEER) Program of the National Cancer Institute and the  National Program of 
Cancer Registries (NPCR)   of the Centers for Disease Control and Prevention 
(CDC). Together, SEER and the NPCR collect cancer incidence data for the entire 
United States population [ 6 ]. Incidence trends for whites and blacks were based on 
data from SEER (9 registries), covering 1975–2010; for other racial/ethnic groups, 
SEER (13 registries) data covering 1992–2010 were used. Five-year survival rates 
were based on cases diagnosed from 2003 to 2009 and followed through 2010 in 
SEER areas (18 registries). 

 Mortality data for the United States are obtained from the CDC’s National Center 
for Health Statistics (NCHS) through the SEER Program’s SEER*Stat database [ 7 ]. 
The accuracy of recording lung cancer as an underlying cause of death is high in the 
United States, with death certifi cates capturing about 89 % of lung cancer deaths in 
one study [ 8 ]. All incidence and mortality rates are age-standardized to the 2000 
United States standard population.  

    Global Incidence and Mortality 

 Incidence and mortality rates for 2012 were obtained from GLOBOCAN 2012, 
published by the International Agency for Research on Cancer (IARC). GLOBOCAN 
estimates cancer incidence and mortality rates in each country of the world using dif-
ferent methods depending on the accuracy and availability of data [ 9 ]. Coverage of 
population-based cancer registries ranges from 1 % in Africa, 6 % in Asia, and 8 % in 
Latin America to 42 % in Europe, 78 % in Oceania, and 95 % in North America [ 10 ]. 
Mortality data are available for about one third of the world population, and are gener-
ally of higher quality in high-income countries [ 11 ]. IARC also makes available his-
toric incidence and mortality data in its Cancer Incidence in Five Continents database 
[ 10 ] and World Health Organization Cancer Mortality Database [ 12 ]. Global inci-
dence and mortality rates were age-standardized to the 1960 world standard popula-
tion, and therefore cannot be compared to the United States rates which are generally 
age-standardized to the 2000 United States standard population.    

    Lung Cancer Patterns in the United States 

 Lung cancer rates  and   trends in the United States vary dramatically by demographic and 
geographic characteristics such as sex, age, race/ethnicity, state, and socioeconomic 
status, with incidence and mortality showing generally similar patterns because of 

Lung Cancer Statistics
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the low survival rate [ 13 ]. Most of these differences refl ect differences in smoking 
patterns, [ 4 ] with lung cancer death rates beginning to increase at the population 
level two to three decades after widespread smoking has begun and peaking three to 
four decades after peak smoking in the population [ 14 ]. Cigarette smoking is by far 
the most important risk factor for lung cancer; 82 % of lung cancer deaths in the US 
are due to smoking [ 15 ]. 

    Age 

  Lung cancer   takes decades to develop after smoking initiation, and is thus rare 
before age 30 and peaks in the elderly (Fig.  1 ). Lung cancer rates tend to drop off 
after around 80 years, likely due to competing mortality from other causes or dimin-
ished accuracy of classifi cation [ 16 ].

   During 2006–2010, the average annual lung cancer incidence rate among United 
States men ranged from 1.3 cases per 100,000 in age 30–34 years to 585.9 in age 
85–89 years. Among women, incidence ranged from 1.4 in age 30–34 years to 

  Fig. 1    Lung cancer 
incidence and mortality 
rates by sex and age, 
United States, 2006–2010. 
Rates are per 100,000 and 
age-adjusted to the 2000 
U.S. standard population       
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365.8 in age 75–79 years. The median age at diagnosis of lung cancer of men and 
women combined was about 70 years, with approximately 10 % of cases occurring 
in those younger than 55 years, 53 % in those 55–74 years, and 37 % in those 75 
years and older [ 17 ]. 

 Mortality patterns by age closely follow incidence patterns. In 2006–2010, mor-
tality rates among men ranged from 0.6 per 100,000 among those 30–34 years to 
522.8 among those 80–84 years. Mortality rates among women ranged from 0.5 per 
100,000 among those 30–34 years to 291.2 among those 80–84 years. The median 
age at death from lung cancer for men and women combined was about 72 years, 
with about 9 % of deaths occurring among those younger than 55 years, 50 % in 
those 55–74 years, and 41 % in those 75 years and over [ 17 ].  

    Race/Ethnicity 

 During 2006–2010,  male   lung cancer incidence rates were highest among blacks 
(94.7 per 100,000), followed by non-Hispanic whites (82.9 per 100,000), American 
Indians/Alaska Natives (70.2 per 100,000), Asians/Pacifi c Islanders (48.8 per 
100,000), and Hispanics (45.9 per 100,000) (Fig.  2 ). Among women, incidence rates 
were highest among non-Hispanic Whites (59.9 per 100,000), followed by American 
Indians/Alaska Natives (52.1 per 100,000), Blacks (50.4 per 100,000), Asians/Pacifi c 
Islanders (28.0 per 100,000), and Hispanics (26.6 per 100,000) (Fig.  2 ). These differ-
ences primarily refl ect historical smoking patterns. Historically, black men smoked 

  Fig. 2    Lung cancer incidence and mortality rates by sex and race/ethnicity, United States, 2006–
2010. Rates are per 100,000 and age-adjusted to the 2000 U.S. standard population. Nonwhite race 
categories are not mutually exclusive of Hispanic origin (Source: Siegel et al. [ 2 ])       
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at higher rates than white men and men of other racial/ethnic groups. In contrast, 
black and white women historically smoked at similar rates. However, in the past few 
decades, black teenagers initiated smoking at lower rates than white teenagers.

   Among males, Blacks have the highest mortality rates, followed by non- Hispanic 
Whites; among females, non-Hispanic Whites have the highest mortality rates, fol-
lowed by Blacks. Among both males and females, these are followed by American 
Indians/Alaska Natives, Asians/Pacifi c Islanders, and Hispanics (Fig.  2 ). However, it 
is worth noting that signifi cant heterogeneity in lung cancer rates exist within these 
broad racial/ethnic groups according to geography and subpopulation. For instance, 
lung cancer incidence rates in 1999–2004 among American Indian/Alaska Native 
men range from 22.1 per 100,000 in the Southwest to 116.5 in Alaska. Among 
women, incidence rates in 1999–2004 range from 10.3 per 100,000 in the Southwest 
to 97.4 in the Northern Plains [ 18 ]. Among Asian Americans, lung cancer incidence 
rates in 2004–2008 ranged from 30.1 per 100,000 among Asian Indian and Pakistani 
men to 73.4 among Vietnamese men, while they ranged from 12.1 per 100,000 
among Asian Indian and Pakistani women to 31.8 among Vietnamese women [ 19 ]. 

 In men, lung cancer mortality rates have been decreasing in all racial/ethnic 
groups except American Indians/Alaska Natives during the most recent time period 
(Fig.  4 ). However, the magnitude of the decreases vary by race/ethnicity. From 2001 
to 2010, rates decreased annually by an average of 3.3 % in Black males, 2.8 % in 
Hispanics, 2.4 % in Whites, and 1.6 % in Asians/Pacifi c Islanders, while rates were 
stable in American Indians/Alaska Natives [ 20 ]. Among females, lung cancer mor-
tality rates are decreasing among all racial/ethnic groups except American  Indians/
Alaska Natives and Asians/Pacifi c Islanders (Fig.  4 ). From 2001 to 2010, rates 
decreased annually by an average of −1.1 % in Hispanic females, −1.0 % in Black 
females, and −0.9 % in Whites, while rates remained stable in American Indians/
Alaska Natives and Asians/Pacifi c Islanders [ 20 ].  

    Sex 

 Lung cancer  mortality   rates among females have historically been lower than males, 
peaking at about 40 deaths per 100,000, or about half of the peak rate of 90 deaths 
per 100,000 among males (Fig.  3 ). These patterns are similar when broken down by 
racial/ethnic group (Fig.  4 ).

    Lung cancer incidence and mortality among males began to increase around the 
1920s following the uptake of smoking among men around the turn of the twentieth 
century [ 1 ]. Lung cancer mortality has been decreasing among men since the early 
1990s, refl ecting widespread smoking cessation that began around 1964 with the 
release of the United States Surgeon General’s report, which concluded that smoking 
was causally related to lung cancer [ 21 ]. Lung cancer incidence and mortality rates 
among women began to increase in the 1960s (Fig.  3 ), refl ecting the later uptake of 
smoking among women around the 1930s and 1940s [ 22 ]. Smoking cessation among 
women in the United States began around the 1980s, [ 22 ] and mortality rates have 
been decreasing among women since the 2000s [ 17 ].  

L.A. Torre et al.
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  Fig. 4    Lung cancer mortality rates by sex and race/ethnicity, United States, 1975–2010. Rates are 
per 100,000 and age-adjusted to the 2000 U.S. standard population. Rates for American Indians/
Alaska Natives are based on the Contract Health Service Delivery Area counties. Hispanic is not 
mutually exclusive from whites, blacks, Asian/Pacifi c Islanders, and American Indians/Alaska 
Natives. Data for whites rather than non-Hispanic whites is presented because ethnicity data was 
not available prior to 1990. Mortality data for Hispanics exclude cases from Connecticut, the 
District of Columbia, Louisiana, Maine, Maryland, Minnesota, Mississippi, New Hampshire, 
New York, North Dakota, Oklahoma, South Carolina, Vermont, and Virginia. Abbreviations: 
AI/AN American Indian/Alaska Native; A/PI Asian/Pacifi c Islander       

  Fig. 3    Lung cancer mortality rates by sex, United States, 1930–2010. Rates are per 100,000 and 
age-adjusted to the 2000 U.S. standard population. Due to changes in ICD coding, numerator 
information has changed over time; rates include deaths from lung, bronchus, pleura, trachea, 
mediastinum, and other respiratory organs (Source: US Mortality Volumes 1930–1959, US 
Mortality Data 1960–2010, National Center for Health Statistics, Centers for Disease Control and 
Prevention)       
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    Socioeconomic Status 

 Lung cancer rates  are   primarily linked to socioeconomic status through smoking 
patterns. In the United States, those with more education and resources are more 
likely to quit or not initiate smoking [ 23 ,  24 ]. In 2012, smoking prevalence among 
adults was 32.1 % among those with a 9–11th grade education, 23.1 % among those 
with a high school education, and 9.1 % among college graduates [ 25 ]. The smoking 
prevalence among those below the poverty threshold was 27.9 %, while the preva-
lence among those at or above the threshold was 17.0 % [ 25 ]. People with a high 
school diploma or an incomplete high school education are less likely than those 
with a partial or complete college education to attempt to quit smoking [ 26 ]. 

 The higher smoking prevalence among individuals of lower socioeconomic status 
is refl ected in higher lung cancer rates. Among a cohort of US cancer patients 
diagnosed between 1973 and 2001, the lung cancer incidence rate among men with 
less than a high school diploma was 166.6 per 100,000, while the rates among high 
school graduates and college graduates were 123.9 and 57.6, respectively. The 
 relationship was similar among women, with an incidence rate of 71.6 among those 
with less than a high school diploma, followed by rates of 59.1 among high school 
graduates and 35.9 among college graduates [ 27 ]. In the same cohort, rates also 
demonstrated a similar trend by family income, ranging from 91.0 per 100,000 
among men in the highest income group to 150.9 among men in the lowest income 
group; rates among women were 45.9 in the highest income group and 81.4 in the 
lowest income group [ 27 ].  

    Geographic Variation 

 There is  signifi cant   regional and state variation in lung cancer rates (Table  1 ) [ 13 ]. 
Among males, lung cancer mortality rates during 2006–2010 ranged from 27.5 in 
Utah to 97.1 in Kentucky. Rates were also high in Mississippi (95.4), Arkansas 
(90.1), Tennessee (89.5), and Alabama (87.4). The lung cancer burden is generally 
highest in states where tobacco has historically been grown and processed [ 13 ]. 
In addition to Utah, mortality rates were low in New Mexico (43.4), Colorado 
(44.2), California (47.2), and Hawaii (48.8). Among females, mortality rates during 
2006–2010 ranged from 16.8 in Utah to 55.8 in Kentucky. The low rates in Utah can 
be attributed to the cultural prohibition against smoking among the large Mormon 
population [ 13 ]. Other states with low rates include Hawaii (25.9), New Mexico 
(28.6), Colorado (31.3), and North Dakota (32.2). Other states with high rates in 
women were West Virginia (50.9), Delaware (47.7), Indiana (46.7), Oklahoma 
(46.6), and Tennessee (46.6).

   There is substantial variation in lung cancer mortality trends by state relative to 
the national trends. While the lung cancer death rate has been decreasing among 
men in the United States, the trends vary by state. For instance, the rates of decrease 
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in California, which was the fi rst state to enact comprehensive tobacco control 
measures, are nearly twice that of many states in the Midwest and South [ 13 ]. 
Among females, while overall national lung cancer death rates have leveled off and 
begun to decrease, rates in several states in the Midwest and South continue to 
increase [ 13 ,  28 ]. These states are characterized by low excise taxes on cigarettes 
and lack of other tobacco control policies [ 28 ].  

    Survival 

 Lung cancer  survival is   low and has seen only marginal increases since the mid- 
1970s [ 17 ]. Based on data from the nine oldest SEER registries, the 5 year relative 
survival rate increased from 12 % for patients diagnosed during 1975–1977 to 18 % 
for those diagnosed during 2003–2009 [ 17 ]. 

 Cancer survival depends largely on stage at diagnosis (Fig.  5 ). For lung cancer 
patients diagnosed in 2003–2009, the 5 year relative survival rate was 54 % for 
localized stage disease, 26 % for regional stage, and 4 % for distant stage [ 17 ]. 
However, only 15 % of cases were diagnosed at the localized stage, while 22 % 
were diagnosed at the regional stage and 57 % were diagnosed at the distant 
stage [ 17 ].

   Survival is lower in blacks (14 %) than in whites (18 %) [ 17 ] because blacks are 
less likely to receive standard treatment and are more likely to be diagnosed at an 
advanced stage (Fig.  5 ). Survival also declines with age. The 5 year relative survival 
rate for those diagnosed before the age of 45 is 27 %, compared to 19 % among those 
diagnosed at ages 55–64 and 12 % among those diagnosed at age 75 or greater [ 17 ].   

  Fig. 5    Lung cancer  5 year relative survival and stage distribution  , United States, 2003–2009 
(Source: Howlader [ 17 ])       
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    Global Lung Cancer Patterns 

 Worldwide, lung cancer is the leading cause of cancer death in men and the second 
leading cause of cancer death in women, with approximately 1.8 million new cases 
and 1.6 million deaths annually [ 3 ]. Across the world, the lung cancer burden varies 
substantially across countries and regions. 

    Global Variations in Incidence and Mortality 

  The  signifi cant   worldwide variation in lung cancer rates largely refl ects differences 
in the stage and degree of the tobacco epidemic, though differences in air pollution 
are also a factor. Among males, the highest incidence and mortality rates occur in 
Central, Eastern, Southern, and Western Europe, Northern America, Micronesia/
Polynesia, and Eastern Asia (Figs.  6  and  7 ), whereas the lowest rates occur in 
Middle, Western, and Eastern Africa. Overall, incidence rates range from 1.7 per 
100,000 in Western Africa to 53.5 in Central and Eastern Europe, while mortality 
rates range from 1.5 in Western Africa to 47.6 in Central and Eastern Europe [ 3 ].

    In men, lung cancer incidence rates are about 50 % higher in more-developed 
regions (44.7 cases per 100,000) compared to less-developed regions (30.0 per 
100,000) [ 3 ]. However, due to their larger populations, less-developed regions 
accounted for about 60 % (1.1 million out of 1.8 million) of all lung cancer cases in 
2012 [ 3 ]. The lung cancer burden among males is predominantly shaped by smoking 

  Fig. 6    Lung cancer incidence and mortality rates by sex and world region, 2012. Rates are per 
100,000 and age-adjusted to the 1960 world standard population (Source: Ferlay [ 3 ]. Accessed on 
12/13/2013)       
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  Fig. 7    International variation in  lung cancer   mortality by sex, 2012. Rates are per 100,000 and 
age-adjusted to the 1960 world standard population (Source: Ferlay [ 3 ]. Accessed on 3/5/2014)       
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patterns, although other factors, such as air pollution and occupational exposures, 
also play a role [ 29 ]. 

 Among females, the highest incidence and mortality rates occur in Northern 
America, Northern and Western Europe, Australia/New Zealand, and Eastern Asia 
(Figs.  6  and  7 ). The lowest rates occur in Middle, Western, Eastern, and Northern 
Africa. Overall, incidence rates among females range from 0.8 per 100,000 in 
Middle Africa to 33.8 in Northern America, while mortality rates range from 0.7 in 
Middle Africa to 23.5 in Northern America [ 3 ]. By country, mortality rates vary 
from 0.0 in Comoros, Samoa, and Niger to 30.7 in North Korea [ 3 ]. The lung cancer 
burden among females, while largely linked to smoking patterns, is also related to 
other risk factors including air pollution and occupational exposures [ 29 ]. In Eastern 
Asia in particular, where smoking among women remains uncommon, indoor air 
pollution from cooking and heating plays a signifi cant role [ 29 ,  30 ]. 

 Variation in the lung cancer burden exists not only across regions, but also across 
countries and even within each country. For example, in Africa, male lung cancer 
incidence rates range from 0.4 per 100,000 in Niger to 32.3 in La Reunion. In many 
countries, there is also wide variation in lung cancer rates within the country [ 3 ]. For 
instance, in Singapore among men, lung cancer rates for the Indian population are 
17.4 per 100,000, compared to 34.0 in the Malay population and 44.7 in the Chinese 
population [ 10 ]. In females, variation within regions and within countries is also nota-
ble. For example, in Eastern Europe, incidence rates range from 6.1 per 100,000 in 
Ukraine to 33.2 in Hungary [ 3 ]. In New Zealand, lung cancer incidence is 25.0 per 
100,000 among Pacifi c Islanders and 79.0 among the Maori population [ 10 ].   

    Survival 

  Survival for   lung cancer is poor and does not vary a great deal between high- income 
and low- and middle-income countries, although high-income countries may have 
slightly better survival rates due to improved detection and access to treatment. For 
example, 5 year relative survival for lung cancer is 7 % in India and 9 % in Thailand, 
compared to 17 % in Australia and 18 % in Canada [ 31 ].  

    Global Trends in Incidence and Mortality 

  In countries  where   smoking uptake began earliest, such as Canada, the United 
States, United Kingdom, and Australia, lung cancer incidence and mortality rates 
among males have been declining since the 1970s–1990s [ 12 ]. Rates among males 
are now also declining in most countries of Europe and North America, as well as 
select countries in South America (Argentina, Chile, Costa Rica, Mexico) and 
high- income populations of Asia, such as Hong Kong, Singapore, Japan, and South 
Korea [ 12 ]. In contrast, in countries where the smoking epidemic began more 
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recently, including low- and middle-income countries of South America and Asia, 
lung cancer mortality rates continue to rise [ 12 ]. Little incidence and mortality data 
exists for Africa, but evidence suggests that smoking is becoming more prevalent 
among males in many countries in Sub-Saharan Africa, [ 32 ] which could lead to 
increasing lung cancer rates in the future. 

 Lung cancer trends among women differ from those among men due to a dif-
ferent progression of smoking uptake. In countries where smoking uptake among 
women began earlier, lung cancer incidence and mortality rates are approaching a 
peak or have peaked in recent years. For instance, lung cancer mortality rates 
among adult women aged 30–74 in Denmark and the United States have been 
decreasing since 1995 and 1992 respectively, and rates in Canada have been stable 
since 1996 [ 33 ]. In other countries where the tobacco epidemic began later, espe-
cially in Western and Southern Europe and most countries of Eastern Europe and 
South America, rates continue to increase [ 33 ]. In many low- and middle-income 
 countries where the tobacco epidemic has not yet begun, limited evidence indi-
cates that lung cancer rates have remained low. For these countries, however, data 
is scarce, and detecting lung cancer trends may be diffi cult. Smoking among 
women is on the rise in many countries where it was previously rare, such as 
Russia and Ukraine, which will likely lead to increasing lung cancer rates in the 
future [ 34 ,  35 ].    

    Summary 

 Lung cancer is the leading cause of cancer death in the United States in both men and 
women. Patterns are primarily driven by smoking. Rates are highest in males, people 
of lower socioeconomic status, and in certain states of the South and Midwest. Lung 
cancer incidence and mortality rates at the national level are decreasing among both 
males and females, although trends are not equal across demographic or geographic 
groups. For instance, lung cancer mortality rates continue to rise among females in 
select states of the South and Midwest. As people of higher socioeconomic status 
are now less likely to initiate smoking and are more likely to quit, the burden of lung 
cancer in the United States also falls increasingly to those of lower socioeconomic 
status. 

 Worldwide, lung cancer is the leading cause of death among men and the second 
leading cause of death among women, after breast cancer. Lung cancer incidence and 
mortality rates are highest in high-income countries such as those in Europe, North 
America, and Oceania where smoking uptake occurred earliest, although rates are 
now decreasing in many of these countries. Rates are also high in Eastern Asia, 
driven by a rapid uptake of smoking among males and exposure to indoor air pollu-
tion among females. Rates continue to increase in many low- and middle- income 
countries where smoking uptake occurred later. Lung cancer deaths can be averted 
through tobacco control measures aimed at prevention of smoking initiation as well 
as smoking cessation.     
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    Abstract     Lung cancer continues to be one of the most common causes of cancer 
death despite understanding the major cause of the disease: cigarette smoking. 
Smoking increases lung cancer risk 5- to 10-fold with a clear dose–response rela-
tionship. Exposure to environmental tobacco smoke among nonsmokers increases 
lung cancer risk about 20 %. Risks for marijuana and hookah use, and the new 
e-cigarettes, are yet to be consistently defi ned and will be important areas for con-
tinued research as use of these products increases. Other known environmental risk 
factors include exposures to radon, asbestos, diesel, and ionizing radiation. Host 
factors have also been associated with lung cancer risk, including family history of 
lung cancer, history of chronic obstructive pulmonary disease and infections. 
Studies to identify genes associated with lung cancer susceptibility have consis-
tently identifi ed chromosomal regions on 15q25, 6p21 and 5p15 associated with 
lung cancer risk. Risk prediction models for lung cancer typically include age, sex, 
cigarette smoking intensity and/or duration, medical history, and occupational 
exposures, however there is not yet a risk prediction model currently recommended 
for general use. As lung cancer screening becomes more widespread, a validated 
model will be needed to better defi ne risk groups to inform screening guidelines.  

  Keywords     Lung cancer   •   Epidemiology   •   Smoking   •   Genetics   •   Susceptibility   
•   Risk models  

     As discussed in chapter “Lung Cancer Statistics”, lung cancer is the most common 
cause of cancer death in the United States, is the second most frequent cancer diag-
nosed, behind breast cancer in women and prostate cancer in men, and is one of the 
few cancers with a strong environmental exposure defi nitively linked to risk. It is 
also a cancer for which little progress has been made in terms of early detection and 
survival. Eighty to ninety percent of all lung cancers are attributable to cigarette 
smoking and could be prevented. While both lung cancer incidence and mortality 
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rates have fallen with the reduction in tobacco smoking, lung cancer continues to be 
the cause of signifi cant morbidity and mortality. This chapter will present the epide-
miology of lung cancer, including both well studied risk factors, such as cigarette 
smoking, and other risk factors such as family history and genetic susceptibility, 
that are often overlooked because of the strength of the association with smoking. 

    Smoking 

  In 1964, the  landmark   report on smoking and health was released by the Surgeon 
General of the U.S. Public Health Service. The report detailed the association 
between lung cancer and cigarette smoking, noting that men who were average 
smokers had a 9 to 10-fold greater risk of lung cancer than nonsmoking men, and 
that risk estimates were even higher for heavy smokers [ 1 ]. In the decades prior to 
the report, smoking was prevalent in the U.S., with two thirds of adult men and one 
third of adult women reporting current smoking in 1955. 2014 was the 50th anniver-
sary of the report, and as a whole the U.S. has made great strides in reducing ciga-
rette smoking. 

 In 2010, 19.3 % of U.S. adults reported current smoking, although the declines 
have not been equal across population subgroups [ 2 ]. Current smoking is more 
prevalent among men (21.2 %) compared to women (17.5 %). Race and ethnicity 
also infl uences cigarette smoking, with highest rates among American Indian or 
Alaska Natives (26.6 %) and lowest rates among Asians (9.3 %). Current smoking 
prevalence by race/ethnicity and gender is shown in Fig.  1  for the most common 
race/ethnic groups in the U.S. Age is also associated with current smoking status, 
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  Fig. 1    Prevalence of current cigarette smoking, by race/ethnicity and sex, 2010, National Health 
Interview Survey, United States [ 2 ]       
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with only 5.1 % of individuals ages 75 and older reporting smoking, compared to 
21.5 % of those ages 18–44 years. Smoking is more prevalent among those who live 
below the poverty level (28.4 %) and those without a high school diploma (27.1 %). 
There are regional differences as well, with those living in the Midwest and South 
more likely to smoke (21.8 % and 21.0 %, respectively) compared to those living in 
the Northeast (17.4 %) or West (15.9 %). These data are from the 2010 U.S. National 
Health Interview Survey, a household survey conducted annually by interviewers of 
the U.S. Census Bureau for the Centers for Disease Control and Prevention (CDC) [ 2 ].

   While personal cigarette smoking has been causally linked with lung cancer, 
second-hand cigarette smoking, also called  involuntary smoking   or  environmental 
tobacco smoke (ETS)  , has been associated with lung cancer risk in exposed non-
smoking individuals. In 1986, the Surgeon General released a report detailing the 
chemical composition of sidestream smoke, noting it is qualitatively similar to the 
mainstream smoke inhaled by the smoker and that both mainstream and sidestream 
smoke act as carcinogens [ 3 ]. This report also concluded ETS exposure is associ-
ated with lung cancer in nonsmoking individuals. Various epidemiologic studies 
have confi rmed the association with lung cancer, although the fi ndings for ETS are 
neither as strong nor as consistent as the risk estimates reported for current smok-
ing. This is not unexpected, as measuring ETS exposure is less standardized than 
estimating years smoked, or number of cigarettes used per day. Despite diffi culties 
with assessing ETS exposure, most epidemiologic evidence supports a modest asso-
ciation between ETS exposure and lung cancer. A meta-analysis of 35 case–control 
and 5 cohort studies suggested nonsmoking women exposed to ETS from their 
spouse’s smoking had a 1.2-fold increase in risk compared to women who were not 
exposed (OR = 1.20, 95 % CI: 1.10–1.29) [ 4 ]. Since personal smoking is more prev-
alent among men, similar studies estimating risk of lung cancer among men from 
exposure to ETS through their smoking spouse are not available. For workplace 
ETS, another meta-analysis of 22 workplace studies found a 24 % increase in risk 
of lung cancer among workers exposed to ETS (RR = 1.24, 95 % CI: 1.18, 1.29) [ 5 ]. 
Longer durations of exposure, whether in the workplace or at home, have been 
associated with even greater increases in risk. 

 Other methods to smoke tobacco, such as pipe and cigar smoking, are also asso-
ciated with increased risk of lung cancer. Two studies from the American Cancer 
Society’s Cancer Prevention Study cohort provide estimates of risk for men; how-
ever, data for women are not available because of low usage of these products 
among women. Men who reported current or former exclusive pipe smoking (i.e., 
did not also smoke cigarettes) had a 5-fold increased risk of death from lung cancer 
compared to men who reported never using tobacco (including cigarettes) 
(RR = 5.00, 95 % CI 4.16, 6.01) [ 6 ]. In this same cohort, men who reported current 
exclusive cigar smoking at baseline had an nearly identical risk of dying from lung 
cancer compared to those who never used tobacco (RR = 5.1, 95 % CI: 4.0–6.6) [ 7 ]. 
A cohort study from Europe of 102,395 men reported slightly lower estimates for 
exclusive users of pipes (HR = 3.0, 95 % CI: 2.1, 4.5) or cigars (HR = 2.2, 95 % CI: 
1.3, 3.8) compared to men who did not use any tobacco [ 8 ]. While these estimates 
are lower than for cigarette smoking, it should be noted that pipe or cigar smoking 

Epidemiology of Lung Cancer



24

is not a safer alternative to cigarette smoking, but the lower risk is likely explained 
by lower smoking intensity and perhaps lesser degrees of inhalation of these 
products. 

 Other products are also potential risk factors for  lung cancer   that will likely gen-
erate more research in the upcoming decades. First, marijuana (cannabis) use is 
reported to be the most widely consumed illicit drug worldwide, and the smoke 
contains many of the same carcinogens found in tobacco. In the U.S., marijuana use 
has been decriminalized for medical purposes in some regions and to a lesser extent, 
for personal use. The long-term effects of marijuana use on lung cancer are largely 
unknown. A 40-year cohort study of 49,321 Swedish men enrolled between the ages 
of 18 and 20 suggests that “heavy” use of marijuana smoking (defi ned as having 
used more than 50 times prior to enrollment) was associated with a 2-fold increase 
in risk of lung cancer (HR = 2.12, 95 % CI: 1.08, 4.14) after adjustment for tobacco 
use at baseline and other potential confounders [ 9 ]. Unfortunately, these data were 
only collected at baseline, so updated exposure status could not be incorporated into 
the models. Marijuana use is prevalent among youth in the U.S., with data from 
2011 suggesting that 39.9 % of high school students (9th–12th grades) had tried 
marijuana at least once, and 23.1 % had used in the 30 days prior to the survey [ 10 ]. 
Thus, marijuana is poised to become an increasingly important risk factor for lung 
cancer. 

 Another potential factor for lung cancer is hookah use (water pipe tobacco smok-
ing). Research suggests that a single session of hookah use results in similar mean 
peak plasma nicotine concentration levels compared to smoking a cigarette, but has 
3.75-fold greater carboxyhemoglobin (COHb) levels, and 56-fold greater inhaled 
smoke volume [ 11 ]. The tobacco products used in hookah pipes are often enhanced 
with various fl avorings, and the potential health effects of these chemicals have not 
been studied. The Monitoring the Future survey found that in 2011, 18.5 % of 12th 
grade students in the United States had used hookahs in the past year [ 12 ]. Other 
studies indicate that hookah smoking is more prevalent among university students 
in the United States, with past-year use ranging from 22 % to 40 %, and note that 
hookah users are more likely to use cigarettes and marijuana [ 13 ,  14 ]. Lastly, elec-
tronic cigarettes (e-cigs) or “vapors” are also emerging as an alternative way to 
inhale nicotine, although little research has been done on these products. It will be 
necessary for future studies of lung cancer risk to include comprehensive exposure 
questionnaires to account for various routes of inhaled nicotine, tobacco, and mari-
juana exposure.   

    Environmental Exposures 

  Compared  to   cigarette smoking, the proportion of lung cancers associated with envi-
ronmental or occupational exposures is relatively low in the United States, but of 
signifi cant concern to the 10–15 % of never smokers who develop lung cancer, and 
also because many environmental exposures may act synergistically with cigarette 
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smoking. Many agents have been examined as potential risk factors associated with 
lung cancer but are often diffi cult to quantify and thus the evidence is unclear. Below 
we describe exposures which have been linked to lung cancer and are of particular 
interest due to their ubiquitous nature: radon, air pollution, asbestos, diesel exhaust, 
and ionizing radiation. 

 Radon is widely accepted as the fi rst identifi ed environmental cause of lung can-
cer in studies of underground miners (1920s). An inert gas, it is naturally produced 
from radium in the decay series of uranium (found in rocks and soil) and is a ubiq-
uitous contaminant of indoor air. A meta-analysis of 13 European case–control 
studies suggests risk of lung cancer is increased by 8.4 % (95 % CI: 3.0–15.8) per 
100 Becquerels/m 3  increase in measured radon (p-value = 0.0007) and they noted a 
linear dose–response relationship. There was a synergistic effect with current ciga-
rette smoking, with absolute risk at least 25 times greater for smokers [ 15 ,  16 ]. A 
pooled analysis of over 4000 cases and 5000 controls from 7 North American case–
control studies of lung cancer reported similar fi ndings [ 17 ]. Estimates suggest that 
20,000 lung cancers diagnosed annually in the United States are attributed to radon 
exposure [ 18 ]. As radon is odorless and colorless, most people are unaware of this 
potential household hazard. Thus, in 2011, 10 United States federal agencies, led by 
the Environmental Protection Agency, developed a plan to increase awareness and 
to reduce the risk from radon exposure [ 19 ]. 

 Radon can be considered indoor air pollution, as can ETS, but there are addi-
tional indoor contaminates that may increase lung cancer risk. In particular, the use 
of soft coal for cooking and heating has been associated with lung cancer. A meta- 
analysis of 25 case–control studies with over 10,000 cases and 13,000 controls 
noted that household coal use was associated with lung cancer in all studies (meta-
 OR = 2.15, 95 % CI: 1.61–2.89), and stronger associations were seen in studies from 
China [ 20 ]. Several studies of Chinese nonsmoking women report that heating 
cooking oils to high temperatures is associated with increased risk of lung cancer 
[ 21 ,  22 ]. The combination of burning coal, cooking fumes, and ETS exposure play 
an important role in the development of lung cancer for this population. Outdoors, 
long-term ambient fi ne particulate matter (PM 2.5 ) air pollution has been studied as a 
potential risk factor for lung cancer, usually through cohort studies that link with air 
monitoring networks. These studies have shown increased risk of lung cancer mor-
tality as PM 2.5  levels rise, among individuals living in these areas longer-term [ 23 , 
 24 ]. These associations are small, and may be confounded by other exposures, such 
as cigarette smoking. Regardless of the source, air pollution is a source of concern 
and continual study for lung cancer and other pulmonary conditions is needed. 

 A well-established occupational risk factor for lung cancer is asbestos. Asbestos 
refers to naturally occurring silicate mineral fi bers, which have been widely used in 
industry. Asbestos exposure is related to both mesothelioma and lung cancer, 
responsible for a combined 10,000 deaths annually in the United States [ 25 ]. 
Asbestos-induced effects in the lungs appear to be dose-dependent and related to the 
size and composition of the fi ber inhaled, with effect sizes ranging from OR = 2.0 to 
6.0, depending on the fi ber type [ 25 ,  26 ]. There also appears to be a synergistic 
relationship between cigarette smoking and asbestos exposure, highlighting the 
need for smoking prevention and cessation for workers in this industry [ 27 ]. 
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 Evidence supporting increased lung cancer risk with occupational diesel expo-
sure is less established, but a pooled analysis of 11 case–control studies suggested 
about a 30 % increase in risk among the exposed (OR = 1.3, 95 % CI: 1.2, 1.4) and 
a signifi cant dose–response trend [ 28 ]. A recent review of various studies and expo-
sure assessment methods argues that evidence is still insuffi cient to make this claim, 
although the particles found in diesel exhaust contain known carcinogens [ 29 ]. In 
addition, millions of people living in urban areas are exposed to various levels of 
diesel across their lifespans, and little is known about lung cancer risk associated 
with low level, chronic exposure. 

 Lastly, another common exposure that may increase risk of lung cancer is ion-
izing radiation. Studies of the Hiroshima and Nagasaki atomic bomb survivors sug-
gest increased lung cancer incidence (as well as other solid tumors) among those 
exposed, with risk increasing in a linear dose response pattern [ 30 ]. This single, 
high dose exposure differs from the smaller doses the general population may 
receive during X-ray or computed tomography (CT) screenings [ 31 ]. Risks associ-
ated with repeated CT screenings, while relatively low for an individual, have been 
considered when making recommendations for implementing population-based 
lung cancer screening, so that the increased risk of screening does not outweigh the 
potential benefi t [ 32 ].   

    Family History of Lung Cancer 

   Epidemiologic   evidence demonstrates familial aggregation of lung cancer after 
adjusting for familial clustering of cigarette smoking and other risk factors. Familial 
aggregation of lung cancer was fi rst noted 50 years ago by Tokuhata and Lilienfeld 
[ 33 ,  34 ]. In a study of 270 lung cancer patients and 270 matched controls, and their 
relatives, they found 2.0 to 2.5-fold increased lung cancer mortality in smoking 
relatives of cases as compared with smoking relatives of controls. A similar fi nding 
was noted in nonsmoking relatives. There was an interaction between family history 
and smoking, with smoking relatives of lung cancer patients having a higher risk of 
lung cancer than either nonsmoking relatives of lung cancer patients or smoking 
relatives of controls. This was the fi rst study to account for age and smoking status 
in a study of familial aggregation of lung cancer, however, smoking intensity or 
duration was not available. 

 Several other studies have since reported familial aggregation of lung cancer [ 35 , 
 36 ], with the best studies taking into account the number of relatives in the families 
and the risk factor profi les for each relative to ensure that clustering of smoking 
habits is not driving aggregation of lung cancer. Studies in southern Louisiana, 
Houston, Detroit and Iceland reported an increased familial risk of lung cancer 
among relatives of lung cancer probands (the index case leading the family to be 
studied) after accounting for the effects of age, sex, and smoking history, and occu-
pation or history of COPD [ 37 – 41 ]. These studies suggested a 2 to 4-fold increased 
risk associated with having a fi rst degree relative with lung cancer after accounting 
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for risk factors, including smoking amount and duration, among the relatives, with 
variation in risk estimates by age of the proband, smoking status and race. 

 While the studies described above included risk factor data among relatives, 
pooled and meta-analyses have been conducted that include a broader range of stud-
ies. A meta-analysis of 28 case–control studies and 17 cohort studies demonstrated 
fairly consistent fi ndings of an approximately 2-fold increased risk of lung cancer 
associated with family history [ 35 ]. Risk was generally higher in relatives of cases 
diagnosed at a young age and when multiple family members were affected. The 
International Lung Cancer Consortium study included data from approximately 
24,000 lung cancer cases and 23,000 controls and reported a signifi cant 1.5-fold 
increased risk of lung cancer associated with family history after adjustment for 
smoking and other potential confounders in cases and controls, and a signifi cant 
1.3-fold increased risk for lung cancer among never smokers [ 36 ]. Risk estimates 
were similar when evaluating only those studies with risk factor data for each family 
member; relative risks for lung cancer among relatives with a family history were 
1.6 overall, 1.5 for white, 2.1 for African American, and 2.0 for early-onset (<age 
50) case relatives. These studies provide substantial evidence for familial aggrega-
tion of lung cancer that remains after adjustment for clustering of cigarette smoking 
within family members.   

    Genetic Susceptibility 

  Evidence  of   familial aggregation of lung cancer suggests that there is a genetic con-
tribution to lung cancer susceptibility, and typically suggests a rare, highly penetrant 
inherited mutation. In addition, smokers have differential susceptibility to lung car-
cinogens; only 15 % of smokers develop lung cancer and 10–15 % of lung cancers 
develop in never smokers. It is possible that variation in genetic profi les contributes 
to this differential susceptibility, most likely in the form of a more common, low 
penetrant genetic alteration. 

  Rare, High Penetrance Genes     Only  one   large, family-based lung cancer study 
has been conducted providing the fi rst evidence of a lung cancer susceptibility locus 
on chromosome 6 [ 42 ]. In this consortium study, multipoint parametric linkage 
under the simple dominant low-penetrance affected only model yielded a maximum 
heterogeneity LOD (HLOD) score of 2.79 at 155 cM (marker D6S2436) on chro-
mosome 6q23-25, with 67 % of the families estimated to be linked. Higher HLODs 
at this location were reported for more highly affected families: families with four 
affected relatives gave an HLOD of 3.47, families with fi ve or more affected mem-
bers in two or more generations, gave an HLOD was 4.26, with 94 % of the families 
estimated to be linked to this region. In expanded analyses with additional families, 
the region on 6q was again identifi ed [ 43 ]. In addition, lung cancer risk among puta-
tive carriers was estimated and found to be higher than among noncarriers, even 
among never smokers. The usual dose response curves of increasing lung cancer 
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risk with increasing amount smoked was demonstrated among smoking noncarriers. 
Among smoking carriers, risk was higher than among noncarriers, but a dose 
response relationship was not apparent suggesting that any level of tobacco expo-
sure increases risk among those with inherited lung cancer susceptibility. Additional 
evidence suggestive for linkage was also found for regions on chromosomes 1q, 8q, 
9p, 12q, 5q, 14q and 16q [ 43 ,  44 ].  

  Common, Low Penetrance Genes      Initial   studies designed to identify more common, 
low penetrance genes with more moderate effects evaluated small numbers of genetic 
polymorphisms in biologically plausible pathways including metabolic genes, growth 
factors, growth factor receptors, DNA damage and repair genes, oncogenes and tumor 
suppressor genes [ 45 ,  46 ]. More recently, genome-wide association studies (GWAS) 
have been conducted that rely on very large samples and more than 300,000 markers 
across the genome. Unlike the candidate gene studies, the GWAS have provided highly 
signifi cant and reproducible results.  

 The fi rst three publications of lung cancer GWAS fi ndings identifi ed the same 
region of chromosome 15q as signifi cantly associated with lung cancer risk [ 47 – 49 ]. 
This region includes a neuronal nicotinic acetylcholine receptor gene cluster com-
prising  CHRNA3, CHRNA5  and  CHRNA4  subunits. Genetic variation in this 15q25 
region was associated with an approximately 1.3-fold increased risk of lung cancer 
among individuals carrying a heterozygous mutation (44.2 % of controls for marker 
rs8034191) and about a 1.8-fold increase for individuals homozygous for the 
 mutation (10.7 % of controls). This region has also been associated with smoking 
behavior. One study suggested that the region affected smoking behavior [ 48 ], 
another found stronger effects on lung cancer risk that remained after adjusting for 
smoking behavior [ 49 ], while the third study did not fi nd any association with 
smoking behaviors [ 47 ]. A meta-analysis of smokers, lung cancer cases and lung 
cancer-free controls, and chronic obstructive pulmonary disease (COPD) cases and 
COPD-free controls reported that multiple loci within this region are associated 
with cigarettes smoked per day and at least one locus associated with lung cancer 
independent of amount smoked [ 50 ]. 

 Two other regions, on chromosomes 6p21 and 5p15, identifi ed from GWAS have 
been consistently associated with lung cancer risk [ 47 – 49 ,  51 ,  52 ].  BAT3  and  MSH5  
are located in the 6p21 region, while  TERT  and  CLPTM1L  are located in the 5p15 
region. In a large meta-analysis of 14,900 lung cancer cases and 29,485 controls 
from 16 GWAS, all of European ancestry (as were the initial GWAS), additional 
support was provided for loci associated with increased lung cancer risk at 5p15, 
6p21, and 15q25 [ 53 ]. Lung cancer GWAS have also been conducted in the Han 
Chinese population where evidence was found for lung cancer risk associations at 
5p15, 3q28 ( TP63 ), 13q12 ( MIPEP-TNFRSF19 ), and 22q12 ( MTMR3-HORMAD2- 
LIF  ) [ 54 ], and at 10p14, 5q32 and 20q13 [ 55 ]. In the Japanese population, the fi nd-
ings on 5p15, 3q28, and 6p21 were replicated [ 56 ]. 

 Genetic susceptibility for lung cancer in never smokers is less well studied due 
to the smaller number of never smokers with lung cancer. In a GWAS of never 
smoking women in Asia, the 6p21, 5p15 and 3q28 fi ndings were replicated and new 
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regions on 10q25 and 6q22 were identifi ed as being associated with lung cancer 
[ 57 ]. A large GWAS in European American never smokers is underway. In addition, 
a lung cancer GWAS in African Americans is being conducted. While the fi ndings 
from the GWAS in African Americans have yet to be published, associations 
between lung cancer risk and SNPs on 15q25, 5p15 and 6p21 have been replicated 
in African Americans [ 58 ,  59 ]. A GWAS in lung cancer cases with a strong family 
history of lung cancer has also been conducted, but results have yet to be published. 
GWAS in various population subsets who have different genetic backgrounds and 
smoking behaviors will provide important information for the eventual identifi ca-
tion of lung cancer susceptibility genes.   

    Chronic Obstructive Pulmonary Disease (COPD) 

  COPD   and lung   cancer share a common risk factor, cigarette smoking,    but studies 
also suggest that COPD itself is a risk factor for lung cancer independent of smok-
ing habits. A COPD diagnosis has been consistently reported to be associated with 
a 2- to 3-fold risk of developing lung cancer [ 60 – 66 ], even among never smokers 
[ 67 ]. Lung cancer risk varies with specifi c COPD phenotypes, i.e., emphysema and 
chronic bronchitis [ 62 ,  66 ,  68 – 72 ]. In a meta-analysis, lung cancer was associated 
with a previous history of COPD (OR = 2.2, 95 % CI 1.7–3.0), chronic bronchitis 
(OR = 1.5, 95 % CI 1.3–1.8), and emphysema (OR = 2.0, 95 % CI 1.7–2.4) [ 65 ]. In 
a large, population-based case–control study in women in Detroit, non-small cell 
lung cancer cases with a joint chronic obstructive lung disease phenotype were 
more likely to be white, heavy smokers, be exposed to environmental tobacco 
smoke, have childhood asthma, and have a history of asbestos exposure than lung 
cancer cases without a history of COPD [ 64 ]. Most epidemiologic studies of COPD, 
however, rely on self-report of COPD phenotype and are subject to both recall bias 
and misclassifi cation. 

 Prospective studies have evaluated the association between computed tomogra-
phy (CT) evidence of emphysema and/or spirometry-defi ned measures of airfl ow 
obstruction and risk of lung cancer, reducing the potential for disease misclassifi ca-
tion. These studies report a 2- to 4-fold increased risk of lung cancer in the presence 
of CT evidence of emphysema, with no or lower risks associated with airfl ow 
obstruction [ 64 ,  73 – 75 ]. In studies using quantitative image analysis of CTs, no 
increased lung cancer risk among patients with emphysema was reported [ 76 ,  77 ]. 
Risk of lung cancer has also been shown to increase with decreasing forced expira-
tory volume in 1 second (FEV 1 ) even in smokers with only minimal declines in 
FEV 1  [ 72 ]. For these studies to move forward, consistently defi ned COPD will need 
to be evaluated in individuals with the joint COPD-lung cancer phenotype. 

 The lung cancer-COPD connection also is evidenced in family and genetic studies. 
First degree relatives of lung cancer patients show impaired FEV 1  [ 78 ] and a family 
history of COPD increases risk of lung cancer development [ 79 ], suggesting a com-
mon underlying genetic contribution to these diseases. In family-based genetic studies 
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for COPD, a region on 6q, just beyond the lung cancer linkage region and extending 
to the end of the chromosome, was linked to FEV 1  [ 80 ,  81 ]. There was also evidence 
for linkage of lung function to moderate obstructive lung disease in smokers on chro-
mosome 12p [ 82 ,  83 ]. These data provide some regions of potential overlap in areas 
linked to lung function, COPD and lung cancer on chromosomes 6q and 12p. 

 Candidate gene studies in COPD and lung cancer have focused on infl ammation, 
extracellular matrix proteolysis, and oxidative stress pathways [ 84 – 86 ], with some 
consistent fi ndings for SNPs in epoxide hydrolase 1 (EPHX1), matrix metallopro-
teinases, and interleukin 1β (IL1B) [ 87 – 91 ]. Infl ammatory pathway genes have been 
targeted for study because of the chronic infl ammation caused by cigarette smoke. 
Van Dyke et al. showed that SNPs in  IL7R ,  IL15 ,  TNF ,  TNFRSF10A, IL1RN , and 
 IL1A  were associated with lung cancer risk in women with self-reported COPD, but 
not among women without COPD [ 92 ]. SNPs in  IL1A  have also been reported to be 
more strongly associated with lung cancer risk in those with emphysema [ 89 ]. GWAS 
for COPD-related phenotypes have identifi ed some of the same regions identifi ed in 
studies of lung cancer, namely 15q25.1 [ 50 ,  93 – 96 ]. Few studies, however, have 
evaluated a joint lung cancer and COPD phenotype. Young et al. summarize fi ndings 
and report that the 15q25 locus is associated with risk of both diseases, genetic varia-
tion on 4q31 and 4q22 are associated with reduced risk of both diseases, loci on 6p21 
are most strongly associated with lung cancer risk in smokers with COPD, and vari-
ants on 5p15 and 1q23 alter lung cancer risk when COPD is not present [ 97 ]. Taken 
together, these fi ndings suggest that lung cancer occurrence is linked to COPD and 
more detailed studies of the joint phenotype using clearly defi ned COPD traits are 
needed to better untangle the relationship [ 98 ].    

    Infectious Agents 

  The role  of   infectious agents in lung cancer risk has had a varied focus over time 
with the changes in prevalent exposures. An association between TB and lung can-
cer has been reported for many years. In a meta-analysis of 37 case–control studies 
and 4 cohort studies, Liang et al. report signifi cant associations between TB and 
subsequent lung cancer diagnoses, with risk estimates of 1.7 (95 % CI 1.5–2.0) 
adjusting for smoking history [ 99 ]. Similar risk estimates were reported in never 
smokers and highest risk was seen within 5 years of the TB diagnosis. In a more 
recent, population-based cohort study in Taiwan, a 1.8-fold increased risk of lung 
cancer was reported after a diagnosis of TB [ 100 ]. Human papillomavirus (HPV) 
infections have also been studied with regard to lung cancer risk. The prevalence of 
HPV in lung tumor tissue ranges from 0 % to 100 %, with great heterogeneity of 
fi ndings across geographic regions, histology type of the lung cancer, sex, and HPV 
type [ 101 ,  102 ]. This is an area which will require additional study in high risk 
populations. 

 Another focus of current research is on lung cancer risk among individuals with 
HIV infection. With more effective treatments, HIV-infected patients are living 
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 longer and lung cancer now ranks as one of the most frequently diagnosed non-
AIDS- defi ning malignancies. Studies comparing lung cancer incidence in HIV-
infected individuals to the general population have shown a 1.5 to 5.0-fold increased 
risk in infected individuals. In the review by Hou et al., standardized incidence 
ratios (SIRs) and incidence rate ratios (IRRs) adjusted for age, gender, race/ethnic-
ity, smoking and route of infection are presented for 65 publications [ 103 ]. Lung 
cancer risk in HIV-positive populations varied with geographic region; SIRs or 
IRRs were 1.5–3.4 in Europe, 0.7–6.9 in the United States and 5.0 in Africa. Risk 
estimates were 5.4 in Europe and 2.8–3.0 in the United States for individuals with 
AIDS. Most studies showed little difference in lung cancer risk among HIV-infected 
patients receiving highly active antiretroviral therapy (HAART) and those not 
[ 104 – 106 ]. There are a number of limitations to the current body of literature, and 
continued follow-up of HIV-positive individuals will be needed to fully evaluate 
lung cancer risk that considers smoking more fully and focuses on race/ethnicity in 
populations at high risk of infection.   

    Risk Models 

  With  the   anticipated launch of population-based lung cancer screening on the hori-
zon, identifi cation of the group who would most benefi t from early detection (i.e., 
those at highest risk of lung cancer) is critical to the success of a screening program. 
Over the last decade, various models have been proposed, as shown in Table  1 . The 
eight proposed models are from both cohort (n = 4) [ 107 – 110 ] and case–control 
studies (n = 4) [ 111 – 114 ]. The majority of these studies are for current or former 
(usually defi ned as quit within one year of diagnosis or study entry) smokers, and 
use a combination of demographic characteristics (e.g., age and sex), intensity and/
or duration of cigarette smoking, medical history, and occupational exposures as 
variables in the predictive model.

   Discrimination was assessed by study authors using either concordance indices 
(c-statistic) or receiver operating curves (ROC), reported as area under the curve 
(AUC). Both provide an overall indication of the diagnostic accuracy of the model, 
with values closer to 1 indicating the model reliably distinguishes lung cancer cases 
from controls, whereas values at .50 indicate the predictor is no better than chance. 
It should be noted that while cross-validation (and the resulting concordance index) 
is useful to estimate the prediction capabilities of the proposed model, validation 
with an independent data set is preferred [ 115 ]. In addition, models presented dis-
crimination measures for various time points (range, 1–10 years), so interpreting 
these values across models should be done with caution. Lastly, differences in the 
distribution of predictor variables included in the models that occur over time can 
affect model performance, as can cohort composition, case–control ascertainment 
and matching [ 116 ]. Thus, there is not one risk prediction model currently recom-
mended for general use. 
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 In addition to these published reports using risk factors based on demographic 
and exposure information, limited research has been published incorporating 
genetic information (e.g. SNPs) into risk prediction models. Overall, the addition of 
SNPs into currently available models does not signifi cantly improve model perfor-
mance [ 117 – 119 ]. Given that lung cancer is a complex, polygenic disease with a 
strong environmental component associated with risk, these fi ndings are not unex-
pected. Theoretical studies in other types of cancer suggest that common SNPs are 
unlikely to be clinically useful to include in building models to help inform risk- 
based interventions, such as screening [ 120 ].   

    Summary 

 Cigarette smoking continues to be the overwhelming risk factor for lung cancer. 
While lung cancer incidence and mortality rates have declined with a decrease in 
cigarette use, lung cancer remains a disease that is diagnosed at later stages with 
very poor survival. Several risk factors, other than smoking, have been identifi ed 
and include environmental exposures such as radon and asbestos, as well as, family 
history and genetic susceptibility. Further understanding of the roles of a previous 
diagnosis of COPD, marijuana, hookah and e-cigarette use, and infections are 
needed to better defi ne the highest risk group. The advent of screening for lung 
cancer using low dose CT will result in decreased mortality and will be most cost- 
effective in a well-defi ned high risk population.     
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    Abstract     Lung cancer is predominantly associated with cigarette smoking; 
however, a substantial minority of patients with the disease have never smoked. 
In the US it is estimated there are 17,000–26,000 annual deaths from lung cancer in 
never smokers, which as a separate entity would be the seventh leading cause of 
cancer mortality. Controversy surrounds the question of whether or not the incidence 
of lung cancer in never-smokers is increasing, with more data to support this obser-
vation in Asia. There are several factors associated with an increased risk of develop-
ing lung cancer in never smokers including second hand smoke, indoor air pollution, 
occupational exposures, and genetic susceptibility among others. Adenocarcinoma is 
the most common histology of lung cancer in never smokers and in comparison 
to lung cancer in smokers appears less complex with a higher likelihood to have 
targetable driver mutations.  

  Keywords     Non-smoker lung cancer   •   Lung cancer in nonsmokers  

        Introduction 

 Lung cancer is strongly associated with cigarette smoking [ 1 – 3 ]; however, there is 
a substantial minority of patients who have never smoked. This population is more 
likely to have distinct molecular markers [ 4 – 7 ], but has less well established risk 
factors adding to the complexity in understanding this subset. The epidemiology, 
risk factors, molecular biology, treatment and prognosis of lung cancer will be 
discussed in never-smokers. Small cell lung cancer in never-smokers is incredibly 
rare with only case reports and series published; therefore, we will focus on 
non-small cell lung cancer (NSCLC) [ 8 – 11 ]. In addition, from this point forward a 
person who is a never smoker is identifi ed as having smoked less than 100 cigarettes 
in a lifetime.  
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    Epidemiology-Defi ning the Never Smoker Population 

 Lung cancer prior to the invention of mechanized cigarette making was a rare 
disease. What percentage of patients with the disease were never-smokers is unclear; 
however, inhaled tobacco was available on a limited basis [ 12 ,  13 ]. The capacity to 
identify never-smokers in numbers meaningful for global and regional analysis to 
date has been limited as several cancer registries have inconsistently identifi ed 
smoking status. The studies that exist with data on never-smokers have often had to 
resort to creative ways of estimating smoking prevalence. 

    What Is the Incidence and Mortality of Lung Cancer 
in Never-Smokers? 

 In 2012, there were  an   estimated 1.8 million new cases of lung cancer reported by 
GLOBOCAN [ 14 ]. In actuality the incidence varies dramatically by continent or 
region [ 15 – 18 ]. Given the high fatality rate of lung cancer, mortality closely tracks 
incidence with 1.59 million deaths projected globally for 2012 [ 14 ]. In the US the 
incidence of new lung cancer cases for 2014 is estimated at 224,210 and deaths 
estimated at 159,260 [ 19 ]. Reports in the US have estimated among never-smokers 
annual deaths of 17,000–26,000 from lung cancer that as a separate entity would be 
the seventh leading cause of cancer mortality [ 7 ,  20 ].  

    Is Incidence or Death Rate of Lung Cancer in Never Smokers 
Increasing? Is There a Difference by Sex or Ethnicity? 

 There have been very  few   studies that have been able to accurately report incidence 
rates of lung cancer in never-smokers, in particular across regions. Sun et al. and 
Subramanian et al. report that in the year 2000 never-smokers were 25 % of all cases 
of lung cancers globally, of which 15 % were men and 53 % were women [ 6 ,  7 ]. 
These percentages, however, are actually the inverse of percentages taken from the 
Parkin et al. study of smoking related lung cancer [ 21 ]. In contrast, Wakelee et al. 
performed direct measurement of the incidence of lung cancer in never-smokers by 
utilizing data from six large cohorts primarily from the United States and Sweden 
from 1971 to 2002. Age-adjusted incidence rates by sex for people aged 40–79, 
ranged from 4.8 cases for men in the Swedish cohort to 20.8 per 100,000 person 
years for women in the California Teachers Study cohort; however, the study was 
not designed to answer whether the incidence rates were increasing over time [ 22 ]. 
The incidence rates were higher for women than they were for men, but this does 
not answer whether women who never smoke are at an increased risk to develop 
lung cancer compared to men [ 23 ]. Thun et al. tried to answer this question of 
whether the incidence rate of lung cancer was increasing by comparing historical 
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data to more recent analyses. Taking data from 13 large cohorts and 22 cancer 
registries they examined cohorts with low prevalence of smoking either reported 
from 1983–1987 or historical cases of US women in the 1935–1940 Connecticut 
Tumor Registry. It was noted in women of European descent the age-standardized 
rate for lung cancer in never-smokers was 9.7 per 100,000 women, which was simi-
lar to Basque women at 8.6 in the 1980s and 8.7 in US women in the 1930s [ 18 ]. 
Although this study demonstrated no increase in the incidence of lung cancer in 
never-smoker women over time, it had limited numbers to report incidence rates 
accurately for Asians, and African Americans, and made no comment on men. A 
single center study in Asia reported a signifi cantly increased incidence of lung cancer 
in never- smokers spanning three decades from 1970 to 2000 that went from 15.9 % 
to 32.8 % over this time period [ 24 ]. Caution should be taken; however, as this study 
reported only proportions, not incidence rates or standardized rates. Unfortunately, to 
date lung cancer incidence in never-smokers has yet to be studied in an accurate and 
comprehensive manner given the lack of smoking data in the majority of cancer 
registries. 

 Several large studies have examined death rates from lung cancer in never- 
smokers stratifi ed by sex and ethnicity, specifi cally examining temporal trends as 
well as risk. Death rates by sex were examined in the two large  American Cancer 
Society (ACS) studies  ,  Cancer Prevention Study (CPS)   I (1959–1972) and II (1982–
2000), to give age-specifi c and age-standardized death rates for 460,000 never- 
smokers, aged 35–84, all within the US, Puerto Rico, and Guam. They found 
age-standardized death rates were signifi cantly higher in men at all ages in the fi rst 
CPS cohort. In the second cohort the higher death rate in men was only seen in those 
age 60 and above, which may have been related to the decreasing death rate among 
men, ages 35–69, and the increased death rate in women, ages 70–84 [ 20 ]. The study 
mentioned previously by Thun et al. included CPS I and extended the coverage of 
CPS II by 4 years and reported higher death rates in men aged 40 and over in those 
of European and Asian descent. The number of deaths in African American men was 
small, making it diffi cult to reliably comment on all age groups. In never- smokers of 
European descent in the US, the calculated risk to develop lung cancer was estimated 
at 1.1 % for a man and 0.8 % for a woman before the age of 85 [ 18 ]. 

 Limited data exists on comparative analysis between ethnic groups among never- 
smokers with lung cancer. In the ACS cohort analysis, incidence was only signifi -
cantly higher for African American women aged 40–69 compared to men and women 
of European descent [ 18 ]. Gomez et al., in a population-based case-control study 
from Northern California, found that from the years 1998–2003 and 2005–2008, a 
higher proportion of female never smokers with lung cancer were Asian Pacifi c 
Islanders (API) and Latinas compared to non-Hispanic whites. Although this was a 
small study, hazard ratios were calculated and a cox proportional hazard model 
demonstrated that mortality rates in U.S. born Latinas and female API were 2.1 and 
1.7 times higher, respectively, than non-Hispanic whites [ 25 ]. Caution in interpreta-
tion must be taken given signifi cant variance between regions. This was illustrated 
by Liu et al. who found signifi cant variation in the incidence of lung cancer in 
never-smokers in China, even in neighboring cities. Taking all the cities together the 
death rate was 0.5 per 1000 never-smokers compared to 1.5 in smokers [ 17 ].   
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    Potential Risk Factors in the Development of Lung Cancer 
in Never Smokers 

     Second Hand Smoke 

  The IARC as well  as   several authors list  second hand smoke (SHS)   as carcinogenic 
with an excess of lung cancer from SHS as high as 25 % [ 26 – 28 ] (Table   1 ). 
A descriptive study found that amongst those with SHS exposure approximately 
22 % were men and 88 % were women [ 29 ]. While frequency data does not evaluate 
association or risk there have been several case-control studies that have calculated 

   Table 1    Selected risk factors in the development of lung cancer in never smokers   

 Risk factor  Risk ratio  Comments  References 

 Second hand 
smoke 

 1.34  Prospective nested case control in 
Europe 

 [ 27 ] 

 1.23 (spouse) 
 1.27 (workplace) 

 Pooled analysis from two case controls 
US & Europe 

 [ 31 ] 

 2.1  Case control from Toronto  [ 32 ] 
 1.34  Prospective cohort study in Japan  [ 34 ] 

 Residential radon  0.18 per 100 Bq/
m3 

 This is an estimated odds ratio based 
on unit of radioactivity exposure from 
radon measured in Becquerel (Bq) 

 [ 43 ] 

 Indoor air 
pollution (biofuel) 

 2.15  Meta-analysis of 25 case control 
studies of household coal 

 [ 54 ] 

 Occupational 
exposures 

 3.49 asbestos 
 2.48 paint dust 

 Prospective cohort study in the 
Netherlands 

 [ 58 ] 

 Lung disease  2.93  Asthma  [ 57 ] 
 Genetic 
susceptibility 

 1.95  Family history of lung cancer in fi rst 
degree relative 

 [ 65 ] 

 1.62-Heterozygote 
 2.35-Homozygote 

 5p15.33 Asian females  [ 73 ] 

 5p15.33: 
 White-1.15 
 Asian-1.23 

 Pooled analysis of 21 case control 
studies of Whites and Asians. 15q25.1 
& 6p21.33 were not signifi cantly 
associated with risk of lung cancer in 
never smokers. 

 [ 77 ] 

 0.68  18p11.22 447 Korean never smokers  [ 79 ] 
 1.46  13q31.3 multicenter study in US  [ 78 ] 
 1.32 
 0.85 
 1.16 
 1.19 
 0.86 

 10q25.2 
 6q22.2 
 6p21.32 
 3q28 
 17q24.3 
 Study population were Asian women 

 [ 80 ] 

 0.45  MSH2  [ 89 ] 

   MSH2  mutS homolog 2  
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odds ratios and utilized unconditional regression analysis to help answer this 
question. Unfortunately, not every study lists this information in the analysis; there-
fore, caution should be taken for over estimation of odds ratios [ 30 ]. In these case-
control studies SHS for the most part has been subdivided into home, workplace, or 
social with differences noted in odds ratios from one setting to the other, but all with 
odds ratios greater than 1 and higher risk noted with combined exposures noted in 
regression analysis [ 31 – 34 ]. As SHS is often assessed by interview from smoking 
partner, non-smoking partner, or next-of-kin the validity of these measures as well 
as non- smoker status have been brought into question; however, misclassifi cation is 
likely low [ 35 ,  36 ]. Other studies have been able to demonstrate dose response by 
SHS intensity and duration [ 31 ,  34 ]. One author also noted an increased risk if 
exposed to SHS prior to the age of 25 [ 37 ].

       Indoor Pollution 

  Indoor air pollution   includes: radon from soil and water, products of combustion 
such as coal, chemicals from household products, and biological agents such as 
mold among many other sources [ 38 ]. This is a fairly large category of which the 
focus in this section will be on those that are known to cause an increased risk of 
lung cancer. 

 Radon is a decay product from radium that is found in rock and soil. Radon can 
further decay into polonium that enters the air and water and emits alpha particles, 
which can cause DNA damage [ 39 ]. While it has already been established that in 
miners radon exposure can lead to lung cancer [ 40 ], less well defi ned is whether 
low-indoor radon levels are associated with increased risk as well. The following 
presentation of studies will examine different methods of measuring association and 
risk with varying results to answer this important question. 

 Krewski et al. in a combined analysis of seven large case-control studies in North 
America, including 4081 cases and 5281 controls, demonstrated with estimated 
odds ratios (EOR) that residential exposure to radon in general was associated with 
the lung cancer risk. It should be noted that although the odds ratios were numeri-
cally positive and statistically signifi cant in two out of the seven studies, in the 
pooled analysis there was no statistically signifi cant difference [ 40 ]. Arguably, rela-
tive risk is a better measure to assess causation than excess risk of disease as had 
been used in the study above [ 41 ]; however, both assess association and to assess 
causality is more complex requiring the achievement of specifi c criteria [ 3 ]. Sandler 
et al. was not able to fi nd statistically signifi cant excess relative risk of lung cancer 
related to radon exposure at any level [ 42 ]. This study, however, had signifi cantly 
lower radon levels on average that did not even meet the actionable level suggested 
by the EPA. This study was also underpowered to assess whether there was any 
synergistic effect in smokers. In contrast, two separate studies from Darby et al. and 
Leuruad et al. found the relative risk of lung cancer in never smokers increased with 
radon exposure [ 43 ,  44 ]. One study identifi ed a potentially high-risk group as those 
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who were homozygous for glutathione-S-transferase M1, an enzyme responsible in 
neutralizing reactive oxygen species [ 45 ]. 

 Several studies have established a large variation in the incidence of lung cancer 
in Asian countries that has been postulated to be possibly due to unreported tobacco 
use, but also likely due to indoor air pollution [ 17 ,  18 ]. Indoor air pollution has been 
examined as a global health issue associated with an increased risk of lung cancer 
along with other respiratory illnesses [ 46 ]. The risk for lung cancer varies, but has 
been found largely in developing countries [ 6 ,  7 ]. Coal and wood smoke are now 
recognized by the IARC as a human carcinogen [ 47 ]. The use of indoor combustion 
products is highest in Africa and South East Asia at greater than 60 % compared to 
the Americas and Europe at less than 20 % [ 48 ]. Kleinerman et al. interviewed men 
and women from two prefectural areas in Northwest China in a case-control study 
on the use of coal and biomass fuel in heating and cooking in controls and lung 
cancer patients. They adjusted for smoking status and frequency matched for age 
and sex, and fi nd a modest increased risk for those with the highest exposures [ 49 ]. 
In a retrospective analysis from the Yunnan Province of China, the authors found a 
signifi cantly increased absolute and relative risk of dying from lung cancer in those 
who utilized smoky coal versus smokeless coal [ 50 ]. Coal use was also evaluated in 
a large case-control study in participants from Eastern/Central Europe and the 
United Kingdom where there was an increased risk observed when solid biofuels 
(coal or wood) were used for cooking [ 38 ]. This was confi rmed in a large meta- 
analysis performed of 25 case control studies that covered cases from Africa, North 
America, Europe, India, Mainland China and Taiwan. Although there were differ-
ences in the risk of lung cancer by regions, the overall trend was an increase in lung 
cancer risk in particular in parts of China and Taiwan [ 51 ]. A transition to ventilated 
stoves was associated with a decreased in lung cancer incidence in at least one 
analysis from China [ 52 ].  

    Occupational Exposures 

 Several  authors   have examined occupational exposures such as pesticides, grain 
elevator dust, wood dust, smoke soot or exhaust as risk factors for lung cancer in 
never-smokers [ 32 ,  53 ,  54 ]. A large prospective cohort study of men from The 
Netherlands assessed cumulative probability of exposure to four specifi c known 
carcinogens at the work place reported by the IARC: asbestos, paint dust, polycyclic 
aromatic hydrocarbon (PAH), and welding fumes [ 54 ]. After adjusted for age and 
smoking status in the fi nal analysis they found a signifi cantly increased risk if 
exposed to asbestos or paint dust, with asbestos having the highest risk. They also 
found that the tested population was fairly representative of the Dutch population 
and that 11.6 % and 1.7 % of the lung cancers were attributable to asbestos and paint 
dust, respectively [ 54 ]. None-the-less, occupational exposure does not explain fully 
lung cancer in never-smoker as it has been shown that individuals without any occu-
pational or environmental exposure can develop lung cancer [ 12 ,  29 ].  
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    Lung Disease 

 Epidemiologists have studied whether specifi c lung conditions or infections are 
associated with an increased risk of lung cancer, but with confl icting data likely due 
to the confounding factor of smoking status. One study found no increased risk for 
lung cancer in never-smokers who had emphysema, chronic bronchitis, asthma, 
pneumonia, or tuberculosis [ 32 ]. Another study found asthma in never-smokers was 
associated with increased risk of lung cancer with an odds ratio of 2.93 compared to 
those without asthma [ 53 ]. An increased risk has also been seen in those with a history 
of tuberculosis infection with an odds ratio as high as 3.5 in never-smokers, particu-
larly for disease on the same side of the previous infection [ 55 ,  56 ]. The association 
in individuals with pulmonary fi brosis is also unclear [ 57 – 60 ].  

    Radiation Exposure 

 In  patients   exposed to ionizing radiation either as treatment for breast cancer or 
Hodgkin’s disease there is an increase risk in the development of lung cancer 
[ 61 – 63 ]. A recent study reports that molecular rearrangement of the  RET  gene may 
explain a small percentage of radiation induced adenocarcinomas of the lung in 
never-smokers [ 64 ].  

    Genetic Factors 

 Environmental  exposures   as described above appear to increase the risk of lung 
cancer in never-smokers and genetic factors play as role as well. Nitadori et al. per-
formed a large prospective cohort study of a Japanese population to examine 
whether family history in a fi rst degree relative increased the risk of lung cancer. 
A family history of lung cancer was associated with a signifi cant increase in risk of 
lung cancer in both ever and never smoker groups, although the risk was higher in 
women and in never-smokers [ 65 ]. It should be noted this study controlled for SHS, 
but did not compare hazard ratios between ever-smokers versus never-smokers to 
examine whether there was a signifi cant difference between groups. Several other 
studies have also reported similar results in cohort or case-control analyses [ 32 ,  33 , 
 53 ,  66 ,  67 ]. 

 On the molecular level, Bell et al. noted a family of European descent with a 
germline  epidermal growth factor receptor  ( EGFR ) mutation. The proband as well 
as his brothers, had a T790M  EGFR  germline mutation, but the two brothers did not 
have lung cancer. The proband at surgery was noted to have fi ve separate tumors 
that were analyzed for somatic mutations in the  EGFR  domain with the missense 
L858R mutation and in-frame deletion delL747-T751 noted [ 68 ]. Ohtsuka et al. 
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identifi ed a separate germ-line mutation in  EGFR , V843I, which was found in 
multiple generations as an identical mutation. As in the previous study, in addition 
to the germline mutation, somatic mutations were identifi ed including L858R. 
Interestingly, the V8438I mutation confers resistance to tyrosine kinase inhibitors 
as has been described for the T790M mutation; however, the exact mechanism for 
this resistance or increased susceptibility to lung cancer from either mutation has 
yet to be elucidated [ 69 ]. Recently, a unique  HER2  germline mutation, G660D, was 
identifi ed in a Japanese family with lung cancer in multiple generations [ 70 ]. 

 While these last two studies have examined the potential heritability of lung 
cancer risk at a specifi c gene level, other studies have used more traditional linkage 
analysis strategies to identify loci of interest that might confer risk to the disease 
[ 71 ]. One study utilized comparative genomic hybridization analysis to determine 
that in never-smokers of Chinese descent with lung cancer, gain of 16p was fre-
quent, though loss of 16p was identifi ed in an earlier study that was not restricted to 
patients of Chinese ancestry [ 71 ,  72 ]. Several scientists have performed genome 
wide association studies (GWAS) in never-smokers utilizing single nucleotide poly-
morphism array data and have identifi ed 5p15.33 locus ( TERT-CLPTM1L ) as one 
that confers an increased risk of lung cancer [ 73 – 75 ]. There have been several other 
loci identifi ed; however, they have not been consistently replicated, perhaps due to 
ethnic or environmental exposure differences [ 76 ,  77 ]. This was seen in two sepa-
rate studies where 13q31.3 ( GPC5 ) was identifi ed in an American population [ 78 ] 
and 18p11.22 ( FAM38B ) in a Korean population [ 79 ]. A large GWAS among Asian 
females found several novel chromosomal aberrations at 10q25.2 ( VTI1A ), 6q22.2 
( ROS1 & DCBLD1 ), and 6p21.32 ( HLA-DRA ) when compared to controls [ 80 ]. 
They also confi rmed two other mutations, 3q28 ( TP63 ) and 17q24.3 ( BPTF ), 
reported in three separate studies [ 81 – 83 ]. Other scientists have focused on specifi c 
genes that have largely been associated with the metabolism of tobacco related car-
cinogens in the cytochrome P450 system. The data has been inconsistent with some 
[ 84 ,  85 ] reporting an increased risk in those with CYP1A mutations while others 
have refuted this fi nding [ 86 ]. Other studies have looked at DNA repair with some 
data to support an increased risk in those with the lowest DNA repair capacity [ 87 ], 
while others have implicated polymorphisms in the ataxia telangiectasia mutated 
gene [ 88 ] or mismatch repair gene MSH2, in particular if associated with SHS 
exposure [ 89 ,  90 ]. Govindan et al. performed whole genome sequencing as well as 
whole transcriptome sequencing, on multiple lung cancer surgical specimens, 
including in some tumors from never smoking patients. This study was able to 
 demonstrate signifi cant difference in mutation rate between smokers and never 
smokers indicating a different oncogenic process [ 91 ].    

    Pathology 

 The topic  of   histological subtype has been well studied with the majority of 
data reporting adenocarcinoma as the most common histological type in never 
smokers [ 6 ,  7 ,  22 ,  92 ,  93 ]. In a review paper on lung cancer in never-smokers 
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Samet et al. presents relevant theories of why a trend for an increase in adenocarcinoma 
has been observed, even in smokers, and especially in women, including change in 
puff volume that may distribute carcinogens differently within lung tissue as well 
as increased nitrate levels due to greater combustion of tobacco material within the 
cigarette, which he asserts also impacts never-smokers through side stream smoke 
[ 12 ]. One study looked at subtypes of adenocarcinoma as they correlate with com-
mon mutational status among never-smokers [ 94 ].  

    Driver Mutations 

  Considerable   research has led to identifi cation of “driver mutations” in adenocarci-
noma of the lung and two,  EGFR  and  ALK , already have FDA approved therapeu-
tics. Others such as  ROS1 ,  BRAF  and  HER2  are targetable with drugs on the market 
for other indications and more, including  KRAS  and  RET , with agents that are in 
ongoing investigations. Specifi cs on molecular profi ling and receptor cell signaling 
will be discussed in detail in chapters later in this book. 

 Estimates of actionable mutational frequency in never-smokers vary by ethnicity 
or region (Fig.  1 ) with reports as high as 90 % in a single-center institution of 
Chinese women with lung cancer that included analysis for  EGFR ,  ALK ,  HER2 , and 
 KRAS  [ 94 ] to 29.4 % EGFR mutant in a recent evaluation of 907 patients with lung 
cancer from India [ 95 ]. In general, mutations within  EGFR  are identifi ed in approx-
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  Fig. 1     Mutations are more common in never smokers with adenocarcinoma.  In fi gure ( a ), 
percentages are displayed of the frequency of mutations in adenocarcinoma that includes smokers 
with never smokers. Figure ( b ), although inherent biases exist in single center studies, this single 
center study in China illustrates the proportion of identifi able mutations in a population of 408 
never smokers with adenocarcinoma       
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imately 10 % of lung adenocarcinomas, but at a much higher frequency in never- 
smokers [ 96 ]. Another example is that HER2 exon 20 insertion mutations constitute 
approximately 2 % of NSCLC adenocarcinoma mutations but are more common in 
women, with adenocarcinoma who were never-smokers [ 97 ,  98 ].

   Other signifi cant mutations found in lung cancer, with a higher frequency in 
those who develop lung cancer as never-smokers, are ALK and ROS1 [ 99 – 101 ]. 
ALK mutations represent approximately 4 % of lung adenocarcinomas while 
ROS1 is around 2 %. Patients with this mutation also appear to be younger, never 
smokers, and have adenocarcinoma [ 97 ]. RET alterations are found in roughly 2 % 
of adenocarcinomas of the lung with individuals typically younger and never-
smokers [ 64 ,  102 ,  103 ].  

    Prognosis 

 Survival data  for   lung cancer patients who are never-smokers as compared to smok-
ers is confl icting. Subramananian et al. in a single-center case-control study did not 
fi nd a survival difference between smokers and never smokers [ 104 ]. Nordquist 
et al. in a single center study however, reported 16 % vs 23 % 5-year survival rates 
in smokers compared to never-smokers. Smoking was a negative predictive value on 
regression analysis in another study [ 105 ]. A very large retrospective study by 
Kawaguchi et al. utilizing 15,185 Japanese individuals from one national registry 
and 13,332 Caucasians from a cancer registry in Southern California found a statis-
tically signifi cant survival advantage for Japanese never-smokers and a trend for 
Caucasian never-smokers compared to smokers with lung cancer [ 106 ].  

    Summary 

 Lung cancer in never smokers as a separate entity is the seventh leading cause of 
cancer related mortality. There appears to be racial variation in the incidence and 
mortality that require further research. Established risk factors include second hand 
smoke, several environmental toxins and potential genetic predispositions, but 
much work still needs to be done in this area. Whatever the inciting event, it appears 
adenocarcinoma is the most common histological type and can be associated with a 
variety of somatic mutations with important therapeutic implications.     
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    Abstract     Lung cancer has long been considered an unsuitable target for 
immunotherapy due to its proposed immunoresistant properties. However, recent evi-
dence has shown that anti-tumor immune responses can occur in lung cancer patients, 
paving the way for lung cancer as a novel target for immunotherapy. In order to take 
full advantage of the potential of immunotherapy, research is focusing on the presence 
and function of various immunological cell types in the tumor microenvironment. 
Immune cells which facilitate or inhibit antitumor responses have been identifi ed and 
their prognostic value in lung cancer has been established. Knowledge regarding 
these pro- and anti-tumor immune cells and their mechanisms of action has facilitated 
the identifi cation of numerous potential immunotherapeutic strategies and opportuni-
ties for intervention. A plethora of immunotherapeutic approaches is currently being 
developed and studied in lung cancer patients and phase 3 clinical trials are ongoing. 
Many different immunotherapies have shown promising clinical effects in patients 
with limited and advanced stage lung cancer, however, future years will have to tell 
whether immunotherapy will earn its place in the standard treatment of lung cancer.  

  Keywords     Cancer immunotherapy   •   Tumor microenvironment   •   Immunosuppressive 
cells   •   Regulatory T cells   •   Myeloid-derived suppressor cells   •   Tumor-associated 
macrophages   •   Tumor antigens   •   Tumor vaccines   •   Cellular immunotherapy   • 
  Personalized medicine  

        Introduction 

  Cancer immunotherapy consists  of   approaches that enhance the host immune sys-
tem to generate effective immune responses against cancer. The editors of Science 
have chosen this strategy to combat tumors as the Breakthrough of the Year for 2013 
[ 1 ]. Although it is still in its infancy, over the last decade we have witnessed that 
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immunotherapeutic approaches are becoming more appealing components of the 
anticancer armamentarium. In 2010, sipuleucel-T became the fi rst therapeutic vac-
cine to be approved by the US FDA for the treatment of metastatic, hormone- 
refractory prostate cancer [ 2 ]. This was followed in 2011 by ipilimumab, a fully 
human monoclonal antibody which blocks cytotoxic T-lymphocyte-associated anti-
gen- 4 (CTLA-4), the fi rst agent approved in the EU for the treatment of unresect-
able or metastatic melanoma [ 3 ]. Examples of immune modulation in lung cancer 
are the MAGE-A3, L-BLP25 and TG4010 vaccines and belagenpumatucel-L; these 
are discussed in detail below. With the increasing understanding of the fundamen-
tals of cellular and molecular tumor immunology, many ways are now investigated 
how the immune system can be further augmented to treat lung cancer. However, to 
understand the principles of these novel immunotherapeutic approaches, it is impor-
tant to comprehend the different immune cell components and their function in the 
tumorigenic process. Most of these cells will be discussed in the next section, where 
it will become clear that the immune system plays a dual role in carcinogenesis. The 
complex interactions between diverse immune cell types and tumor cells can 
actively favor tumor rejection as well as tumor progression, depending on the tumor 
cell characteristics, type, stage, secreted factors and the types of immune cells that 
are involved. It emphasizes the importance of the full understanding of the intricacy 
of the cellular interactions within the tumor microenvironment as well as the effects 
of tumor-derived factors on distant involved immunological tissues and organs. 
Understanding the local and systemic immune mechanisms will lead to new poten-
tial therapeutic targets. There is a rapid progress in this fi eld of cancer immunology 
and the development of novel immunotherapeutic approaches. Therefore, immuno-
therapy is by many considered as the fourth modality in conventional cancer treat-
ments alongside surgery, chemotherapy and radiation. It is believed that the role of 
immunotherapy for lung cancer treatment is in combination regiments with surgery 
(debulking of the tumor), chemotherapy (inducing immunogenic cell death), and 
merged immunotherapeutic approaches that further modulate the tumor-host equi-
librium towards tumor regression [ 4 ,  5 ].  

    Immune Cell Involvement in Lung Cancer Carcinogenisis 

 There is  currently   overwhelming evidence that several immunological cell types of 
the host infl uence lung cancer incidence, cancer growth, response to therapy and 
thereby the prognosis of the disease. Immunohistochemical analysis of lung cancer 
biopsies have demonstrated that the tumor microenvironment is a heterogeneous 
and complex system of tumor cells and stromal cells, including endothelial cells and 
their precursors, pericytes, smooth-muscle cells, and fi broblasts of various pheno-
types, located within the connective tissue or extra-cellular matrix (e.g. collagen). 
Leukocyte infi ltration is an important characteristic of cancer and the main compo-
nents of these infi ltrates include natural killer (T) cells, mast cells, neutrophils, B- 
and T lymphocyte subsets, myeloid derived suppressor cells, macrophages and 
dendritic cells (Fig.  1 ). Based on their functions, these cells can be divided into cells 

L. Lievense et al.



61

with a potentially positive impact on the antitumor response and cells with a detri-
mental effect. The net effect of the interactions between these various cell types and 
their secreted products within the environment of an established tumor participates 
in determining anti-tumor immunity, angiogenesis, metastasis, overall cancer cell 
survival and proliferation. Next we will provide a short update on the function of 
these immune cells for lung cancer that is adapted from Heuvers et al. [ 6 ].

      Natural Killer (T) Cells 

 Natural killer (NK)  cells   (expressing the surface markers CD16 and CD56,    but not 
CD3) are lymphocytes that play an important role in the rejection of tumors without 
previous sensitization and without restriction by the major histocompatibility 

  Fig. 1    The tumor microenvironment is a heterogeneous and complex system of tumor cells and 
‘normal’ stromal cells, including endothelial cells and their precursors, pericytes, smooth-muscle 
cells, and fi broblasts of various phenotypes, located within the connective tissue or extra-cellular 
matrix (e.g. collagen). Leukocyte infi ltration is an important characteristic of lung cancer and the 
main components of these infi ltrates include natural killer (T) cells (NK/NKT), N1/N2 neutrophils, 
B- and T-lymphocyte (cytotoxic T cells [CTL]; T helper 17 [Th17]; CD4; regulatory T cells [Treg]; 
gamma delta T cells) subsets, myeloid derived suppressor cells (MDSC), M1/M2 macrophages 
(MØ), mast cells, and immature dendritic cells (iDC)/mature dendritic cells (mDC). Based on their 
functions, these cells can be divided into cells with a potentially positive impact on the antitumor 
response (right) and cells with a detrimental effect (left). The net effect of the interactions between 
these various cell types and their secreted products within the environment of an established tumor 
participates in determining anti-tumor immunity, angiogenesis, metastasis, overall cancer cell sur-
vival and proliferation       
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complex (MHC) [ 7 ,  8 ]. NK cells eradicate tumors through multiple killing path-
ways, including direct tumor cell killing. They also secrete cytokines and chemo-
kines like interleukin (IL) IL-10, tumor necrosis factor (TNF)-α, and the principal 
NK-derived cytokine interferon (IFN)-γ, which can coordinate the innate and adap-
tive immune responses to tumor cells and may lead to apoptosis of the attacked 
cells. A large cohort study showed that an increase in NK cells in tumor tissue is a 
strong independent prognostic factor for the survival of lung cancer patients [ 9 ]. 
Natural killer T (NKT) cells (CD16+, CD56+, CD3+) are a subset of NK cells that 
are found in the peripheral blood, tumor tissue and pleural effusions of lung cancer 
patients in decreased numbers and with reduced functions [ 10 ,  11 ]. It has been 
shown that NKT cells in cancer patients produce a decreased amount of IFN-γ and 
are therefore less effective than NKT cells in healthy controls [ 12 ,  13 ].  

    Mast Cells 

 Accumulation  of   mast cells is common in angiogenesis-dependent conditions, like 
cancer, as mast cells are  major   producers of proangiogenic molecules as vascular 
endothelial growth factor (VEGF), IL-8, transforming growth factor (TGF)-β [ 14 ]. 
Mast cells also play a central role in the control of innate and adaptive immunity by 
interacting with B and T cells (in particular regulatory T cells) and dendritic cells. 
The density of mast cells in non-small cell lung cancer (NSCLC) tumors is corre-
lated with microvessel density [ 15 ] and mast cells/histamine has a direct growth 
promoting effect on NSCLC cell lines in vitro [ 16 ]. Tumor-infi ltrating mast cells 
can directly infl uence proliferation and invasion of tumors, by histamine, IL-8 and 
VEGF while the production of TNF-α and heparin can suppress tumor growth [ 16 , 
 17 ]. It has been shown that in NSCLC mast cell counts were enhanced as tumor 
stage increased while another study did not found this correlation [ 14 ,  18 ]. The 
controversy of mast cells in other cancer types seems to be related to the type, 
microenvironment and stage of cancer and their role may depend on the tumor envi-
ronment [ 19 ,  20 ].  

    Neutrophils 

  Neutrophils play a   major role in cancer biology. They make up a  signifi cant   portion 
of the infi ltrating immune cells in the tumor and the absolute neutrophil count and 
the neutrophil to lymphocyte ratio in blood are independent prognostic factors for 
survival of NSCLC [ 21 – 23 ]. Neutrophils are attracted to the tumor under the infl u-
ence of specifi c chemokines, cytokines and cell adhesion molecules.  Tumor-
associated neutrophils (TAN)   have polarized functions and can be divided into the 
N1 and N2 phenotype in a context-dependent manner [ 24 ]. The N1 phenotype 
inhibits tumor growth by potentiating T cell responses while the N2 phenotype 
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promotes tumor growth [ 25 ]. The antitumor activities of N1 neutrophils include 
expression of immune activating cytokines (TNF-α, IL-12, GM-CSF, and VEGF), 
T cell attracting chemokines (CCL3, CXCL9, CXCL10), lower expression of argi-
nase, and a better capacity of killing tumor cells in vitro. N2 neutrophils support 
tumor growth by producing angiogenic factors and matrix- degrading enzymes, sup-
port the acquisition of a metastatic phenotype, and suppress the anti-tumor immune 
response by inducible nitric oxide (NO) synthase and arginase expression [ 26 ]. 
Neutrophils also infl uence adaptive immunity by interacting with T cells [ 27 ], B 
cells [ 28 ], and DC [ 29 ]. In resectable NSCLC patients, intratumoral neutrophils 
were elevated in 50 % of the patients and this was associated with a high cumulative 
incidence of relapse [ 30 ].  

    B Lymphocytes 

 B cells  may   affect the prognosis of patients with lung  cancer  , as patients with stage 
I NSCLC contain more intratumoral germinal centers with B lymphocytes than 
patients with stages II to IV [ 31 ]. These tertiary (T-BALT) structures provide some 
evidence of an adaptive immune response that could limit tumor progression in 
some patients. For instance, the production of antibodies by B cells can activate 
tumor cell killing by NK cells and other infl ammatory cells [ 32 ]. Auto-antibodies 
against tumor antigens are commonly found in patients with lung cancer [ 33 – 35 ] 
and can inhibit micrometastasis [ 36 ]. The role of B cells seems depending on the 
context.  

    T Lymphocytes 

 Several subsets of  T   cells have been identifi ed, and they all  develop   in the thymus 
from common precursor T cells. Based on cytokine secretion and function, these 
cells are classifi ed as CD4, CD8, Th17, regulatory T cells (Tregs), or TH17 cells, 
amongst others. CD4+ cells and CD8+ cells represent the strong effectors of the 
adaptive immune response against cancer [ 37 ]. There is controversy on the impact 
of T cells and their localization on the prognosis of lung cancer [ 38 – 43 ]. This may 
be caused by the presence of a special subset of T cells, the regulatory T cells 
(Tregs), and myeloid-derived suppressor cells which are both discussed below. Also 
tumor-derived factors can exhaust T lymphocytes or induce their apoptosis [ 44 ]. 
Recently it has been shown that cytotoxic T lymphocytes (CTL) within the tumor 
(the tumor-infi ltrating lymphocytes [TIL]) are of benefi cial prognostic infl uence in 
resected NSCLC patients in both adenocarcinoma [ 45 ] and squamous cell carci-
noma [ 46 ]. 

 Tregs, characterized by the expression of CD4, CD25, Foxp3, but absence of 
CD127, are T lymphocytes that are generated in the thymus (natural Treg) or induced 
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in the periphery (induced Treg) when triggered by suboptimal antigen stimulation or 
stimulation with IL-35, TGF-β and IL-10 [ 47 ]. Tregs are further characterized by the 
expression of glucocorticoid-induced TNF-receptor-related-protein (GITR), lym-
phocyte activation gene-3 (LAG-3), and cytotoxic T-lymphocyte- associated antigen 
4 (CTLA4). In cancer patients, Tregs confer growth and metastatic advantages by 
inhibiting anti-tumor immunity. They have this pro-tumoral effect by promoting tol-
erance via direct suppressive functions on activated T-cells or via the secretion of 
immunosuppressive cytokines such as IL-10 and TGF-β [ 48 ,  49 ]. Tregs are present 
in tumor tissue [ 50 ,  51 ] and increased in peripheral blood of NSCLC patients com-
pared to healthy controls [ 52 ,  53 ]. This increase in Tregs was found to promote tumor 
growth and was correlated with lymph node metastasis [ 54 ,  55 ] and poor prognosis 
[ 50 ,  56 ]. Many factors can increase Tregs in NSCLC tumors, among them are thymic 
stromal lymphopoietin (TSLP) [ 57 ] and intratumoral cyclooxygenase- 2 (COX-2) 
expression [ 58 ]. Tregs are considered the most powerful inhibitors of antitumor 
immunity [ 59 ]. 

 Th17 cells are a subpopulation of CD4+ T helper cells that are characterized by 
the production of interleukin-17 (IL-17, also known as IL-17A). IL-17 plays an 
important role in the host defenses against bacterial and fungal infections by the 
activation, recruitment, and migration of neutrophils [ 60 ,  61 ]. In vitro experiments 
have shown that IL-1β, IL-6, and IL-23 promote Th17 generation and differentia-
tion from naïve CD4+ T cells [ 62 ]. Among the other cytokines secreted by Th17 
cells are IL-17 F, IL-21, IL-22, and TNF-α. The role of Th17 cells in cancer is 
poorly understood. Th17 cells accumulate in malignant pleural effusion from 
patients with lung cancer [ 62 ]. Also higher levels of IL-17A were detected in serum 
and in tumor lesions of lung adenocarcinoma patients, indicating a potential role of 
these cells in cancer [ 63 ]. It has been shown that Th17 cells encouraged tumor 
growth by inducing tumor vascularization or enhancing infl ammation, but other 
studies revealed also opposite roles for Th17 cells. Recent data indicate that IL-17 
may play a role in the metastasis of lung cancer by promoting lymph-angiogenesis 
and is therefore an independent prognostic factor in both overall and disease-free 
survival in NSCLC [ 64 ]. So, it is controversial whether Th17 cells in cancer are 
benefi cial or antagonistic; this may be dependent on the tumor immunogenicity, the 
stage of disease, and the impact of infl ammation and angiogenesis on tumor patho-
genesis [ 65 ].  

    Myeloid-Derived Suppressor Cells 

 Myeloid-derived suppressor  cells   (MDSCs) are a heterogeneous population  of 
  immature myeloid cells and myeloid progenitor cells. MDSCs inhibit T cells activa-
tion [ 66 ,  67 ] in a nonspecifi c or antigen-specifi c manner, alter the peptide presenting 
ability of MHC class I molecules on tumor cells [ 68 ], infl uence B cells [ 69 ], block 
NK cell cytotoxicity [ 70 – 72 ], inhibit dendritic cell differentiation [ 73 ], and expand 
Tregs [ 74 ,  75 ] signifying their crucial contribution in constituting a tumor 
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suppressive environment. Furthermore, there is compelling evidence that MDSC, 
by secreting MMP9 and TGF-β1, are also involved in angiogenesis, vasculogenesis, 
and metastatic spread [ 76 ]. MDSCs suppress the immune system by the production 
of reactive oxygen species (ROS), nitric oxide (NO), peroxynitrite and secretion of 
the cytokines IL-10 and TGF-β [ 77 ]. Upregulated arginase-I activity by MDSCs 
depletes the essential amino acid L-arginine, contributing to the induction of T cell 
tolerance by the down regulation of the CD3ζ chain expression of the T cell receptor 
[ 78 – 81 ]. However, the mechanisms that are used to suppress the immune responses 
are highly dependent on the context of the tumor microenvironment [ 82 ]. An 
increased subpopulation of MDSCs in the peripheral blood of NSCLC patients was 
detected that decreased in those patients that responded to chemotherapy and patient 
undergoing surgery [ 83 ].  

    Tumor–Associated Macrophages 

 Macrophages are  part   of the innate  immune   system and play important roles in the 
fi rst line of defense against foreign pathogens. They can be divided into M1 macro-
phages (classical activation) and M2 macrophages (alternative activation). M1 mac-
rophages attract and activate cells of the adaptive immune system and have 
anti-tumor and tissue destructive activity, while the M2 phenotype has been linked 
to tumor-promoting activities by subversion of adaptive immunity, promoting tumor 
angiogenesis and supporting cancer cell survival, proliferation, invasion and tumor 
dissemination. Macrophages in tumors are usually referred to as tumor-associated 
macrophages (TAM) and their presence can be substantial (10–65 % of the tumor 
stroma). In the beginning, the TAM mainly consist of M1-like macrophages how-
ever, when the tumor starts to invade and vascularize, there is a skewing towards the 
M2 phenotype [ 84 ,  85 ]. This takes place especially at those regions in the tumor that 
are hypoxic [ 86 ]. It has been reported by several groups that there is an association 
between the number of tumor islet macrophages and NSCLC survival [ 87 – 91 ]. 
Moreover, when looking at the different phenotypes of TAM (M1 and M2), it is 
shown that high numbers of M1 macrophages infi ltrating the tumor are correlated 
with improved survival. On the other hand, the presence of M2-like macrophages is 
associated with poor clinical outcome.  

    Dendritic Cells 

  Dendritic cells (DC)   are widely acknowledged as the central  surveillance   cell type 
and play an important role in the activation of lymphocyte subsets to control or 
eliminate human tumors. Upon encountering tumor cells or tumor-associated anti-
gens, DC engulf this material and begin migrating via lymphatic vessels to regional 
lymphoid organs. The density of immature DC (Langerhans cell and interstitial DC) 
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and mature DC, present in the tumor microenvironment, is highly predictive of 
disease-specifi c survival in early-stage NSCLC patients [ 92 ] and the presence of 
DC in resected NSCLC material is a good prognostic factor [ 9 ]. Interaction between 
the DC and tumor cells results in the release of anti-tumor cytokines [ 93 ,  94 ]. This 
suggests that DC within the tumor microenvironment of early-stage NSCLC are 
capable in initiating adaptive immune responses in situ [ 95 – 97 ]. In the peripheral 
blood and regional lymph nodes of lung cancer patients, the number and function of 
mature DC is dramatically reduced [ 98 ,  99 ], partly due to abnormal differentiation 
of myeloid cells (e.g. MDSC) [ 100 ]. Tumor cells, stromal cells like fi broblasts, and 
tumor-infi ltrating immune cells and/or their secreted products, like VEGF, M-CSF, 
IL-6, IL-10, and TGF-β are also responsible for systemic and local DC defects 
[ 101 – 104 ]. Affected DC are impaired in their ability to phagocytose antigen and to 
stimulate T cells, leading to a defective induction of anti-tumor responses. NSCLC-
derived DC produce high amounts of the immunosuppressive cytokines IL-10 and 
TGF-β [ 105 ]. It has been shown that the T cell co-inhibitory molecule B7-H3 and 
programmed death receptor-ligand-1 (PD-L1) are upregulated on tumor residing 
DC and these molecules conveys mainly suppressive signals by inhibiting cytokine 
production and T cell proliferation [ 106 ,  107 ].   

    Context-Specifi c Nature of Immune Cells in Lung Tumors 

 From the  above   it is apparent that different types of tumor-infi ltrating immune cells 
have different effects on tumor progression. Based on their functions, immune types 
can be divided into cells with a potentially positive impact on the antitumor response 
and cells with detrimental effects, but cell phenotypes can adapt on the changing 
environment (e.g. the macrophage M1/M2 phenotype polarization). The net effect 
of the interactions between all these various cell types and their secreted products 
within the environment of an established tumor participates in determining anti- 
tumor immunity, angiogenesis, metastasis, overall cancer cell survival and prolif-
eration. These immune infi ltrates are heterogeneous between tumor types, and are 
very diverse from patient to patient. The importance of these tumor-infi ltrating 
immune cells for tumorigenesis, and their secreted chemokines and cytokines, was 
recently acknowledged by revisiting the hallmarks of cancer as described by 
Hanahan and Weinberg in 2000 and now include “tumor promoting infl ammation” 
and “avoiding immune destruction” [ 108 ,  109 ]. Besides the type and density of the 
cells, also the location in the tumor (in the centre or core; or within the invasive 
margins of the tumor), in adjacent tertiary or secondary lymphoid structures or their 
presence in peripheral blood will shape the immune contexture. Histopathological 
analyses of the location, density and functional orientation of the different immune 
cell populations in large annotated collections of human lung tumors has identifi ed 
a good association of effector T-cells (CD3 + CD8+), memory T cells 
(CD3 + CD45RO+) [ 38 ,  88 ,  110 – 112 ], and Th1 cells (IL-2 and IFN-gamma secret-
ing CD3+ cells) [ 110 ] with longer disease-free survival and/or a better overall 
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survival while Th17 [ 64 ,  110 ] and Tregs [ 56 ,  110 ,  113 ,  114 ] have a poor association 
with the prognosis [ 115 ,  116 ] . However, it is important to realize the complex 
spatiotemporal dynamics in the tumor-immune interactions in time due to perturba-
tions at the gene and protein level of the immune cells and tumor cells within the 
microenvironment [ 116 ]. For example, when myeloid cells are attracted to the 
tumor, they are infl uenced by several signals able to shape the new cells as “needed” 
by the tumor. In an early phase of tumor development, the tumor-associated macro-
phages mainly consist of an M1-like phenotype and later in the tumorigenic pro-
cess, when the tumor changes its local environment, there is a skewing towards the 
M2 phenotype [ 84 ,  85 ,  117 ]. This takes place especially at those regions in the 
tumor that are hypoxic (Fig.  2 ) [ 86 ,  118 ]. A subpopulation of TAMs gather in 
hypoxic sites in the tumor as a result of chemoattractants produced by tumor cells 
[ 119 ]. Exposure to hypoxia stimulates TAMs to acquire a pro-angiogenic M2 phe-
notype with high production of pro-angiogenic factors like VEGF and MMP-9 
[ 120 ]. This preferential polarization is also a result of the absence of M1-orienting 
signals, such as IFN-γ or bacterial components in the tumor environment as well as 
the presence of M2 polarization factors. Thus the cancer immunoediting concept as 
described by Schreiber et al. [ 121 ], that comprises editing, equilibrium and escape, 
takes place continuously and this plasticity is a major source of heterogeneity 
between patients and a cause for therapy resistance [ 4 ].

  Fig. 2    Opposing effects of M1 and M2 tumor-associated macrophages (TAMs) in the tumor envi-
ronment. ROS: reactive oxygen species and RNS: reactive nitrogen species. The classically acti-
vated M1 macrophages and alternatively activated M2 macrophages are at the opposing ends of the 
polarization continuum and have opposing effects in tumor biology. M2 TAMs can be abundantly 
present within tumors, especially in those areas that are oxygen deprived       
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       Types of Immunotherapeutic Approaches 

 Immunotherapy attempts to stimulate or restore the body’s natural ability of the 
immune system to fi ght cancer. There are various strategies to activate the immune 
system and these are classifi ed earlier by Aerts et al. and here into the following 
categories: biological response modifi ers, monoclonal antibodies, peptide or tumor 
cell vaccines, and cellular immunotherapy (Fig.  3  and Table  1 ). There is no consen-
sus regarding which of the four categories is the optimal approach for thoracic 
malignancies, this will probably be highly dependent on the tumor characteristics of 
each individual patient.

       Biological Response Modifi ers 

  Biological response modifi ers   are compounds which can nonspecifi cally enhance 
the immune response, either by directly stimulating the immune system and/or by 
the direct induction of tumor cell apoptosis. These compounds can activate the anti-
tumor immune response via the direct stimulation of pro-infl ammatory immune 

  Fig. 3    Immunotherapeutic approaches. Different immunotherapeutic approaches are currently 
being developed for the treatment of lung cancer. All approaches aim to elicit an anti-tumor 
immune response and they can often work complementary and/or synergistically. Biological 
response modifi ers can nonspecifi cally enhance the immune response, either by directly stimulat-
ing the immune system and/or by the direct induction of tumor cell apoptosis. Monoclonal anti-
bodies bind specifi cally to one epitope and can be directed against numerous tumor- or immune 
cell related targets. Tumor vaccines are designed to deliver tumor antigens to antigen-presenting 
cells, which can subsequently induce a tumor specifi c immune response. Cellular immunotherapy 
includes the adoptive transfer of autologous or allogeneic activated immune cells       
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cells or via the inhibition of detrimental suppressive immune cells like Tregs or 
MDSCs. 

 The observation that lung cancer patients who developed an empyema after 
pneumonectomy seemed to have a longer survival gave rise to studies involving dif-
ferent biological response modifi ers in the 1970s [ 122 ]. The idea that bacterial 
infection in the area of the draining lymph nodes of the resected tumor could lead to 
immune destruction of residual tumor cells provoked studies involving the intra-
pleural injection of bacterial antigens to induce immune activation. Bacillus 
Calmette-Guèrin (BCG) is a vaccine against tuberculosis that is prepared from a 
strain of attenuated live bovine tuberculosis bacillus and its potential for cancer 
immunotherapy has been thoroughly investigated. McKneally et al. were the fi rst to 
study the effect of postoperative injection of BCG into the pleural space of early 
stage lung cancer patients [ 123 ]. Their observation that intrapleural BCG injection 
resulted in an improved survival lead to numerous studies regarding nonspecifi c 
immune stimulation with this vaccine. Currently, BCG is most often investigated as 
an adjuvants instead as a single therapeutic agent in lung cancer patients [ 124 ]. In 
contrast, in patients with superfi cial bladder cancer, the use of intravesical BCG is 
now well-established [ 125 ]. In addition to BCG, heat-killed mycobacterium vaccae 
(SRL 172) has been investigated as a nonspecifi c immunostimulant in lung cancer 
and mesothelioma patients in combination with chemotherapy [ 126 ,  127 ], unfortu-
nately no survival benefi ts were reported. Mycobacterial adjuvant-based agents 
have been shown to activate antigen-presenting cells and induce a Th1-type immune 
response, partly due to the binding of components of the cell wall of Mycobacteria 
to Toll-like receptors (TLRs) [ 128 ]. TLRs are membrane glycoproteins and belong 
to a family of pattern recognition receptors (PRRs) that recognize specifi c microbial 
molecular structures, pathogen associated molecular patterns (PAMPs). Recognition 
of a PAMP belonging to a micro-organism by a TLR leads to activation, maturation 
and induction of proinfl ammatory cytokines. Immature dendritic cells express 
numerous TLRs and nonspecifi c immune activation via the stimulation of these 
TLRs has been extensively researched. In lung cancer specifi cally, TLR9 plays an 
important role and has been described to be overexpressed in lung cancer tissue 
[ 129 ].  Synthetic TLR9-activating compounds   (e.g. PF-3512676, CpG-ODN) have 
been clinically tested in combination with chemotherapy in lung cancer patients, 
unfortunately no clinical benefi t was found [ 130 ,  131 ]. However, since preclinical 
studies have shown that the use of the TLR9 agonist CpG-ODN as an adjuvants in 
tumor vaccines reduces the number of regulatory T-cells and increases the number 
of effector T-cells, TLRs remain a potential target in the fi eld of cancer immuno-
therapy [ 132 ]. 

 In addition to compounds that nonspecifi cally enhance infl ammation, the admin-
istration of cytokines has been amongst the earliest approaches in cancer immuno-
therapy. Interferons (IFN) have been one of the major cytokine families of interest 
given their direct antiproliferative and immunopotentiating effects. In the 1980s, the 
fi rst clinical trials were conducted in which lung cancer patients were treated with 
different types of IFN (recombinant alpha and beta) [ 133 ,  134 ]. Since then, the 
potential of IFN therapy in lung cancer patients has been researched extensively in 
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a number of clinical trials, however no clinical benefi ts were found [ 135 – 138 ]. 
Other proinfl ammatory cytokines of which their potential as a therapeutic target in 
lung cancer patients has been investigated are IL-2 and TNF-α. In general, treatment 
with the combination of IL-2 and TNF-α induced relatively grave toxicities and no 
survival benefi ts [ 139 ]. Currently, the direct administration of proinfl ammatory 
cytokines in order to enhance the anti-tumor immune response has been mostly 
abandoned in lung cancer patients with the exception of the use of colony- stimulating 
factors with the purpose of the treatment of chemotherapy-induced neutropenia 
[ 140 ,  141 ]. 

 The group of biological response modifi ers consists of a subgroup of multi- 
modal effectors. The majority of the multi-modal effectors aim to enhance the anti- 
tumor immune response via the modulation of specifi c anti-infl ammatory immune 
cells, e.g. Tregs, MDSCs and tumor-associated macrophages. Because of their 
capability to facilitate an optimal pro-infl ammatory immune response, these multi- 
modal effectors have great potential in combination with more specifi c immuno-
therapeutic approaches, e.g. vaccines and cellular immunotherapy. A multi-modal 
effector which received a lot of attention recently is the recombinant human lacto-
ferrin: talactoferrin alfa. Talactoferrin alfa is an immunostimulatory protein that 
stimulates dendritic cell maturation in the gut [ 142 ]. After promising preclinical and 
clinical studies in lung cancer patients, a phase 3 study showed no survival benefi t 
of talactoferrin alfa monotherapy in patients with advanced lung cancer [ 143 ,  144 ]. 
However, the potential of this compound in combination with other immunothera-
peutic strategies is topic of further research.  

    Monoclonal Antibodies 

  Monoclonal antibodies   bind specifi cally to one epitope and their  application   as 
potential immunotherapeutic agents has received a lot of attention recently. The use 
of monoclonal antibodies directed against tumor growth related antigens on the 
tumor cell like epidermal growth factor receptor (EGFR) and human epidermal 
growth factor receptor 2 (HER2) has been well established in lung cancer patients 
[ 145 ,  146 ]. In addition to the direct effect of the inhibition of growth factors and/or 
their receptors, antibodies bound to the tumor cell surface can induce antibody- 
dependent cell-mediated cytotoxicity (ADCC) [ 147 ]. Mesothelin is another tumor-
specifi c antigen which is an attractive target for treatment with monoclonal antibodies 
because of its expression on several epithelial tumors including mesothelioma and 
lung cancer. Clinical studies with monoclonal antibodies against mesothelin are currently 
ongoing in lung cancer and mesothelioma patients [ 148 ,  149 ]. 

 In addition to monoclonal antibodies directed against antigens specifi cally 
expressed by tumor cells, antibodies that are directed against tumor products have 
been clinically implemented. In lung cancer patients, the monoclonal antibody bev-
acizumab which is directed against VEGF has been extensively investigated in 
clinical trials. In a recent meta-analysis, Cui et al. showed that bevacizumab accom-
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panied by chemotherapy improves clinical outcomes compared to other targeted 
therapies in chemotherapy-naïve lung cancer patients [ 150 ].  Bevacizumab   has been 
developed in order to target blood vessel growth of tumors, however recent evidence 
shows that bevacizumab also has an immunomodulating effect and enhances circu-
lating CD8 T cells in treated cancer patients [ 151 ]. This twofold effect makes beva-
cizumab an interesting compound to study in combination with other 
immunotherapies. 

 The blockade of immune checkpoints using monoclonal antibodies can be consid-
ered one of the major breakthroughs in cancer research of the past years. In order to 
control the immune response and to mitigate collateral tissue damage the immune 
system is harnessed with a negative feedback system. T-cells have the capacity to 
upregulate co-inhibitory receptors in order to inhibit the immune response and medi-
ate immune tolerance. Multiple immune-inhibitory pathways (checkpoints) and their 
accompanying inhibitory co-receptors have been identifi ed. In chronic infection and 
in cancer, expression of these inhibitory co-receptors is enhanced and associated 
with an anergic state in T cells [ 152 ]. Antibodies that bind to these co- receptors can 
block inhibitory signals and therefore augment T cell activation and proliferation. 

 The development of antibodies which bind to co-inhibitory molecules activated 
during T cell activation has led to the possibility to prevent T cell inhibitory mecha-
nisms and therefore enhance the anti-tumor immune response [ 153 ]. The fi rst mono-
clonal antibody against a co-inhibitory molecule that showed clinical effi cacy in cancer 
patients was anti-CTLA-4 (ipilimumab) [ 3 ]. Currently, ipilimumab is approved for the 
treatment of metastatic melanoma [ 154 ]. In patients with advanced lung cancer, treat-
ment with ipilimumab and chemotherapy resulted in a modest survival benefi t com-
pared to treatment with chemotherapy alone [ 155 ]. Another monoclonal antibody 
directed against CTLA-4, tremelimumab, has shown encouraging clinical activity in 
patients with chemotherapy-resistant advanced mesothelioma [ 156 ]. In addition to 
CTLA-4, expression of other co-inhibitory receptors like programmed death protein 
(PD1) and its ligand PD-L1 have been shown to play a role in lung cancer [ 157 ]. Both 
treatment with anti-PD1 (nivolumab) and anti-PD-L1 resulted in objective responses in 
patients with advanced lung cancer [ 158 ,  159 ]. Although these results are without any 
doubt very promising, the implementation of these immune checkpoint inhibitors is 
hampered by serious immune-related toxicities (e.g. colitis, hepatitis) and low response 
rates. Therefore, the development of robust, predictive biomarkers is pivotal for the 
clinical implementation of monoclonal antibodies against co-inhibitory receptors 
[ 160 ]. In addition, phase 3 studies will have to determine whether these immune check-
point inhibitors will earn their place in the standard treatment of lung cancer.  

    Tumor Vaccines 

  The  research   regarding cancer vaccines has made great progress since the discovery 
of human tumor antigens which can be recognized by T cell receptors [ 161 ].  Tumor 
vaccines   are designed to deliver tumor antigens to antigen-presenting cells, which 
can subsequently induce a tumor specifi c immune response by the adaptive immune 
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system. These vaccines can consist of various types of antigen sources. An antigen 
candidate needs to meet certain criteria in order to potentially be able to elicit a 
specifi c anti-tumor immune response. Tumor specifi city, frequency and homoge-
neous expression in tumor cells, role as an oncogene and intrinsic immunogenicity 
are essential features of antigens which determine the success [ 5 ]. In lung cancer 
and mesothelioma, a broad spectrum of approaches using various antigen sources 
have been undertaken to develop cancer vaccines. These are here divided into (1) 
proteins and peptides, (2) liposomal complexes, (3) recombinant viruses and bacte-
rial vectors, and (4) cell-based vaccines. 

    Proteins and Peptides 

  Melanoma-associated antigen A3 (MAGE A3)   is an antigen which is specifi cally 
expressed by several human tumors, including non-small cell lung cancer (NSCLC). 
Activation of the MAGE genes is known to take place in early carcinogenesis of the 
lung, however the physiological function of MAGE gene products is unknown 
[ 162 ,  163 ]. MAGE A3 is detected in approximately 35–50 % of NSCLC and its 
expression has been shown to be inversely correlated with survival [ 164 ,  165 ]. 
Vaccines composed of recombinant MAGE A3 (and adjuvants) have shown promis-
ing results in lung cancer patients in phase 2 studies and have progressed to a phase 
3 trial which is currently being conducted [ 166 ].  Epidermal growth factor (EGF)   is 
another eligible candidate to be applied in lung cancer vaccines because of its broad 
expression in 85 % of NSCLCs.  CimaVax   EGF is a vaccine composed of human 
recombinant EGF conjugated to a carrier protein and has proven survival benefi ts in 
a phase 2 study with advanced-stage lung cancer patients [ 167 ,  168 ]. In addition to 
large proteins like MAGE and EGF, smaller peptides can also be used in tumor vac-
cines. The WT1 (Wilms’ tumor suppressor gene 1) peptide vaccine is composed of 
four WT1 analogue peptides. WT1 can be expressed in both lung cancer and meso-
thelioma and vaccination with this peptide has been shown to induce T-cell medi-
ated immune responses in lung cancer and mesothelioma patients [ 169 ]. The 
enzyme telomerase is expressed in most human cancers, including NSCLC, and is 
therefore considered an attractive cancer vaccine target [ 170 ,  171 ]. Peptide GV1001 
consists of 16 amino acids derived from the active site of human telomerase reverse 
transcriptase [ 172 ]. A phase 2 trial with GV1001 showed low toxicity, immune acti-
vation and promising clinical responses in NSCLC patients [ 173 ].  

    Liposomal Complexes 

 Liposomes are known  to   be potent vaccine delivery systems [ 174 ]. The best known 
cancer vaccine which makes use of this delivery technique is L-BLP25 or Stimuvax. 
This liposomal vaccine aims to generate an immune response against mucin 1 
(MUC1), a cell surface glycosylated phosphoprotein that is frequently overex-
pressed by epithelial tumors including NSCLC [ 175 ,  176 ]. The L-BLP25 contains 
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the BLP25 lipopeptide and a liposomal delivery system, which facilitates uptake by 
antigen-presenting cells [ 176 ]. A phase 2 trial with advanced stage NSCLC patients 
showed survival benefi ts and paved the way for a large phase 3 trial (the START 
trial) [ 177 ]. Unfortunately, Stimuvax failed to increase overall survival in this trial, 
however, subgroup analyses could still reveal benefi cial effects for certain lung can-
cer patient groups and/or treatment schemes [ 178 ].  

    Recombinant Viruses and Bacterial Vectors 

 Viruses can be  genetically   modifi ed  in   order to express certain antigens and/or 
co- stimulatory cytokines and are therefore useful as ‘viral vaccines’ in cancer 
immunotherapy. The earlier described MUC1 protein can also be targeted by the 
TG4010 viral vaccine. This vaccine consists of attenuated vaccinia virus Ankara 
which is genetically modifi ed to express MUC1 and IL-2 as adjuvants [ 179 ]. In a 
phase 2 study it was shown that TG4010 enhances the effect of chemotherapy in 
advanced NSCLC patients, a phase 3 trial is currently being conducted [ 180 ]. 

 In addition to viruses, bacteria can also be used as a vaccination vehicle. CRS- 
207 consists of a live-attenuated  Listeria monocytogenes  vector encoding human 
mesothelin [ 148 ]. The earlier described mesothelin is an attractive vaccine compo-
nent because it has been shown to be able to induce a strong CD8 T cell response 
[ 181 ]. CRS-207 has proven to be safe and resulted in immune activation in a phase 
1 study amongst patients with mesothelin-positive tumors (lung cancer and meso-
thelioma included) [ 182 ]. Future studies will have to reveal the clinical potential of 
this mesothelin encoding bacterial vector.  

    Cell-Based Vaccines 

 There is a variety of  cell-based vaccines   under development for the treatment of 
lung cancer. Cell-based vaccines can be autologous or allogeneic and transfected or 
not with immunostimulatory compounds. Autologous tumor cell vaccines are ideal 
antigen sources because they are capable of inducing an immune response to a large 
variety of antigens expressed by the patient’s tumor. However their practical imple-
mentation is complex and challenging for large scale development [ 183 ]. An exam-
ple of an autologous tumor cell vaccine developed for lung cancer is GVAX. This 
autologous lung cancer vaccine consists of patient-specifi c irradiated lung cancer 
cells genetically modifi ed to secrete granulocyte-macrophage colony stimulating 
factor (GM-CSF) to enhance the immune response. Although a phase 1 study with 
GVAX showed signs of clinical benefi ts in lung cancer patients, this study was not 
followed-up by a phase 2 or phase 3 study [ 184 ,  185 ]. An allogeneic tumor cell vac-
cine that did reach phase 3 clinical trials is belagenpumatucel-L ( Lucanix). Lucanix   
consists of four irradiated NSCLC cell lines modifi ed with TGF-β2 antisense plas-
mid. TGF-β is known to be associated with the immune escape of tumors and 
increased levels of TGF-β are associated with a worse prognosis in NSCLC patients 
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[ 186 ,  187 ]. The addition of the TGF-β2 antisense plasmid aims to stimulate the 
vaccine-induced immune response by inhibition of the production of TGF-β by the 
tumor. It is possible to use a combination of tumor cell lines as vaccine cocktail 
because NSCLC tumor cell lines are described to share immunogenic epitopes with 
primary tumors [ 163 ]. A phase 2 study showed clinical response rates of 15 % 
amongst advanced stage NSCLC patients [ 188 ]. Unfortunately, in a phase 3 study 
belagenpumatucel-L did not meet its predefi ned endpoint in the entire patient popu-
lation. However, in specifi c subgroups of patients marked improvements in survival 
were achieved resulting in a current continued development of belagenpumatucel-L 
for specifi c indications.    

    Cellular Immunotherapy 

   Cellular immunotherapy   includes the adoptive transfer  of   autologous or allogeneic 
activated immune cells. Initially, adoptive immunotherapy was used for relapses 
after allogeneic bone marrow transplantation in leukemia patients [ 189 ]. Recent 
advances have facilitated the application and clinical success of this method in vari-
ous solid tumors [ 190 ]. The most prominent success story regarding cellular immu-
notherapy is sipuleucel-T, a vaccine for prostate cancer that consists of autologous 
peripheral blood mononuclear cells (PBMCs) including antigen- presenting cells 
that have been activated ex vivo with a recombinant fusion protein (PA2024, a pros-
tate antigen that is fused to GM-CSF) [ 2 ]. After it was demonstrated in a phase 3 
clinical trial that sipuleucel-T prolongs survival in metastatic castration-resistant 
prostate cancer patients, FDA approval followed in 2010. The general goal of adop-
tive cellular immunotherapy is to induce a  tumor- specifi c immune response via the 
infusion of e.g. tumor-antigen loaded DCs or specifi cally activated T cells. In lung 
cancer, cellular immunotherapeutic approaches using various cell types have been 
evaluated [ 191 ]. 

    Dendritic Cells 

 As described earlier,    DCs are the professional antigen-presenting cells of the 
immune system and they have emerged as the most powerful initiators of immune 
responses. Because of their capacity to engulf tumor antigens and activate T-cells in 
an antigen-specifi c manner, the use of DCs as immunotherapeutic agents is very 
promising. In DC-based immunotherapeutic approaches, DCs are generated ex vivo 
from monocytes and after arming with tumor-associated antigens, reinjected into 
the patient with the intention to restore proper presentation of tumor-associated 
antigens and T-cell activation. This concept has been researched in NSCLC and has 
shown promising results regarding the elicited immune response, safety and toler-
ability, despite the small sample sizes of the trials [ 192 – 194 ]. In mesothelioma, 
treatment with autologous tumor-lysate pulsed DCs was shown to be safe and elic-
ited an anti-tumor immune response in a phase 1 clinical trial [ 195 ].  
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    T Cells 

 Different sources  and   activation procedures can be used in specifi cally harnessing 
the T cell response and have been clinically evaluated in lung cancer.  Lymphokine- 
activated killer (LAK) cells   are autologous IL-2 stimulated lymphocytes and their 
application has shown clinical responses in several studies with lung cancer patients 
[ 196 ,  197 ].  Cytokine-induced killer (CIK) cells   are generated in vitro by stimulation 
of peripheral blood lymphocytes with anti-CD3 antibodies, IL-2, IL-1α, and IFN-γ 
[ 198 ]. CIK cells have proven their clinical potential in multiple solid tumors includ-
ing lung cancer [ 199 ] and these results warrant future clinical trials [ 200 ]. In addi-
tion, in a recent study autologous purifi ed T lymphocytes activated with anti-CD3 
antibodies and IL-2 demonstrated an extended survival in patients with advanced 
NSCLC, however this effect was seen in a historical cohort study and therefore 
these data will have to be confi rmed in a prospective randomized trial [ 201 ]. Because 
expanded gamma delta T cells showed strong cytotoxicity to lung cancer cell lines 
in vitro, the exploitation of this cell type has been tested clinically. In a phase 1 
study, autologous expanded gamma delta T cells unfortunately showed limited clin-
ical responses in NSCLC patients [ 202 ,  203 ].  

    Natural Killer Cells 

 Adoptive transfer  of   allogeneic, in vitro activated and expanded NK cells from hap-
loidentical donors was proven potentially clinically effective in NSCLC [ 204 ]. NKT 
cells are currently exploited for cancer treatment by harnessing these cells with CD1d 
agonist ligands [ 205 ], or by adoptive transfer of NKT cells activated in vitro [ 206 ].     

    Response Evaluation 

 Immunotherapy  represents   a new class of agents in the treatment of lung cancer. As 
demonstrated for sipuleucel-T in prostate cancer and ipilimumab in melanoma, 
treatment responses and improvement of overall survival can be seen in lung cancer 
patients. However, often the agents did not change initial disease progression. Even 
a transient worsening of disease manifested either by progression of known lesions 
or the appearance of new lesions can be seen, before disease stabilization or tumor 
regression. The commonly accepted treatment paradigm, however, suggests that 
treatments should initially decrease tumor volume, which can be measured using 
CT scan. Also, progression-free survival is increasingly used as an alternative end- 
point of studies. This seems to be unfortunate for immunotherapy, which may initi-
ate an immune response that ultimately slows the tumor growth rate, resulting in 
longer survival, but not a decrease in tumor volume on CT scan or an increased 
progression-free survival [ 257 ]. Immune-related response criteria which adapt the 
standard response criteria and include the potential for delayed clinical response 
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and initial increase of tumor mass after immunotherapy are currently being devel-
oped [ 207 ]. Therefore, clinicians at this moment may need to reconsider how to 
measure success of their immunotherapeutic approach [ 208 ].  

    The Future of Cancer Immunotherapy 

 For a long time, stimulating the patient’s immune system to attack tumors has been 
viewed as a rather meaningless intervention, an assumption that has radically 
changed since the recent clinical successes of cancer immunotherapy. However, 
despite the promising results achieved in some patients, the overall response rates 
are low. It has been shown that the immune contexture (i.e., the type, density and 
location of tumor-infi ltrating immune cells) can predict the clinical outcome of 
patients affected by multiple types of cancer, but with consistent intra-patient varia-
tions [ 209 ]. It is therefore critical to identify the unique immunological profi le of 
individual patients as a means to identify the best-suited immunotherapeutic 
approach for each patient [ 153 ]. This personalized way could greatly improve the 
effi cacy of current immunotherapies. In addition to an individualized treatment 
plan, the future of immunotherapy in lung cancer patients includes multimodality 
treatment. Surgery, irradiation or chemotherapy vigorously reduce the tumor mass 
and the induced tumor cell death results in tumor antigen exposure. These therapeu-
tic effects enhance the effi cacy of immunotherapy and warrant combinatorial treat-
ment approaches. In addition, multiple chemotherapeutical agents have been 
described to modulate the tumor microenvironment and therefore enhance immuno-
therapy [ 210 ,  211 ]. Gemcitabine and vinorelbine are known to be able to reduce 
circulating MDSCs [ 212 ,  213 ], increase the ratio of M1 to M2 macrophages [ 214 ] 
and stimulate APCs [ 215 ]. Therefore, the combination of immunotherapy with con-
ventional treatments can elicit a synergistic treatment response and takes advantage 
of the full potential of cancer immunotherapy.     

   References 

     1.    Couzin-Frankel J (2013) Breakthrough of the year 2013. Cancer immunotherapy. Science 
342(6165):1432–1433  

     2.    Kantoff PW et al (2010) Sipuleucel-T immunotherapy for castration-resistant prostate cancer. 
N Engl J Med 363(5):411–422  

     3.    Hodi FS et al (2010) Improved survival with ipilimumab in patients with metastatic mela-
noma. N Engl J Med 363(8):711–723  

     4.    Holzel M, Bovier A, Tuting T (2013) Plasticity of tumour and immune cells: a source of 
heterogeneity and a cause for therapy resistance? Nat Rev Cancer 13(5):365–376  

     5.    Tartour E, Zitvogel L (2013) Lung cancer: potential targets for immunotherapy. Lancet 
Respir Med 1:551–563  

    6.    Heuvers ME et al (2012) Patient-tailored modulation of the immune system may revolution-
ize future lung cancer treatment. BMC Cancer 12:580  

Immune Therapy



80

    7.    Becknell B, Caligiuri MA (2008) Natural killer cells in innate immunity and cancer. 
J Immunother 31(8):685–692  

    8.    Caligiuri MA (2008) Human natural killer cells. Blood 112(3):461–469  
     9.    Al-Shibli K et al (2009) The prognostic value of intraepithelial and stromal innate immune 

system cells in non-small cell lung carcinoma. Histopathology 55(3):301–312  
    10.    Rijavec M et al (2011) Natural killer T cells in pulmonary disorders. Respir Med 105(Suppl 

1):S20–S25  
    11.    Shimizu T et al (2009) Activation of Valpha24NKT cells in malignant pleural effusion in 

patients with lung cancer. Oncol Rep 22(3):581–586  
    12.    Molling JW et al (2005) Peripheral blood IFN-gamma-secreting Valpha24+ Vbeta11+ NKT 

cell numbers are decreased in cancer patients independent of tumor type or tumor load. Int 
J Cancer 116(1):87–93  

    13.    Tahir SM et al (2001) Loss of IFN-gamma production by invariant NK T cells in advanced 
cancer. J Immunol 167(7):4046–4050  

     14.    O’Callaghan DS et al (2010) The role of infl ammation in the pathogenesis of non-small cell 
lung cancer. J Thorac Oncol 5(12):2024–2036  

    15.    Dundar E et al (2008) The signifi cance and relationship between mast cells and tumour 
angiogenesis in non-small cell lung carcinoma. J Int Med Res 36(1):88–95  

     16.    Stoyanov E et al (2012) Mast cells and histamine enhance the proliferation of non-small cell 
lung cancer cells. Lung Cancer 75(1):38–44  

    17.    Khazaie K et al (2011) The signifi cant role of mast cells in cancer. Cancer Metastasis Rev 
30(1):45–60  

    18.    Niczyporuk M et al (2012) A lack of correlation between mast cells, angiogenesis, and out-
come in non-small cell lung cancer. Exp Lung Res 38(6):281–285  

    19.    Heijmans J et al (2012) Role of mast cells in colorectal cancer development, the jury is still 
out. Biochim Biophys Acta 1822(1):9–13  

    20.    Nechushtan H (2010) The complexity of the complicity of mast cells in cancer. Int J Biochem 
Cell Biol 42(5):551–554  

    21.    Sarraf KM et al (2009) Neutrophil/lymphocyte ratio and its association with survival after 
complete resection in non-small cell lung cancer. J Thorac Cardiovasc Surg 137(2):425–428  

   22.    Teramukai S et al (2009) Pretreatment neutrophil count as an independent prognostic factor 
in advanced non-small-cell lung cancer: an analysis of Japan Multinational Trial Organisation 
LC00-03. Eur J Cancer 45(11):1950–1958  

    23.    Tomita M et al (2011) Preoperative neutrophil to lymphocyte ratio as a prognostic predictor 
after curative resection for non-small cell lung cancer. Anticancer Res 31(9):2995–2998  

    24.    Mantovani A (2009) The yin-yang of tumor-associated neutrophils. Cancer Cell 
16(3):173–174  

    25.    Colotta F et al (2009) Cancer-related infl ammation, the seventh hallmark of cancer: links to 
genetic instability. Carcinogenesis 30(7):1073–1081  

    26.    Fridlender ZG et al (2009) Polarization of tumor-associated neutrophil phenotype by TGF- 
beta: “N1” versus “N2” TAN. Cancer Cell 16(3):183–194  

    27.    Soehnlein O (2009) An elegant defense: how neutrophils shape the immune response. Trends 
Immunol 30(11):511–512  

    28.    Puga I et al (2012) B cell-helper neutrophils stimulate the diversifi cation and production of 
immunoglobulin in the marginal zone of the spleen. Nat Immunol 13(2):170–180  

    29.    Yang D et al (2009) Alarmins link neutrophils and dendritic cells. Trends Immunol 
30(11):531–537  

    30.    Ilie M et al (2011) Predictive clinical outcome of the intratumoral CD66b-positive neutro-
phil- to-CD8-positive T-cell ratio in patients with resectable nonsmall cell lung cancer. 
Cancer 118(6):1726–37  

    31.    Gottlin EB et al (2011) The association of intratumoral germinal centers with early-stage 
non-small cell lung cancer. J Thorac Oncol 6(10):1687–1690  

    32.    Pelletier MP et al (2001) Prognostic markers in resectable non-small cell lung cancer: a mul-
tivariate analysis. Can J Surg 44(3):180–188  

L. Lievense et al.



81

    33.    Kazarian M, Laird-Offringa IA (2011) Small-cell lung cancer-associated autoantibodies: 
potential applications to cancer diagnosis, early detection, and therapy. Mol Cancer 10:33  

   34.    Mihn DC, Kim TY (2009) Various autoantibodies are found in small-cell lung cancer. Lung 
Cancer 64(2):250  

    35.    Nagashio R et al (2008) Detection of tumor-specifi c autoantibodies in sera of patients with 
lung cancer. Lung Cancer 62(3):364–373  

    36.    Amornsiripanitch N et al (2010) Complement factor H autoantibodies are associated with 
early stage NSCLC. Clin Cancer Res 16(12):3226–3231  

    37.    Andersen MH et al (2006) Cytotoxic T cells. J Invest Dermatol 126(1):32–41  
     38.    Hiraoka K et al (2006) Concurrent infi ltration by CD8+ T cells and CD4+ T cells is a favour-

able prognostic factor in non-small-cell lung carcinoma. Br J Cancer 94(2):275–280  
   39.   McCoy MJ et al (2012) Peripheral CD8(+) T cell proliferation is prognostic for patients with 

advanced thoracic malignancies. Cancer Immunol Immunother 62(3):529–39  
   40.    Mori M et al (2000) Infi ltration of CD8+ T cells in non-small cell lung cancer is associated 

with dedifferentiation of cancer cells, but not with prognosis. Tohoku J Exp Med 191(2):
113–118  

   41.   Suzuki K et al (2011) 2011. Prognostic immune markers in non-small cell lung cancer. Clin 
Cancer Res 17(16):5247–56  

   42.    Trojan A et al (2004) Immune activation status of CD8+ T cells infi ltrating non-small cell 
lung cancer. Lung Cancer 44(2):143–147  

    43.    Wakabayashi O et al (2003) CD4+ T cells in cancer stroma, not CD8+ T cells in cancer cell 
nests, are associated with favorable prognosis in human non-small cell lung cancers. Cancer 
Sci 94(11):1003–1009  

    44.    Wherry EJ (2011) T cell exhaustion. Nat Immunol 12(6):492–499  
    45.   Kayser G et al (2012) Stromal CD4/CD25 positive T-cells are a strong and independent prog-

nostic factor in non-small cell lung cancer patients, especially with adenocarcinomas. Lung 
Cancer 76(3):445–51  

    46.    Ruffi ni E et al (2009) Clinical signifi cance of tumor-infi ltrating lymphocytes in lung neo-
plasms. Ann Thorac Surg 87(2):365–371, discussion 371-2  

    47.    Ni XY et al (2012) TGF-beta of lung cancer microenvironment upregulates B7H1 and GITRL 
expression in dendritic cells and is associated with regulatory T cell generation. Oncol Rep 
28(2):615–621  

    48.    Hawrylowicz CM, O’Garra A (2005) Potential role of interleukin-10-secreting regulatory T 
cells in allergy and asthma. Nat Rev Immunol 5(4):271–283  

    49.    Thornton AM, Shevach EM (1998) CD4 + CD25+ immunoregulatory T cells suppress poly-
clonal T cell activation in vitro by inhibiting interleukin 2 production. J Exp Med 
188(2):287–296  

     50.    Fu HY et al (2013) FOXP3 and TLR4 protein expression are correlated in non-small cell lung 
cancer: implications for tumor progression and escape. Acta Histochem 115(2):151–157  

    51.    Woo EY et al (2001) Regulatory CD4(+)CD25(+) T cells in tumors from patients with early- 
stage non-small cell lung cancer and late-stage ovarian cancer. Cancer Res 61(12):
4766–4772  

    52.    Erfani N et al (2012) Increase of regulatory T cells in metastatic stage and CTLA-4 over 
expression in lymphocytes of patients with non-small cell lung cancer (NSCLC). Lung 
Cancer 77(2):306–311  

    53.    Okita R et al (2005) CD4+ CD25+ regulatory T cells in the peripheral blood of patients with 
breast cancer and non-small cell lung cancer. Oncol Rep 14(5):1269–1273  

    54.    Dimitrakopoulos FI et al (2011) Association of FOXP3 expression with non-small cell lung 
cancer. Anticancer Res 31(5):1677–1683  

    55.    Zaynagetdinov R et al (2012) Epithelial nuclear factor-kappaB signaling promotes lung car-
cinogenesis via recruitment of regulatory T lymphocytes. Oncogene 31(26):3164–3176  

     56.    Tao H et al (2012) Prognostic potential of FOXP3 expression in non-small cell lung cancer 
cells combined with tumor-infi ltrating regulatory T cells. Lung Cancer 75(1):95–101  

Immune Therapy



82

    57.    Li H et al (2011) Increased prevalence of regulatory T cells in the lung cancer microenvironment: 
a role of thymic stromal lymphopoietin. Cancer Immunol Immunother 60(11):1587–1596  

    58.    Sharma S et al (2005) Tumor cyclooxygenase-2/prostaglandin E2-dependent promotion of 
FOXP3 expression and CD4+ CD25+ T regulatory cell activities in lung cancer. Cancer Res 
65(12):5211–5220  

    59.    Zou W (2006) Regulatory T cells, tumour immunity and immunotherapy. Nat Rev Immunol 
6(4):295–307  

    60.    Iwakura Y et al (2011) Functional specialization of interleukin-17 family members. Immunity 
34(2):149–162  

    61.    Zou W, Restifo NP (2010) T(H)17 cells in tumour immunity and immunotherapy. Nat Rev 
Immunol 10(4):248–256  

     62.    Ye ZJ et al (2010) Generation and differentiation of IL-17-producing CD4+ T cells in malig-
nant pleural effusion. J Immunol 185(10):6348–6354  

    63.    Li Y et al (2011) Effects of IL-17A on the occurrence of lung adenocarcinoma. Cancer Biol 
Ther 12(7):610–616  

     64.    Chen X et al (2010) Increased IL-17-producing cells correlate with poor survival and lym-
phangiogenesis in NSCLC patients. Lung Cancer 69(3):348–354  

    65.    Wilke CM et al (2011) Th17 cells in cancer: help or hindrance? Carcinogenesis 32(5):
643–649  

    66.    Gallina G et al (2006) Tumors induce a subset of infl ammatory monocytes with immunosup-
pressive activity on CD8+ T cells. J Clin Invest 116(10):2777–2790  

    67.    Watanabe S et al (2008) Tumor-induced CD11b+ Gr-1+ myeloid cells suppress T cell sensi-
tization in tumor-draining lymph nodes. J Immunol 181(5):3291–3300  

    68.    Lu T et al (2011) Tumor-infi ltrating myeloid cells induce tumor cell resistance to cytotoxic T 
cells in mice. J Clin Invest 121(10):4015–4029  

    69.    Serafi ni P et al (2008) Myeloid-derived suppressor cells promote cross-tolerance in B-cell 
lymphoma by expanding regulatory T cells. Cancer Res 68(13):5439–5449  

    70.    Hoechst B et al (2009) Myeloid derived suppressor cells inhibit natural killer cells in patients 
with hepatocellular carcinoma via the NKp30 receptor. Hepatology 50(3):799–807  

   71.    Li H et al (2009) Cancer-expanded myeloid-derived suppressor cells induce anergy of NK 
cells through membrane-bound TGF-beta 1. J Immunol 182(1):240–249  

    72.    Nausch N et al (2008) Mononuclear myeloid-derived “suppressor” cells express RAE-1 and 
activate natural killer cells. Blood 112(10):4080–4089  

    73.    Cheng P et al (2008) Inhibition of dendritic cell differentiation and accumulation of myeloid- 
derived suppressor cells in cancer is regulated by S100A9 protein. J Exp Med 
205(10):2235–2249  

    74.    Hoechst B et al (2008) A new population of myeloid-derived suppressor cells in hepatocel-
lular carcinoma patients induces CD4(+)CD25(+)Foxp3(+) T cells. Gastroenterology 
135(1):234–243  

    75.    Pan PY et al (2010) Immune stimulatory receptor CD40 is required for T-cell suppression and 
T regulatory cell activation mediated by myeloid-derived suppressor cells in cancer. Cancer 
Res 70(1):99–108  

    76.    Finke J et al (2011) MDSC as a mechanism of tumor escape from sunitinib mediated anti- 
angiogenic therapy. Int Immunopharmacol 11(7):856–861  

    77.    Ostrand-Rosenberg S (2010) Myeloid-derived suppressor cells: more mechanisms for inhib-
iting antitumor immunity. Cancer Immunol Immunother 59(10):1593–1600  

    78.    Bronte V, Zanovello P (2005) Regulation of immune responses by L-arginine metabolism. 
Nat Rev Immunol 5(8):641–654  

   79.    Gabrilovich DI, Nagaraj S (2009) Myeloid-derived suppressor cells as regulators of the 
immune system. Nat Rev Immunol 9(3):162–174  

   80.    Rodriguez PC, Ochoa AC (2008) Arginine regulation by myeloid derived suppressor cells 
and tolerance in cancer: mechanisms and therapeutic perspectives. Immunol Rev 222:
180–191  

L. Lievense et al.



83

    81.    Youn JI, Gabrilovich DI (2010) The biology of myeloid-derived suppressor cells: the blessing 
and the curse of morphological and functional heterogeneity. Eur J Immunol 
40(11):2969–2975  

    82.   Ostrand-Rosenberg S et al (2012) Cross-talk between myeloid-derived suppressor cells 
(MDSC), macrophages, and dendritic cells enhances tumor-induced immune suppression. 
Semin Cancer Biol 22(4):275–81  

    83.    Liu CY et al (2010) Population alterations of L-arginase- and inducible nitric oxide synthase- 
expressed CD11b+/CD14/CD15+/CD33+ myeloid-derived suppressor cells and CD8+ T 
lymphocytes in patients with advanced-stage non-small cell lung cancer. J Cancer Res Clin 
Oncol 136(1):35–45  

     84.    Bremnes RM et al (2011) The role of tumor-infi ltrating immune cells and chronic infl amma-
tion at the tumor site on cancer development, progression, and prognosis: emphasis on non- 
small cell lung cancer. J Thorac Oncol 6(4):824–833  

     85.    Schmid MC, Varner JA (2010) Myeloid cells in the tumor microenvironment: modulation of 
tumor angiogenesis and tumor infl ammation. J Oncol 2010:201026  

     86.    Lewis C, Murdoch C (2005) Macrophage responses to hypoxia: implications for tumor pro-
gression and anti-cancer therapies. Am J Pathol 167(3):627–635  

    87.    Dai F et al (2010) The number and microlocalization of tumor-associated immune cells are 
associated with patient’s survival time in non-small cell lung cancer. BMC Cancer 10:220  

    88.    Kawai O et al (2008) Predominant infi ltration of macrophages and CD8(+) T Cells in cancer 
nests is a signifi cant predictor of survival in stage IV nonsmall cell lung cancer. Cancer 
113(6):1387–1395  

   89.    Ma J et al (2010) The M1 form of tumor-associated macrophages in non-small cell lung 
cancer is positively associated with survival time. BMC Cancer 10:112  

   90.    Ohri CM et al (2009) Macrophages within NSCLC tumour islets are predominantly of a 
cytotoxic M1 phenotype associated with extended survival. Eur Respir J 33(1):118–126  

    91.    Welsh TJ et al (2005) Macrophage and mast-cell invasion of tumor cell islets confers a 
marked survival advantage in non-small-cell lung cancer. J Clin Oncol 23(35):8959–8967  

    92.    Sautes-Fridman C et al (2011) Tumor microenvironment is multifaceted. Cancer Metastasis 
Rev 30(1):13–25  

    93.    Becker Y (1993) Dendritic cell activity against primary tumors: an overview. In Vivo 
7(3):187–191  

    94.    Mitra R, Singh S, Khar A (2003) Antitumour immune responses. Expert Rev Mol Med 
5(3):1–19  

    95.    Kusmartsev S, Gabrilovich DI (2006) Effect of tumor-derived cytokines and growth factors 
on differentiation and immune suppressive features of myeloid cells in cancer. Cancer 
Metastasis Rev 25(3):323–331  

   96.    Pinzon-Charry A, Maxwell T, Lopez JA (2005) Dendritic cell dysfunction in cancer: a mech-
anism for immunosuppression. Immunol Cell Biol 83(5):451–461  

    97.    Shurin MR et al (2006) Intratumoral cytokines/chemokines/growth factors and tumor infi l-
trating dendritic cells: friends or enemies? Cancer Metastasis Rev 25(3):333–356  

    98.    Almand B et al (2000) Clinical signifi cance of defective dendritic cell differentiation in can-
cer. Clin Cancer Res 6(5):1755–1766  

    99.    Bergeron A et al (2006) Characterisation of dendritic cell subsets in lung cancer micro- 
environments. Eur Respir J 28(6):1170–1177  

    100.    Gabrilovich D (2004) Mechanisms and functional signifi cance of tumour-induced dendritic- 
cell defects. Nat Rev Immunol 4(12):941–952  

    101.    Gabrilovich DI et al (1996) Production of vascular endothelial growth factor by human 
tumors inhibits the functional maturation of dendritic cells. Nat Med 2(10):1096–1103  

   102.    Laxmanan S et al (2005) Vascular endothelial growth factor impairs the functional ability of 
dendritic cells through Id pathways. Biochem Biophys Res Commun 334(1):193–198  

Immune Therapy



84

   103.    Menetrier-Caux C et al (1998) Inhibition of the differentiation of dendritic cells from 
CD34(+) progenitors by tumor cells: role of interleukin-6 and macrophage colony- stimulating 
factor. Blood 92(12):4778–4791  

    104.    Steinman RM (1991) The dendritic cell system and its role in immunogenicity. Annu Rev 
Immunol 9:271–296  

    105.    Dumitriu IE et al (2009) Human dendritic cells produce TGF-beta 1 under the infl uence of 
lung carcinoma cells and prime the differentiation of CD4 + CD25 + Foxp3+ regulatory T 
cells. J Immunol 182(5):2795–2807  

    106.    Mu CY et al (2011) High expression of PD-L1 in lung cancer may contribute to poor prog-
nosis and tumor cells immune escape through suppressing tumor infi ltrating dendritic cells 
maturation. Med Oncol 28(3):682–688  

    107.    Schneider T et al (2011) Non-small cell lung cancer induces an immunosuppressive pheno-
type of dendritic cells in tumor microenvironment by upregulating B7-H3. J Thorac Oncol 
6(7):1162–1168  

    108.    Hanahan D, Weinberg RA (2000) The hallmarks of cancer. Cell 100(1):57–70  
    109.    Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next generation. Cell 

144(5):646–674  
       110.    Dieu-Nosjean MC et al (2008) Long-term survival for patients with non-small-cell lung can-

cer with intratumoral lymphoid structures. J Clin Oncol 26(27):4410–4417  
   111.    Al-Shibli KI et al (2008) Prognostic effect of epithelial and stromal lymphocyte infi ltration in 

non-small cell lung cancer. Clin Cancer Res 14(16):5220–5227  
    112.    Ito N et al (2005) Prognostic signifi cance of T helper 1 and 2 and T cytotoxic 1 and 2 cells in 

patients with non-small cell lung cancer. Anticancer Res 25(3B):2027–2031  
    113.    Petersen RP et al (2006) Tumor infi ltrating Foxp3+ regulatory T-cells are associated with 

recurrence in pathologic stage I NSCLC patients. Cancer 107(12):2866–2872  
    114.    Shimizu K et al (2010) Tumor-infi ltrating Foxp3+ regulatory T cells are correlated with 

cyclooxygenase-2 expression and are associated with recurrence in resected non-small cell 
lung cancer. J Thorac Oncol 5(5):585–590  

    115.    Fridman WH et al (2012) The immune contexture in human tumours: impact on clinical 
outcome. Nat Rev Cancer 12(4):298–306  

     116.    Bindea G et al (2013) Spatiotemporal dynamics of intratumoral immune cells reveal the 
immune landscape in human cancer. Immunity 39(4):782–795  

    117.    Ruffell B, Affara NI, Coussens LM (2012) Differential macrophage programming in the 
tumor microenvironment. Trends Immunol 33(3):119–126  

    118.    Escribese MM, Casas M, Corbi AL (2012) Infl uence of low oxygen tensions on macrophage 
polarization. Immunobiology 217(12):1233–1240  

    119.    Lewis CE, Hughes R (2007) Infl ammation and breast cancer. Microenvironmental factors 
regulating macrophage function in breast tumours: hypoxia and angiopoietin-2. Breast 
Cancer Res 9(3):209  

    120.    White JR et al (2004) Genetic amplifi cation of the transcriptional response to hypoxia as a 
novel means of identifying regulators of angiogenesis. Genomics 83(1):1–8  

    121.    Schreiber RD, Old LJ, Smyth MJ (2011) Cancer immunoediting: integrating immunity’s 
roles in cancer suppression and promotion. Science 331(6024):1565–1570  

    122.    Ruckdeschel JC et al (1972) Postoperative empyema improves survival in lung cancer. 
Documentation and analysis of a natural experiment. N Engl J Med 287(20):1013–1017  

    123.    McKneally MF, Maver C, Kausel HW (1976) Regional immunotherapy of lung cancer with 
intrapleural B.C.G. Lancet 1(7956):377–379  

     124.    Giaccone G et al (2005) Phase III study of adjuvant vaccination with Bec2/bacille Calmette- 
Guerin in responding patients with limited-disease small-cell lung cancer (European 
Organisation for Research and Treatment of Cancer 08971-08971B; Silva Study). J Clin 
Oncol 23(28):6854–6864  

    125.    Malmstrom PU et al (1999) 5-year follow-up of a randomized prospective study comparing 
mitomycin C and bacillus Calmette-Guerin in patients with superfi cial bladder carcinoma. 
Swedish-Norwegian Bladder Cancer Study Group. J Urol 161(4):1124–1127  

L. Lievense et al.



85

    126.    O’Brien ME et al (2000) A randomized phase II study of SRL172 (Mycobacterium vaccae) 
combined with chemotherapy in patients with advanced inoperable non-small-cell lung can-
cer and mesothelioma. Br J Cancer 83(7):853–857  

    127.    O’Brien ME et al (2004) SRL172 (killed Mycobacterium vaccae) in addition to standard 
chemotherapy improves quality of life without affecting survival, in patients with advanced 
non-small-cell lung cancer: phase III results. Ann Oncol 15(6):906–914  

    128.    Grange JM et al (2008) The use of mycobacterial adjuvant-based agents for immunotherapy 
of cancer. Vaccine 26(39):4984–4990  

    129.    Droemann D et al (2005) Human lung cancer cells express functionally active Toll-like recep-
tor 9. Respir Res 6:1  

     130.    Manegold C et al (2012) A phase III randomized study of gemcitabine and cisplatin with or 
without PF-3512676 (TLR9 agonist) as fi rst-line treatment of advanced non-small-cell lung 
cancer. Ann Oncol 23(1):72–77  

     131.    Hirsh V et al (2011) Randomized phase III trial of paclitaxel/carboplatin with or without 
PF-3512676 (Toll-like receptor 9 agonist) as fi rst-line treatment for advanced non-small-cell 
lung cancer. J Clin Oncol 29(19):2667–2674  

    132.    Perret R et al (2013) Adjuvants that improve the ratio of antigen-specifi c effector to regula-
tory T cells enhance tumor immunity. Cancer Res 73(22):6597–6608  

    133.    Ettinger DS, Harwood K (1988) Phase II study of recombinant beta interferon in patients 
with advanced non-small-cell lung carcinoma. Med Pediatr Oncol 16(1):30–32  

    134.    Olesen BK et al (1987) Recombinant interferon A (IFL-rA) therapy of small cell and squa-
mous cell carcinoma of the lung. A phase II study. Eur J Cancer Clin Oncol 23(7):987–989  

     135.    Jansen RL et al (1992) Interleukin-2 and interferon-alpha in the treatment of patients with 
advanced non-small-cell lung cancer. J Immunother (1991) 12(1):70–73  

    136.    Jett JR et al (1994) Phase III trial of recombinant interferon gamma in complete responders 
with small-cell lung cancer. J Clin Oncol 12(11):2321–2326  

    137.    Mattson K et al (1991) Recombinant interferon gamma treatment in non-small cell lung can-
cer. Antitumour effect and cardiotoxicity. Acta Oncol 30(5):607–610  

    138.    van Zandwijk N et al (1997) Role of recombinant interferon-gamma maintenance in respond-
ing patients with small cell lung cancer. A randomised phase III study of the EORTC Lung 
Cancer Cooperative Group. Eur J Cancer 33(11):1759–1766  

     139.    Schiller JH, Morgan-Ihrig C, Levitt ML (1995) Concomitant administration of interleukin-2 
plus tumor necrosis factor in advanced non-small cell lung cancer. Am J Clin Oncol 
18(1):47–51  

     140.    Timmer-Bonte JN et al (2005) Prevention of chemotherapy-induced febrile neutropenia by 
prophylactic antibiotics plus or minus granulocyte colony-stimulating factor in small-cell 
lung cancer: a Dutch Randomized Phase III Study. J Clin Oncol 23(31):7974–7984  

     141.    Timmer-Bonte JN et al (2008) Prophylactic G-CSF and antibiotics enable a signifi cant dose- 
escalation of triplet-chemotherapy in non-small cell lung cancer. Lung Cancer 
60(2):222–230  

     142.    Spadaro M et al (2008) Lactoferrin, a major defense protein of innate immunity, is a novel 
maturation factor for human dendritic cells. FASEB J 22(8):2747–2757  

     143.    Parikh PM et al (2011) Randomized, double-blind, placebo-controlled phase II study of 
single- agent oral talactoferrin in patients with locally advanced or metastatic non-small-cell 
lung cancer that progressed after chemotherapy. J Clin Oncol 29(31):4129–4136  

     144.    Ramalingam S et al (2013) Talactoferrin alfa versus placebo in patients with refractory 
advanced non-small-cell lung cancer (FORTIS-M trial). Ann Oncol 24(11):2875–2880  

     145.    Pirker R (2013) EGFR-directed monoclonal antibodies in non-small cell lung cancer. Target 
Oncol 8(1):47–53  

     146.    Mazieres J et al (2013) Lung cancer that harbors an HER2 mutation: epidemiologic charac-
teristics and therapeutic perspectives. J Clin Oncol 31(16):1997–2003  

    147.    Arnould L et al (2006) Trastuzumab-based treatment of HER2-positive breast cancer: an 
antibody-dependent cellular cytotoxicity mechanism? Br J Cancer 94(2):259–267  

      148.    Hassan R, Ho M (2008) Mesothelin targeted cancer immunotherapy. Eur J Cancer 
44(1):46–53  

Immune Therapy



86

     149.    Hassan R et al (2010) Phase I clinical trial of the chimeric anti-mesothelin monoclonal anti-
body MORAb-009 in patients with mesothelin-expressing cancers. Clin Cancer Res 
16(24):6132–6138  

     150.    Cui J et al (2013) The effi cacy of bevacizumab compared with other targeted drugs for 
patients with advanced NSCLC: a meta-analysis from 30 randomized controlled clinical tri-
als. PLoS One 8(4), e62038  

    151.    Mansfi eld AS et al (2013) The immunomodulatory effects of bevacizumab on systemic 
immunity in patients with metastatic melanoma. Oncoimmunology 2(5), e24436  

    152.    Pardoll DM (2012) The blockade of immune checkpoints in cancer immunotherapy. Nat Rev 
Cancer 12(4):252–264  

     153.    Aerts JG, Hegmans JP (2013) Tumor-specifi c cytotoxic T cells are crucial for effi cacy of 
immunomodulatory antibodies in patients with lung cancer. Cancer Res 73(8):2381–2388  

    154.    Robert C et al (2011) Ipilimumab plus dacarbazine for previously untreated metastatic mela-
noma. N Engl J Med 364(26):2517–2526  

     155.    Lynch TJ et al (2012) Ipilimumab in combination with paclitaxel and carboplatin as fi rst-line 
treatment in stage IIIB/IV non-small-cell lung cancer: results from a randomized, double- 
blind, multicenter phase II study. J Clin Oncol 30(17):2046–2054  

    156.    Calabro L et al (2013) Tremelimumab for patients with chemotherapy-resistant advanced 
malignant mesothelioma: an open-label, single-arm, phase 2 trial. Lancet Oncol 
14(11):1104–1111  

    157.    Zhang Y et al (2010) Programmed death-1 upregulation is correlated with dysfunction of 
tumor-infi ltrating CD8+ T lymphocytes in human non-small cell lung cancer. Cell Mol 
Immunol 7(5):389–395  

     158.    Topalian SL et al (2012) Safety, activity, and immune correlates of anti-PD-1 antibody in 
cancer. N Engl J Med 366(26):2443–2454  

     159.    Brahmer JR et al (2012) Safety and activity of anti-PD-L1 antibody in patients with advanced 
cancer. N Engl J Med 366(26):2455–2465  

    160.    Lievense LA, Hegmans JP, Aerts JG (2014) Biomarkers for immune checkpoint inhibitors. 
Lancet Oncol 15(1), e1  

    161.    van der Bruggen P et al (1991) A gene encoding an antigen recognized by cytolytic T lym-
phocytes on a human melanoma. Science 254(5038):1643–1647  

    162.    Jang SJ et al (2001) Activation of melanoma antigen tumor antigens occurs early in lung 
carcinogenesis. Cancer Res 61(21):7959–7963  

     163.    Thomas A, Hassan R (2012) Immunotherapies for non-small-cell lung cancer and mesothe-
lioma. Lancet Oncol 13(7):e301–e310  

    164.    Bolli M et al (2002) Tissue microarray evaluation of Melanoma antigen E (MAGE) tumor- 
associated antigen expression: potential indications for specifi c immunotherapy and prognos-
tic relevance in squamous cell lung carcinoma. Ann Surg 236(6):785–793, discussion 793  

    165.    Gure AO et al (2005) Cancer-testis genes are coordinately expressed and are markers of poor 
outcome in non-small cell lung cancer. Clin Cancer Res 11(22):8055–8062  

     166.    Vansteenkiste J et al (2013) Adjuvant MAGE-A3 immunotherapy in resected non-small-cell 
lung cancer: Phase II Randomized Study Results. J Clin Oncol 31(19):2396–2403  

    167.    Garcia B et al (2008) Effective inhibition of the epidermal growth factor/epidermal growth 
factor receptor binding by anti-epidermal growth factor antibodies is related to better survival 
in advanced non-small-cell lung cancer patients treated with the epidermal growth factor 
cancer vaccine. Clin Cancer Res 14(3):840–846  

     168.    Rodriguez PC et al (2011) Safety, immunogenicity and preliminary effi cacy of multiple-site 
vaccination with an Epidermal Growth Factor (EGF) based cancer vaccine in advanced non 
small cell lung cancer (NSCLC) patients. J Immune Based Ther Vaccines 9:7  

     169.    Krug LM et al (2010) WT1 peptide vaccinations induce CD4 and CD8 T cell immune 
responses in patients with mesothelioma and non-small cell lung cancer. Cancer Immunol 
Immunother 59(10):1467–1479  

    170.    Kim NW et al (1994) Specifi c association of human telomerase activity with immortal cells 
and cancer. Science 266(5193):2011–2015  

L. Lievense et al.



87

    171.    Fernandez-Garcia I, Ortiz-de-Solorzano C, Montuenga LM (2008) Telomeres and telomerase 
in lung cancer. J Thorac Oncol 3(10):1085–1088  

    172.    Kyte JA (2009) Cancer vaccination with telomerase peptide GV1001. Expert Opin Investig 
Drugs 18(5):687–694  

     173.    Brunsvig PF et al (2011) Telomerase peptide vaccination in NSCLC: a phase II trial in stage 
III patients vaccinated after chemoradiotherapy and an 8-year update on a phase I/II trial. Clin 
Cancer Res 17(21):6847–6857  

    174.    Henriksen-Lacey M et al (2011) Liposomal vaccine delivery systems. Expert Opin Drug 
Deliv 8(4):505–519  

    175.    Sangha R, Butts C (2007) L-BLP25: a peptide vaccine strategy in non small cell lung cancer. 
Clin Cancer Res 13(15 Pt 2):s4652–s4654  

     176.    Decoster L, Wauters I, Vansteenkiste JF (2012) Vaccination therapy for non-small-cell lung 
cancer: review of agents in phase III development. Ann Oncol 23(6):1387–1393  

     177.    Butts C et al (2005) Randomized phase IIB trial of BLP25 liposome vaccine in stage IIIB and 
IV non-small-cell lung cancer. J Clin Oncol 23(27):6674–6681  

    178.    Kroemer G, Zitvogel L, Galluzzi L (2013) Victories and deceptions in tumor immunology: 
Stimuvax. Oncoimmunology 2(1), e23687  

     179.    Ramlau R et al (2008) A phase II study of Tg4010 (Mva-Muc1-Il2) in association with che-
motherapy in patients with stage III/IV non-small cell lung cancer. J Thorac Oncol 
3(7):735–744  

     180.    Quoix E et al (2011) Therapeutic vaccination with TG4010 and fi rst-line chemotherapy in 
advanced non-small-cell lung cancer: a controlled phase 2B trial. Lancet Oncol 
12(12):1125–1133  

    181.    Thomas AM et al (2004) Mesothelin-specifi c CD8(+) T cell responses provide evidence of 
in vivo cross-priming by antigen-presenting cells in vaccinated pancreatic cancer patients. 
J Exp Med 200(3):297–306  

     182.    Le DT et al (2012) A live-attenuated Listeria vaccine (ANZ-100) and a live-attenuated 
Listeria vaccine expressing mesothelin (CRS-207) for advanced cancers: phase I studies of 
safety and immune induction. Clin Cancer Res 18(3):858–868  

    183.    Kochenderfer JN, Gress RE (2007) A comparison and critical analysis of preclinical antican-
cer vaccination strategies. Exp Biol Med (Maywood) 232(9):1130–1141  

     184.    Nemunaitis J et al (2004) Granulocyte-macrophage colony-stimulating factor gene-modifi ed 
autologous tumor vaccines in non-small-cell lung cancer. J Natl Cancer Inst 96(4):326–331  

     185.    Nemunaitis J et al (2006) Phase 1/2 trial of autologous tumor mixed with an allogeneic 
GVAX vaccine in advanced-stage non-small-cell lung cancer. Cancer Gene Ther 
13(6):555–562  

    186.    Ikushima H, Miyazono K (2010) TGFbeta signalling: a complex web in cancer progression. 
Nat Rev Cancer 10(6):415–424  

    187.    Kong F et al (1999) Plasma transforming growth factor-beta1 level before radiotherapy cor-
relates with long term outcome of patients with lung carcinoma. Cancer 86(9):1712–1719  

     188.    Nemunaitis J et al (2006) Phase II study of belagenpumatucel-L, a transforming growth fac-
tor beta-2 antisense gene-modifi ed allogeneic tumor cell vaccine in non-small-cell lung can-
cer. J Clin Oncol 24(29):4721–4730  

    189.    Ballen K, Stewart FM (1997) Adoptive immunotherapy. Curr Opin Oncol 9(6):579–583  
    190.    Restifo NP, Dudley ME, Rosenberg SA (2012) Adoptive immunotherapy for cancer: harness-

ing the T cell response. Nat Rev Immunol 12(4):269–281  
    191.    Zheng YW et al (2013) Current adoptive immunotherapy in non-small cell lung cancer and 

potential infl uence of therapy outcome. Cancer Invest 31(3):197–205  
    192.    Perroud MW Jr et al (2011) Mature autologous dendritic cell vaccines in advanced non-small 

cell lung cancer: a phase I pilot study. J Exp Clin Cancer Res 30:65  
   193.    Wang K et al (2009) An autologous therapeutic dendritic cell vaccine transfected with total 

lung carcinoma RNA stimulates cytotoxic T lymphocyte responses against non-small cell 
lung cancer. Immunol Invest 38(7):665–680  

Immune Therapy



88

    194.    Zhou Q et al (2008) A dendritic cell-based tumour vaccine for lung cancer: full-length 
XAGE-1b protein-pulsed dendritic cells induce specifi c cytotoxic T lymphocytes in vitro. 
Clin Exp Immunol 153(3):392–400  

     195.    Hegmans JP et al (2010) Consolidative dendritic cell-based immunotherapy elicits cytotoxic-
ity against malignant mesothelioma. Am J Respir Crit Care Med 181(12):1383–1390  

     196.    Kimura H, Yamaguchi Y (1995) Adjuvant immunotherapy with interleukin 2 and lymphokine- 
activated killer cells after noncurative resection of primary lung cancer. Lung Cancer 
13(1):31–44  

     197.    Kimura H, Yamaguchi Y (1997) A phase III randomized study of interleukin-2 lymphokine- 
activated killer cell immunotherapy combined with chemotherapy or radiotherapy after cura-
tive or noncurative resection of primary lung carcinoma. Cancer 80(1):42–49  

    198.    Hontscha C et al (2011) Clinical trials on CIK cells: fi rst report of the international registry 
on CIK cells (IRCC). J Cancer Res Clin Oncol 137(2):305–310  

    199.    Hui KM (2012) CIK cells–current status, clinical perspectives and future prospects–the good 
news. Expert Opin Biol Ther 12(6):659–661  

     200.    Li R et al (2012) Autologous cytokine-induced killer cell immunotherapy in lung cancer: a 
phase II clinical study. Cancer Immunol Immunother 61(11):2125–2133  

     201.    Iwai K et al (2012) Extended survival observed in adoptive activated T lymphocyte immuno-
therapy for advanced lung cancer: results of a multicenter historical cohort study. Cancer 
Immunol Immunother 61(10):1781–1790  

    202.    Nakajima J et al (2010) A phase I study of adoptive immunotherapy for recurrent non-small- 
cell lung cancer patients with autologous gammadelta T cells. Eur J Cardiothorac Surg 
37(5):1191–1197  

     203.    Sakamoto M et al (2011) Adoptive immunotherapy for advanced non-small cell lung cancer 
using zoledronate-expanded gammadeltaTcells: a phase I clinical study. J Immunother 
34(2):202–211  

     204.    Iliopoulou EG et al (2010) A phase I trial of adoptive transfer of allogeneic natural killer cells 
in patients with advanced non-small cell lung cancer. Cancer Immunol Immunother 
59(12):1781–1789  

    205.    Dhodapkar MV, Richter J (2011) Harnessing natural killer T (NKT) cells in human myeloma: 
progress and challenges. Clin Immunol 140(2):160–166  

    206.    Motohashi S, Nakayama T (2009) Natural killer T cell-mediated immunotherapy for malig-
nant diseases. Front Biosci (Schol Ed) 1:108–116  

    207.    Wolchok JD et al (2009) Guidelines for the evaluation of immune therapy activity in solid 
tumors: immune-related response criteria. Clin Cancer Res 15(23):7412–7420  

    208.    Cornelissen R et al (2012) New roads open up for implementing immunotherapy in mesothe-
lioma. Clin Dev Immunol 2012:927240  

    209.    Hegmans JP, Aerts JG (2013) Immunological profi ling as a means to invigorate personalized 
cancer therapy. Oncoimmunology 2(8), e25236  

    210.    Kershaw MH et al (2013) Enhancing immunotherapy using chemotherapy and radiation to 
modify the tumor microenvironment. Oncoimmunology 2(9), e25962  

    211.    Galluzzi L et al (2012) The secret ally: immunostimulation by anticancer drugs. Nat Rev 
Drug Discov 11(3):215–233  

    212.    Ko HJ et al (2007) A combination of chemoimmunotherapies can effi ciently break self- 
tolerance and induce antitumor immunity in a tolerogenic murine tumor model. Cancer Res 
67(15):7477–7486  

    213.    Suzuki E et al (2005) Gemcitabine selectively eliminates splenic Gr-1+/CD11b+ myeloid 
suppressor cells in tumor-bearing animals and enhances antitumor immune activity. Clin 
Cancer Res 11(18):6713–6721  

    214.    Fridlender ZG et al (2010) Chemotherapy delivered after viral immunogene therapy aug-
ments antitumor effi cacy via multiple immune-mediated mechanisms. Mol Ther 
18(11):1947–1959  

    215.    Nowak AK, Robinson BW, Lake RA (2003) Synergy between chemotherapy and immuno-
therapy in the treatment of established murine solid tumors. Cancer Res 63(15):4490–4496  

L. Lievense et al.



89

    216.    Belani CP et al (2013) Phase 2 trial of erlotinib with or without PF-3512676 (CPG 7909, a 
Toll-like receptor 9 agonist) in patients with advanced recurrent EGFR-positive non-small 
cell lung cancer. Cancer Biol Ther 14(7):557–563  

    217.    Yamada K et al (2010) Phase I study of TLR9 agonist PF-3512676 in combination with car-
boplatin and paclitaxel in patients with advanced non-small-cell lung cancer. Cancer Sci 
101(1):188–195  

    218.    Wang YY et al (2011) The variation of CD4+ CD25+ regulatory T cells in the periphery 
blood and tumor microenvironment of non-small cell lung cancer patients and the downregu-
lation effects induced by CpG ODN. Target Oncol 6(3):147–154  

    219.    Bottomley A et al (2008) Symptom and quality of life results of an international randomised 
phase III study of adjuvant vaccination with Bec2/BCG in responding patients with limited 
disease small-cell lung cancer. Eur J Cancer 44(15):2178–2184  

    220.    Gupta P et al (2008) Targeted combinatorial therapy of non-small cell lung carcinoma using 
a GST-fusion protein of full-length or truncated MDA-7/IL-24 with Tarceva. J Cell Physiol 
215(3):827–836  

    221.    Galustian C, Dalgleish A (2009) Lenalidomide: a novel anticancer drug with multiple modal-
ities. Expert Opin Pharmacother 10(1):125–133  

    222.    Elkinson S, McCormack PL (2013) Pomalidomide: fi rst global approval. Drugs 
73(6):595–604  

     223.    Bass KK, Mastrangelo MJ (1998) Immunopotentiation with low-dose cyclophosphamide in 
the active specifi c immunotherapy of cancer. Cancer Immunol Immunother 47(1):1–12  

    224.    Ghiringhelli F et al (2007) Metronomic cyclophosphamide regimen selectively depletes 
CD4+ CD25+ regulatory T cells and restores T and NK effector functions in end stage cancer 
patients. Cancer Immunol Immunother 56(5):641–648  

    225.    Kawai M et al (2005) Inhibitory and stimulatory effects of cyclosporine A on the develop-
ment of regulatory T cells in vivo. Transplantation 79(9):1073–1077  

    226.    Litzinger MT et al (2007) IL-2 immunotoxin denileukin diftitox reduces regulatory T cells 
and enhances vaccine-mediated T-cell immunity. Blood 110(9):3192–3201  

    227.    Hayes TG et al (2006) Phase I trial of oral talactoferrin alfa in refractory solid tumors. Invest 
New Drugs 24(3):233–240  

    228.    Germano G et al (2013) Role of macrophage targeting in the antitumor activity of trabectedin. 
Cancer Cell 23(2):249–262  

    229.    Hoang T et al (2012) Randomized phase III study of thoracic radiation in combination with 
paclitaxel and carboplatin with or without thalidomide in patients with stage III non-small- 
cell lung cancer: the ECOG 3598 study. J Clin Oncol 30(6):616–622  

    230.    Young RJ et al (2012) Analysis of circulating angiogenic biomarkers from patients in two 
phase III trials in lung cancer of chemotherapy alone or chemotherapy and thalidomide. Br 
J Cancer 106(6):1153–1159  

    231.    Kruijtzer CM et al (2002) Phase II and pharmacologic study of weekly oral paclitaxel plus cyclo-
sporine in patients with advanced non-small-cell lung cancer. J Clin Oncol 20(23):4508–4516  

    232.    Gerena-Lewis M et al (2009) A Phase II trial of Denileukin Diftitox in patients with previ-
ously treated advanced non-small cell lung cancer. Am J Clin Oncol 32(3):269–273  

    233.    Digumarti R et al (2011) A randomized, double-blind, placebo-controlled, phase II study of 
oral talactoferrin in combination with carboplatin and paclitaxel in previously untreated 
locally advanced or metastatic non-small cell lung cancer. J Thorac Oncol 6(6):1098–1103  

    234.    Kelly RJ, Giaccone G (2010) The role of talactoferrin alpha in the treatment of non-small cell 
lung cancer. Expert Opin Biol Ther 10(9):1379–1386  

    235.    Sessa C et al (2009) Phase I clinical and pharmacokinetic study of trabectedin and cisplatin 
in solid tumours. Eur J Cancer 45(12):2116–2122  

    236.    Massuti B et al (2012) Trabectedin in patients with advanced non-small-cell lung cancer 
(NSCLC) with XPG and/or ERCC1 overexpression and BRCA1 underexpression and pre-
treated with platinum. Lung Cancer 76(3):354–361  

Immune Therapy



90

    237.    Iclozan C et al (2013) Therapeutic regulation of myeloid-derived suppressor cells and 
immune response to cancer vaccine in patients with extensive stage small cell lung cancer. 
Cancer Immunol Immunother 62(5):909–918  

    238.    Hanna N et al (2006) Phase II trial of cetuximab in patients with previously treated non-
small- cell lung cancer. J Clin Oncol 24(33):5253–5258  

    239.    Pirker R et al (2009) Cetuximab plus chemotherapy in patients with advanced non-small-
cell lung cancer (FLEX): an open-label randomised phase III trial. Lancet 373(9674):
1525–1531  

    240.    Clamon G et al (2005) Lack of trastuzumab activity in nonsmall cell lung carcinoma with 
overexpression of erb-B2: 39810: a phase II trial of Cancer and Leukemia Group B. Cancer 
103(8):1670–1675  

    241.    Lara PN Jr et al (2004) Trastuzumab plus docetaxel in HER2/neu-positive non-small-cell 
lung cancer: a California Cancer Consortium screening and phase II trial. Clin Lung Cancer 
5(4):231–236  

    242.    Hassan R et al (2007) Phase I study of SS1P, a recombinant anti-mesothelin immunotoxin 
given as a bolus I.V. infusion to patients with mesothelin-expressing mesothelioma, ovarian, 
and pancreatic cancers. Clin Cancer Res 13(17):5144–5149  

    243.   Barlesi F et al (2013) Randomized phase III trial of maintenance bevacizumab with or with-
out pemetrexed after fi rst-line induction with bevacizumab, cisplatin, and pemetrexed in 
advanced nonsquamous non-small-cell lung cancer: AVAPERL (MO22089). J Clin Oncol 
31(24):3004–11  

    244.    Reck M et al (2013) Ipilimumab in combination with paclitaxel and carboplatin as fi rst-line 
therapy in extensive-disease-small-cell lung cancer: results from a randomized, double-blind, 
multicenter phase 2 trial. Ann Oncol 24(1):75–83  

    245.    Brezicka T et al (2000) Reactivity of monoclonal antibodies with ganglioside antigens in 
human small cell lung cancer tissues. Lung Cancer 28(1):29–36  

    246.    Fernandez LE et al (2010) NGcGM3 ganglioside: a privileged target for cancer vaccines. Clin 
Dev Immunol 2010:814397  

    247.    Nemunaitis J et al (2009) Phase II trial of Belagenpumatucel-L, a TGF-beta2 antisense gene 
modifi ed allogeneic tumor vaccine in advanced non small cell lung cancer (NSCLC) patients. 
Cancer Gene Ther 16(8):620–624  

    248.    Butts C et al (2011) Updated survival analysis in patients with stage IIIB or IV non-small-cell 
lung cancer receiving BLP25 liposome vaccine (L-BLP25): phase IIB randomized, multi-
center, open-label trial. J Cancer Res Clin Oncol 137(9):1337–1342  

    249.    Grant SC et al (1999) Long survival of patients with small cell lung cancer after adjuvant 
treatment with the anti-idiotypic antibody BEC2 plus Bacillus Calmette-Guerin. Clin Cancer 
Res 5(6):1319–1323  

    250.    Vazquez AM et al (2012) Racotumomab: an anti-idiotype vaccine related to N-glycolyl- 
containing gangliosides - preclinical and clinical data. Front Oncol 2:150  

    251.    Rosenberg SA et al (1985) Observations on the systemic administration of autologous 
lymphokine- activated killer cells and recombinant interleukin-2 to patients with metastatic 
cancer. N Engl J Med 313(23):1485–1492  

    252.    Ma Y et al (2012) Cytokine-induced killer cells in the treatment of patients with solid carci-
nomas: a systematic review and pooled analysis. Cytotherapy 14(4):483–493  

    253.    Terme M et al (2008) Natural killer cell-directed therapies: moving from unexpected results 
to successful strategies. Nat Immunol 9(5):486–494  

    254.    Hirschowitz EA et al (2004) Autologous dendritic cell vaccines for non-small-cell lung can-
cer. J Clin Oncol 22(14):2808–2815  

   255.    Hirschowitz EA et al (2007) Immunization of NSCLC patients with antigen-pulsed immature 
autologous dendritic cells. Lung Cancer 57(3):365–372  

    256.    Um SJ et al (2010) Phase I study of autologous dendritic cell tumor vaccine in patients with 
non-small cell lung cancer. Lung Cancer 70(2):188–194  

    257.    Madan RA et al (2010) Therapeutic cancer vaccines in prostate cancer: the paradox of 
improved survival without changes in time to progression. Oncologist 15(9):969–975    

L. Lievense et al.



91© Springer International Publishing Switzerland 2016 
A. Ahmad, S. Gadgeel (eds.), Lung Cancer and Personalized Medicine, 
Advances in Experimental Medicine and Biology 893, 
DOI 10.1007/978-3-319-24223-1_5

      Anti-angiogenesis in Personalized Therapy 
of Lung Cancer                     

       Peter     M.     Ellis    

    Abstract     Upregulation of angiogenesis is a frequent occurrence in lung cancer 
and is reported to represent a negative prognostic factor. This provides a rationale 
for the development and evaluation of anti-angiogenic agents. To date bevacizumab, 
a monoclonal antibody directed against serum VEGF, is the only anti-angiogenic 
agent that has demonstrated improved overall survival for patients with lung cancer. 
Meta-analysis of trials of bevacizumab in combination with platinum-based 
 chemotherapy for NSCLC, show a 10 % reduction in the risk of death (HR 0.90, 
95 % CI 0.81–0.99). However, therapy with bevacizumab is limited to NSCLC 
patients with non-squamous histology, good performance status, no brain metasta-
ses and the absence of bleeding or thrombotic disorders. More recently, similar 
survival was observed in a non bevacizumab containing regimen of carboplatin, 
pemetrexed and maintenance pemetrexed. 

 Multiple oral anti-angiogenic compounds have been evaluated in NSCLC, both 
in fi rst-line therapy, or upon disease progression. The majority of agents have shown 
some evidence of activity, but none have clearly demonstrated improvements in 
overall survival. Increased toxicities have been observed, including an increased 
risk of death for some agents, limiting their development. Promising data exist 
for sunitinib in patients with heavily pre-treated NSCLC, and nintedanib in 
 combination with docetaxel, as second-line therapy for NSCLC. However, these 
fi ndings require validation. Currently, there is no established role for anti- angiogenic 
therapy in SCLC, although there is some promise for sunitinib as maintenance 
 therapy following platinum and etoposide chemotherapy. 

 The challenge for anti-angiogenic therapy is to understand whether treatment 
effects in a subpopulation, are lost among a larger unselected population of 
patients. There is a need for additional translational research to identify predictive 
biomarkers for anti-angiogenic therapy.  
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        Rationale for Anti-Angiogenesis in Lung Cancer 

 Angiogenesis is  a   complex process occurring throughout the body and subject 
to many pro and anti-angiogenic regulatory factors. Beyond normal physiologi-
cal function though, new blood vessel formation and upregulation of angiogenesis 
is frequently observed in many cancers, including lung cancer [ 1 ] (Fig.  1 ). 
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A variety of pro-angiogenic factors exist, including vascular endothelial growth 
factor (VEGF), [ 2 ,  3 ] platelet derived growth factor (PDGF) [ 4 ] and fi broblast 
derived growth factor (FGF) [ 5 ]. Recognition of the importance of these factors 
in tumor growth and development has resulted in the development and evalua-
tion of multiple therapeutic agents as potential anticancer therapies [ 6 ].

   The role of serum VEGF (VEGF-A) in tumor growth and development has 
been widely studied. Serum VEGF activates the VEGF receptor (VEGFR-2) 
resulting in downstream signalling through activation of targets including PI3-
kinase, resulting in stimulation of cell survival and proliferation pathways [ 7 ,  8 ]. 
Overexpression of VEGF-A appears to be a negative prognostic factor for sur-
vival [ 9 ]. Given its role in tumor progression and negative impact on survival, the 
VEGF/VEGF-R pathway has been the focus of extensive therapeutic evaluation 
for anti-angiogenic agents. 

 The  Platelet Derived Growth Factor (PDGF)   family of receptors represent an 
additional pro-angiogenic pathway. PDGF results in stimulation of PDGF receptor 
α (PDGFR-α) and PDGF receptor β (PDGFR-β) [ 4 ,  10 ] resulting in downstream 
signalling through PI3K and extracellular signal-regulated kinase (Erk) [ 11 ]. In 
vitro data suggest that PDGFR expression in tumors is a mechanism of resistance to 
VEGF directed therapy and provide a rationale for combined VEGF and PDGF 
directed therapy [ 12 ,  13 ]. 

  Fibroblast Growth Factor (FGF)   and its receptor represent a further anti- 
angiogenic target [ 14 ]. Similar to VEGF and PDGF, ligand binding causes receptor 
dimerization, activation of the tyrosine kinase domain, and stimulation of down-
stream targets, including PI3K and the mitogen-activated protein kinase (Mek)-Erk 
pathways [ 5 ]. In vitro data suggest synergism between FGF, VEGF, and PDGF 
pathways in stimulating angiogenesis and cellular growth [ 15 ,  16 ]. Resistance to 
anti-VEGF therapy may be due in part to upregulation of compensatory angiogenic 
signaling pathways (cross-talk), such as PDGF and FGF, therefore, inhibition of 
multiple pro-angiogenic pathways may represent a rational treatment strategy 
for patients with NSCLC. 

 These data provide a rationale for the evaluation of agents inhibiting VEGF, 
PDGF, or FGF as treatment options for lung cancer. Anti-angiogenic agents have 
been widely evaluated in combination with standard systemic therapies. There are 
several proposed mechanisms of action through which anti-angiogenic therapies 
can provide further benefi t to the therapeutic effect of other systemic treatments [ 6 ]. 
Firstly these agents may normalize tumor vasculature and improve delivery 
of  cytotoxic agents. Secondly, they may prevent rapid tumor cell repopulation after 
 cytotoxic drugs. Lastly they may augment the anti-vascular effects of chemotherapy. 
At present, bevacizumab, a monoclonal antibody directed against VEGF-A, is the 
only anti-angiogenic agent approved as a treatment for lung cancer [ 17 ]. Additional 
strategies target receptor tyrosine kinases for VEGFR, PDGFR and FGFR, as well 
as vascular disrupting agents (Table  1 ). Clinical data for all these of agents are 
 summarized in the following sections.
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       The Role of Bevacizumab in the Treatment of NSCLC 

    Bevacizumab in the First-Line Therapy of NSCLC 

    Bevacizumab is a   monoclonal antibody directed towards VEGF-A, and is the only 
anti- angiogenic   agent to date, that has been shown to improve overall survival in 
lung cancer [  17 ].  Toxicity   concerns, including venous thromboembolic disease and 
fatal hemorrhage were observed in the initial randomized phase II trial [ 18 ]. This 
limited further development of bevacizumab in NSCLC to good performance status 
patients with non-squamous histology and no history of thrombosis, bleeding, gross 
hemoptysis, or brain metastases. 

 Five randomized trials have evaluated the addition of bevacizumab to standard 
platinum-based chemotherapy as fi rst-line therapy for advanced and metastatic 
NSCLC (Table  2 ) [ 17 – 22 ]. The  Eastern Cooperative Oncology Group (ECOG)   
4599 trial randomized patients to carboplatin, paclitaxel with or without bevaci-
zumab 15 mg/kg [ 17 ]. Greater effi cacy was observed for patients receiving chemo-
therapy plus bevacizumab, including higher response rates (RR; 35 % vs. 15 %; 
p < 0.001), longer progression free survival (PFS; 6.2 vs. 4.5 months; hazard ratio 
[HR], 0.66; 95 % confi dence interval [CI], 0.57–0.77) and improved overall survival 
(OS; 12.3 vs. 10.3 months; HR, 0.79; 95 % CI, 0.67–0.92). The  Avastin in Lung 
Cancer trial (AVAiL)  , evaluated the addition of two dose levels of bevacizumab (7.5 
and 15 mg/kg) to cisplatin and gemcitabine chemotherapy. Signifi cant improve-
ments were observed in response rates and PFS for patients randomized to either 
dose of bevacizumab, compared with cisplatin and gemcitabine alone [ 20 ]. However, 
no improvement was observed in OS for patients randomized to bevacizumab 
7.5 mg/kg (HR, 0.93; 95 % CI, 0.78–1.11), or 15 mg/kg (HR, 1.03; 95 % CI, 0.86–
1.23) [ 21 ]. Two additional trials done in Japan and China provide confi rmatory data 
regarding the effi cacy of bevacizumab in combination with carboplatin and pacli-
taxel [ 19 ,  22 ]. Both demonstrate improvements in RR and PFS.

   In all of these trials, bevacizumab was administered as maintenance therapy until 
disease progression. This strategy has not been formally evaluated, although retro-
spective review of data from both the ECOG 4599 trial and the US Oncology net-
work suggests that patients continuing bevacizumab until disease progression 
experienced longer PFS and overall survival [ 23 ,  24 ]. 

 Two meta-analyses of  platinum-based chemotherapy   with or without bevaci-
zumab both report a signifi cant improvement in OS for patients randomized to 
receive bevacizumab [ 25 ,  26 ]. Soria et al, report a 10 % reduction in the risk of 
death from the addition of bevacizumab to chemotherapy (HR 0.90, 95 % CI 0.81–
0.99) [ 25 ]. Signifi cant improvements were also observed in response rate and PFS 
[ 26 ]. However, the addition of bevacizumab to platinum-based chemotherapy is 
associated with increased toxicities. In the ECOG 4599 trial, patients randomized to 
chemotherapy plus bevacizumab experienced more grade 3–5 neutropenia (p = 0.002), 
thrombocytopenia (p = 0.04), febrile neutropenia (p = 0.02), hyponatremia (p = 0.02), 
 hypertension (p < 0.001), proteinuria (p < 0.001), headache (p = 0.003), rash/desquamation 
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(p = 0.02), and bleeding events (p < 0.001). There were 15 treatment-related deaths, 
including 5 due to pulmonary hemorrhage [ 17 ]. A similar profi le of adverse events 
was observed in the AVAiL trial. 

 Given the toxicity concerns with bevacizumab, a variety of sub group analyses 
have been performed on these trials to identify subgroups of patients who derive 
greater benefi t from bevacizumab therapy. In the ECOG 4599 trial, a larger improve-
ment in overall survival was observed in patients with adenocarcinoma histology 
[ 27 ]. The median survival was 14.2 months compared with 10.3 months in the ade-
nocarcinoma subgroup (HR 0.69, 95 %CI 0.58–0.83). Subgroup analyses of Asian 
patients in the AVAiL trial suggest that the addition of bevacizumab may improve 
survival in this group of patients [ 28 ]. Biomarkers including serum VEGF, intracel-
lular adhesion molecule (ICAM), βFGF have all been evaluated as predictive bio-
markers for bevacizumab. While ICAM was prognostic for improved survival and 
both ICAM and VEGF were predictive for response rates, no biomarker to date has 
been shown to predict a differential effect on OS for patients receiving bevaci-
zumab. The onset of hypertension, a known side effect of bevacizumab, has also 
been evaluated as a predictive biomarker of effi cacy [ 29 ]. However, a combined 
analysis of seven trials including disease sites other than lung cancer, did not sup-
port hypertension as a predictive biomarker. Therefore none of the biomarkers eval-
uated to date, are predictive for an improvement in overall survival from bevacizumab 
[ 30 ]. Therefore, it is not possible to further defi ne subgroups of patients to receive 
bevacizumab therapy. 

 Competing therapeutic strategies to  bevacizumab   have emerged over recent 
years. Maintenance therapy with pemetrexed following initial platinum-doublet 
chemotherapy has been shown to improve survival in advanced NSCLC [ 31 ,  32 ]. 
Therefore, additional trials have tried to evaluate the role of pemetrexed, in bevaci-
zumab eligible patients. Two trials have incorporated maintenance pemetrexed 
therapy in patients receiving bevacizumab. The AVAPERL trial randomized patients 
to maintenance therapy with bevacizumab alone (Table  2 ), or in combination with 
pemetrexed, following induction therapy with cisplatin, pemetrexed plus bevaci-
zumab [ 33 ]. Three hundred and seventy six patients were registered and 253 ran-
domized to maintenance therapy. PFS, the primary outcome, was prolonged in 
patients receiving maintenance bevacizumab plus pemetrexed compared with beva-
cizumab alone (7.4 m vs. 3.7 m HR 0.48, 95 %CI 0.35–0.66). AVAPERL failed to 
show a signifi cant difference in overall survival as a secondary endpoint (HR 0.75, 
95 %CI 0.47–1.19). Global quality of life (QoL), assessed by the EORTC QLQ-30, 
was similar between the two arms, although role function, fatigue and appetite 
favoured the combination of bevacizumab and pemetrexed [ 34 ]. Similarly, the Point 
Break trial evaluated the addition of pemetrexed to maintenance bevacizumab [ 35 ]. 
Patients were randomized to carboplatin, paclitaxel, bevacizumab then maintenance 
bevacizumab, versus carboplatin, pemetrexed, bevacizumab then maintenance 
pemetrexed plus bevacizumab. There was a modest improvement in PFS (6 m vs. 
5.6 m, HR 0.83, 95 %CI 0.71–0.96), but no improvement in overall survival (13.4 m 
vs. 12.6 m, HR 1.0, 95 %CI 0.86–1.16). Maintenance therapy with pemetrexed in 
addition to bevacizumab should not be considered the standard of care at this time 
in the absence of improved overall survival. 
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 One additional trial (Pronounce) compared carboplatin, paclitaxel plus bevaci-
zumab with a non-bevacizumab regimen of carboplatin, pemetrexed then mainte-
nance pemetrexed [ 36 ]. The primary outcome was a composite of progression free 
survival without grade 4 toxicity. Similar response rates, PFS and overall survival 
were observed between the two arms, suggesting that bevacizumab may not add to 
the effi cacy of more effective chemotherapy. Currently, bevacizumab is widely used 
in combination with platinum-based chemotherapy and has been incorporated into 
NSCLC treatment algorithms [ 37 ]. It does have signifi cant incremental toxicity and 
data from the Pronounce trial suggest that cisplatin or carboplatin plus pemetrexed 
followed by maintenance pemetrexed provides an alternative to bevacizumab based 
therapy.   

    Bevacizumab in the Second Line Therapy of Advanced NSCLC 

 There has been some interest  in   continuation of bevacizumab beyond progression, 
however, there are no data from randomized trials to support this. There is an ongo-
ing trial (AVaALL) evaluating this strategy [ 38 ]. However, two trials have evaluated 
the addition of bevacizumab to erlotinib in the second-line setting [ 39 ,  40 ]. Herbst 
et al. [ 40 ], conducted a randomized phase II trial comparing the addition of bevaci-
zumab to either second-line chemotherapy, or erlotinib. Response rates were high-
est with the combination of erlotinib plus bevacizumab (Table  2 ) and improvements 
in PFS and OS were seen with both bevacizumab containing arms. Subsequently, 
the phase III BeTa trial randomized patients to erlotinib plus bevacizumab versus 
erlotinib alone [ 39 ]. Signifi cant improvements were observed in RR (13 % vs. 6 %) 
and PFS (3.4 m vs. 1.7 m, HR 0.62, 95 %CI 0.52–0.75). However, there was no 
improvement in overall survival (9.3 m vs. 9.2 m, HR 0.97, 95 %CI 0.80–1.18). As 
a result, there are no data currently supporting the use of bevacizumab as second-
line therapy in combination with either erlotinib or chemotherapy.     

    Other Intravenous Anti-Angiogenic Compounds Evaluated 
in NSCLC 

    Ramucirumab 

  Ramucirumab is   an  IGG1   humanized monoclonal antibody targeting the 
VEGFR-2 receptor. It is being evaluated in a number of disease sites including 
NSCLC. A phase II trial of ramucirumab in combination with carboplatin and 
paclitaxel was reported at the American Society of Clinical Oncology meeting 
in 2010 (Table  3 ) [ 41 ]. Data were reported on 31 patients with NSCLC (all his-
tologies were allowed). There were 10 responses in 15 evaluable patients (RR 
67 %). Detailed toxicity information was not available.

Anti-angiogenesis in Personalized Therapy of Lung Cancer
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   Doebele et al, reported the results of a randomized phase II trial of cisplatin or 
carboplatin in combination with pemetrexed, with or without ramucirumab for four 
to six cycles [ 42 ]. Pemetrexed was continued as maintenance therapy either alone or 
with ramucirumab. A total of 140 patients were randomized. The addition of ramu-
cirumab appeared to improve the effi cacy of a platinum agent plus pemetrexed. 
Higher response rates were observed (49.3 % vs. 38 %). There were trends towards 
improved PFS (HR 0.75, 90 %CI 0.55–1.03) and OS (HR 0.83, 90 %CI 0.56–1.22), 
although these did not achieve statistical signifi cance. Patients randomized to ramu-
cirumab experienced more grade 3 neutropenia, anemia, thrombocytopenia, nausea, 
fatigue, hypertension, and back pain. 

 At this point ramucirumab remains an investigational agent with some promise. 
There are ongoing randomized phase II trials in both fi rst and second-line therapy 
for NSCLC.  

    Afl ibercept 

  Afl ibercept is a   human fusion protein designed to block biding of VEGF-A and 
VEGF-B, as well as  human   placental growth factor (commonly referred to as 
VEGF-trap). It has evidence of minor single agent activity in heavily pretreated 
patients [ 43 ]. A phase II trial of fi rst-line therapy with afl ibercept in combination 
with cisplatin and pemetrexed showed modest activity [ 44 ]. The RR was 26.3 % 
with median PFS of 5 months. However, the trial was stopped early because of three 
cases of reversible posterior leukoencephalopahy syndrome (RPLS). A randomized 
phase III trial of docetaxel plus or minus afl ibercept as second-line therapy, showed 
some evidence of activity for the addition of afl ibercept [ 45 ]. The addition of afl iber-
cept to docetaxel improved RR (23.3 % vs. 8.9 %, p < 0.001) and PFS (HR 0.82, 
95 %CI 0.72–0.94). However, the study failed to achieve its primary outcome of 
improved overall survival. In addition there were no improvements in quality of life 
as measured by the Lung Cancer Symptom Scale (LCSS). There are multiple ongo-
ing trials of afl ibercept in other cancers. However, data to date do not support the 
use of afl ibercept in NSCLC.  

    Vadimezan 

  Vadimezan is    another   VEGF-Trap compound [ 46 ]. Activity was observed in early 
phase clinical trials. A randomized phase II trial of carboplatin and paclitaxel plus/
or minus vadimezan suggested that vadimezan may improve the effectiveness of 
platinum-based chemotherapy [ 47 ]. However, a phase III trial of the same regimen 
failed to improve on treatment outcomes [ 48 ]. There were no signifi cant differences 
in response rates, PFS and overall survival. Additionally, quality of life between the 
two groups was similar. Therefore, vadimezan does not improve the therapeutic 
options for patients with advanced NSCLC.   

Anti-angiogenesis in Personalized Therapy of Lung Cancer
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    Small Molecule Oral Anti-Angiogenic Compounds 
in the First-Line Therapy of NSCLC 

 There are multiple small molecule anti-angiogenic compounds that have been eval-
uated in combination with platinum-based chemotherapy, in the fi rst-line therapy 
for NSCLC (Table  4 ). These agents inhibit one or more angiogenic pathways 
(VEGFR, PDGFR and/or FGFR), in addition to other off target receptors (Table  1 ). 
To date, despite promising preliminary data, none of these compounds have 
improved the therapeutic effi cacy of platinum-based chemotherapy alone. Drug 
related toxicities of some agents preclude the administration of full doses when 
combined with chemotherapy. Incremental toxicity was seen in all the trials and in 
some cases appears to increase the risk of death. As such there are no data to support 
the addition of an oral anti-angiogenic agent to platinum-based chemotherapy.

      Sorafenib 

  Sorafenib is a   multitargeted TKI active  against   VEGFR, PDGFR, Raf, c-Kit and 
FLT-3 [ 49 ]. Preliminary data from heavily pretreated NSCLC patients showed disease 
stabilization in 59 % of patients [ 50 ]. As a result, sorafenib underwent further devel-
opment in NSCLC. A phase I/II trial of sorafenib in combination with standard doses 
of carboplatin and paclitaxel demonstrated sorafenib could be administered in full 
doses with chemotherapy [ 51 ]. Subsequently, two phase III trials were conducted [ 52 , 
 53 ]. The ESCAPE trial randomized 926 patients to carboplatin and paclitaxel plus 
sorafenib or placebo [ 53 ]. Patients were all good performance status (ECOG 0-1) and 
all NSCLC histologies were included in the trial. The trial was stopped early follow-
ing an interim analysis that met criteria for futility. At the time of the fi nal analysis, no 
differences were observed in OS between the two groups (median OS 10.7 m vs. 
10.3 m, HR 1.15, 95 %CI 0.94–1.41). Additionally, there were no differences observed 
in the secondary outcomes (RR or PFS) and quality of life was not assessed in the 
trial. Interestingly a planned analysis according to histology demonstrated that patients 
with squamous cancer randomized to sorafenib had worse OS than patients in the 
placebo group (8.9 m vs. 13.6 m, HR 1.85, 95 %CI 1.22–2.81). Patients randomized 
to sorafenib experienced more thrombocytopenia, rash / desquamation, hand-foot 
reaction, hypertension and pruritis than in the placebo group. However, patients with 
squamous cancer did not experience incrementally worse toxicity. 

 A similarly designed trial (NEXUS), evaluated the addition of sorafenib or pla-
cebo, to cisplatin and gemcitabine in 772 patients [ 52 ]. Recruitment of patients with 
squamous cancer was halted following analysis of the ESCAPE trial. Data have 
been reported on the non-squamous histology population. No improvement in OS 
was observed for patients randomized to sorafenib (12.4 m vs. 12.5 m, HR 0.98, 
95 %CI 0.83–1.16). A similar toxicity profi le was observed to that seen in the 
ESCAPE trial. In summary there is no evidence to support the addition of sorafenib 
to fi rst-line platinum-based chemotherapy.  

P.M. Ellis
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    Cediranib 

  Cediranib is an   oral TKI with activity against VEGFR, PDGFR and c-Kit [ 54 ]. The 
recommended phase I dose of cediranib was 45 mg when combined with chemo-
therapy [ 55 ]. Several randomized trials have evaluated cediranib in combination 
with either carboplatin and paclitaxel [ 56 ,  57 ], or cisplatin and gemcitabine [ 58 ]. 
The NCIC Clinical Trials Group (CTG) BR24 trial evaluated an initial dose of 
cediranib of 45 mg daily or placebo, in combination with carboplatin and pacli-
taxel [ 56 ]. Excess toxicity was observed in the early phase of the trial necessitating 
a reduction of the cediranib dose to 30 mg daily. Despite this, there was an increase 
in hypertension, diarrhea, anorexia, fatigue, stomatitis, dyspnea and sensory 
peripheral neuropathy. Furthermore, there was an imbalance in treatment related 
deaths (10 vs. 2). However, it did appear as though the addition of cediranib 
improved RR (38 % vs. 16 %) and PFS (5.6 m vs. 5.0 m, HR 0.77, 95 %CI 0.56–
1.08). A redesigned trial (NCIC BR29) utilizing a reduced dose of cediranib (20 mg 
daily) was commenced [ 57 ]. Despite the lower dose of cediranib, there was still an 
increase in toxicity for patients randomized to chemotherapy plus cediranib. 
Unfortunately, no differences in PFS or OS were observed in patients randomized 
to cediranib at the lower dose. 

 One further randomized phase II trial evaluated the addition of cediranib 30 mg 
daily to cisplatin and gemcitabine [ 58 ]. The toxicity profi le was consistent with that 
observed in previous studies. No signifi cant differences in PFS or OS were observed. 
The available data does not support the use of cediranib in NSCLC. While there was 
some evidence of increased effi cacy from the addition of cediranib to chemother-
apy, the increased toxicity and small risk of death necessitated dose reductions to 
the point where there was no benefi t beyond standard chemotherapy. The lack of 
predictive biomarkers does not justify further development of this agent in NSCLC.  

    Motesanib 

 Motesanib is an  oral   TKI with activity against VEGFR, PDGFR, c-Kit and RET 
[ 59 ]. Development of motesanib in NSCLC has been limited to fi rst-line therapy in 
combination with chemotherapy. An initial randomized phase II trial evaluated two 
different doses of motesanib (75 mg BID and 125 mg daily) combined with carbo-
platin and paclitaxel, compared with carboplatin, paclitaxel plus bevacizumab [ 60 ]. 
Similar activity was observed for the combination of motesanib 125 mg daily, plus 
carboplatin and paclitaxel and carboplatin, paclitaxel and bevacizumab. 

 The phase III MONET-1 trial randomized NSCLC patients to carboplatin, pacli-
taxel with or without motesanib [ 61 ]. All histologies were initially included. 
However, an interim analysis demonstrated an increased risk of death and gross 
hemoptysis for patients with squamous histology. Further recruitment was limited 
to patients with non-squamous histology. There were 1090 patients with non- 
squamous histology randomized on trial. Patients randomized to motesanib plus 
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chemotherapy had higher RR (40 % vs. 26 %) and longer PFS (5.6 m vs. 5.4 m, HR 
0.79, 95 %CI 0.68–0.90) compared with chemotherapy alone. Treatment with mote-
sanib did not signifi cantly improve OS (13 m vs. 11 m, HR 0.90, 95 %CI 0.78–
1.04). There was a higher incidence of neutropenia (22 % vs. 15 %), diarrhea (9 % 
vs. 1 %) and hypertension (7 % vs. 1 %) among patients receiving motesanib. 
Biomarker analysis was performed to evaluate Placental Growth Factor (PLGF). 
Neither baseline PLGF, nor change in PLGF from baseline to week four were asso-
ciated with improved survival for patients randomized to motesanib. This agent is 
not being further developed in NSCLC.  

    Vandetanib 

  Vandetanib is a   multitargeted TKI that inhibits VEGFR, EGFR and RET [ 62 ]. Dual 
inhibition of both VEGFR and EGFR offers the potential to inhibit two important 
molecular pathways in NSCLC. To date though, the addition of vandetanib to fi rst-
line therapy has not improved the therapeutic ratio. 

 Two randomized phase II trials have evaluated vandetanib in fi rst-line therapy 
[ 63 ,  64 ]. Heymach et al, randomized patients to carboplatin, paclitaxel and vande-
tanib, carboplatin, paclitaxel alone, or single agent vandetanib (Table  4 ) [ 64 ]. 
Recruitment to single agent vandetanib was discontinued following an interim anal-
ysis showing lower effi cacy. Median PFS was similar between carboplatin and 
paclitaxel alone or in combination with vandetanib (HR 0.76, 95 %CI 0.51–1.14) 
and there was no improvement in OS (HR 1.15, 95 %CI 0.75–1.77). A second trial 
evaluated maintenance vandetanib or placebo following initial therapy with carbo-
platin, docetaxel and vandetanib [ 63 ]. There was no signifi cant improvement in PFS 
(4.5 vs. 4.2 months; p = 0.07) and OS (9.8 vs. 9.4 months; p = 0.68) with vandetanib 
versus placebo. Common toxicities associated with vandetanib include rash, 
 diarrhea and hypertension. Data do not support the addition of vandetanib to fi rst-
line treatment options.  

    Pazopanib 

  Pazopanib is   another multi-targeted TKI with activity against VEGFR, PDGFR 
and FGFR [ 65 ]. There is limited evaluation of pazopanib in the metastatic setting. 
A randomized phase II trial compared pemetrexed plus cisplatin with pemetrexed 
plus pazopanib [ 66 ]. The trial was halted after 106 of 150 patients were entered, 
because of an increased risk of death in the pazopanib group. There was a higher 
frequency of grade 3 and 4 neutropenia observed among patients randomized to 
800 mg daily of pazopanib, necessitating a dose reduction to 600 mg daily. Despite 
this the trial was discontinued. No signifi cant differences were observed in any of 
the trial outcomes. PFS favoured patients randomized to pazopanib, although RR 
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and OS favoured cisplatin and pemetrexed. Given the observed toxicity from 
pazopanib, it should not be used in combination with chemotherapy in the treat-
ment of NSCLC.  

    Axitanib 

  Axitanib is a   TKI inhibiting VEGFR, PDGFR and c-Kit with modest activity as a 
single agent [ 67 ]. A randomized phase II trial evaluated cisplatin and pemetrexed 
alone, or in combination with two dose schedules of axitinib [ 68 ]. Higher RRs were 
seen in patients in both axitanib arms, although there were no signifi cant differences 
in PFS or OS. This agent remains investigational as a treatment for NSCLC.   

    Trials of Oral Anti-Angiogenic Compounds after Failure 
of First-Line Therapy for NSCLC 

 At least six oral anti-angiogenic agents, either alone, or in combination with other 
agents, have been evaluated in the treatment of NSCLC after failure of fi rst-line 
therapy (Table  5 ). Many of these agents have some evidence of activity in 
NSCLC. Improvements in PFS have been observed, but none of the agents have 
demonstrated improved OS compared with existing standards of care.

      Sorafenib 

  Sorafenib has   been extensively evaluated in NSCLC patients progressing after plat-
inum-based chemotherapy. A novel randomized discontinuation design was used to 
evaluate sorafenib in patients who had at least two prior chemotherapy treatments 
and an EGFR TKI [ 69 ]. All patients (n = 299) received 2 months of sorafenib 400 mg 
twice daily. Responding patients continued sorafenib, while patients who pro-
gressed came off treatment. Those patients with stable disease were randomized to 
continue or discontinue their sorafenib (n = 105). Due to an error in the randomiza-
tion schedule, eight patients randomized to sorafenib initially received placebo and 
12 patients on the placebo arm received sorafenib, which confounds interpretation 
of the data. There was a signifi cant improvement in PFS for patients randomized to 
sorafenib (3.3 m vs. 2.0 m, HR 0.51, 95 %CI 0.30–0.87). Differences were also 
observed in OS (13.7 m vs. 9.0 m, HR 0.67, 95 %CI 0.40–1.11), although these 
were not statistically signifi cant. Further investigation of sorafenib in this situation 
appears warranted. 

 Additional trials have evaluated the addition of sorafenib to either erlotinib [ 70 ], 
or pemetrexed [ 71 ]. The Lun 160 trial randomized patients who had failed one or 
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two lines of chemotherapy, to erlotinib plus sorafenib, or erlotinib plus placebo 
(2:1 randomization) [ 70 ]. There was no difference in RR between the two arms 
(8 % vs. 11 %). PFS favoured the combination of erlotinib and sorafenib but the 
difference was not statistically signifi cant (HR 0.86, 95 %CI 0.60–1.22). Analysis 
of biomarkers for EGFR and KRAS were inconclusive, however data raised the 
potential for benefi t from the combination of erlotinib and sorafenib in patients with 
 EGFR  WT, or  EGFR  FISH negative tumors. E2501 randomized patients eligible for 
second-line chemotherapy, to pemetrexed alone or in combination with sorafenib 
[ 71 ]. No differences were observed in PFS or OS, therefore this combination does 
not appear to warrant further evaluation.  

    Sunitinib 

  Sunitinib has also   been evaluated in combination with both chemotherapy and erlo-
tinib after failure of fi rst-line platinum-based chemotherapy (Table  5 ). CALGB 
30704 randomized patients to pemetrexed alone, sunitinib alone, or the combination 
of pemetrexed plus sunitinib as second-line therapy for advanced NSCLC [ 72 ]. One 
hundred and thirty patients were randomized. A higher RR to treatment was 
observed in patients receiving the combination of pemetrexed plus sunitinib, 
although this difference was not statistically signifi cant. However, both PFS and OS 
favored single agent pemetrexed. In regards OS, patients randomized to the combi-
nation of pemetrexed plus sunitinib had signifi cantly worse survival (HR 2.0, 
95 %CI 1.2–3.2). Therefore, current data do not support the addition of sunitinib to 
second-line chemotherapy. 

 Blumenschein et al. [ 73 ], reported on the safety and pharmacokinetics from a 
lead-in cohort of a randomized phase II trial of the combination of erlotinib 
150 mg daily with or without sunitinib 37.5 mg daily continuously. Thirty patients 
were enrolled. Sunitinib administration did not affect the pharmacokinetic profi le 
of erlotinib, but did reduce the exposure of sunitinib. Two subsequent randomized 
trials evaluated the addition of sunitinib to erlotinib [ 74 ,  75 ]. Groen et al., ran-
domized 132 patients to erlotinib plus sunitinib versus erlotinib plus placebo [ 74 ]. 
There were no differences observed in either PFS or OS. A larger phase III trial of 
the same design demonstrated a signifi cant improvement in PFS for patients ran-
domized to erlotinib plus sunitinib (median PFS 3.6 m vs. 2.0 m, HR 0.81, 95 %CI 
0.69–0.94) [ 76 ]. However, these differences did not translate into ay improve-
ments in OS (median OS 9.0 m vs. 8.5 m, HR 0.92, 95 %CI 0.80–1.07). 
Additionally there were no differences observed in quality of life as measured by 
the EQ-5D. Common grade 3/4 toxicities observed in these studies include fatigue 
and asthenia. In studies combining sunitinib with erlotinib additional toxicities 
included rash, diarrhea, dyspnea, thrombocytopenia, and neutropenia. Given the 
increase in toxicity together with a lack of improvement in survival, data suggest 
that sunitinib should not be used in the management of NSCLC following pro-
gression of fi rst-line therapy.  
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    Vandetanib 

  Vandetanib has   been evaluated in four randomized phase III trials following 
 progression of fi rst-line platinum-based chemotherapy, either in combination with 
pemetrexed [ 77 ], or docetaxel [ 78 ], or as a single agent [ 79 ,  80 ]. The ZEAL trial 
randomized 534 NSCLC patients to second-line therapy with pemetrexed plus pla-
cebo, or pemetrexed plus vandetanib 100 mg daily [ 77 ]. The primary outcome of 
the study, PFS, was not signifi cantly prolonged among patients randomized to 
pemetrexed plus vandetanib (median PFS 17.6w vs. 11.9w, HR 0.86, 95 %CI 0.69–
1.06). A higher RR was observed (19 % vs. 8 %, p < 0.001), but this did not trans-
late into any improvements in OS for patients randomized to the combination arm 
(10.5 m vs. 9.2 m, HR 0.86, 95 %CI 0.65–1.13). Quality of life was measured 
using the Lung Cancer Symptom Scale (LCSS). Patients randomized to peme-
trexed and vandetanib had a signifi cantly longer time to deterioration of lung can-
cer symptoms than patients randomized to pemetrexed alone. A similarly designed 
trial (ZODIAC) randomized patients to docetaxel along or in combination with 
vandetanib [ 78 ]. There were 1391 patients randomized on study. A signifi cant 
improvement in PFS was observed for patients randomized to docetaxel plus van-
detanib (4.0 m vs. 3.2 m, HR 0.79, 95 %CI 0.70–0.90), but no signifi cant differ-
ences were observed in OS (10.6 m vs. 10.0 m, HR 0.91, 95 %CI 0.78–1.07). Time 
to deterioration in symptoms signifi cantly favored patients randomized to docetaxel 
plus vandetanib. While there is some evidence of increased activity for the addition 
of vandetanib to second-line chemotherapy, the lack of improvement in overall 
survival means that this agent has not been incorporated into treatment algorithms 
for advanced NSCLC. 

 Additional trials have evaluated vandetanib after prior chemotherapy. The ZEST 
trial compared vandetanib 300 mg daily with erlotinib 150 mg daily in patients who 
had received one or two prior chemotherapy treatments [ 80 ]. There were 1240 
patients randomized. Vandetanib did not improve PFS in comparison to erlotinib 
(2.6 m vs. 2.0 m, HR 0.98, 95 %CI 0.87–1.10). Similarly there were no differences 
observed in OS (6.9 m vs. 7.8 m, HR 1.01, 95 %CI 0.89–1.16). There were also no 
difference in time to deterioration in symptoms between the two groups, as assessed 
by the EORTC-QLQ30 and LDS-13. While vandetanib demonstrated similar 
a ctivity to erlotinib, the trial was designed to show superiority of vandetanib over 
erlotinib. Therefore, this is considered to be a negative trial. 

 The last phase III trial evaluating vandetanib, compared vandetanib versus 
 placebo in patients who had received prior chemotherapy and an EGFR TKI 
(ZEPHYR) [ 81 ]. Nine hundred and twenty four patients were randomized to van-
detanib 300 mg daily or placebo (2:1 schedule). The trial failed to demonstrate any 
improvement in OS (8.5 m vs. 7.8 m, HR 0.95, 95 %CI 0.81–1.11) and there were 
no differences observed in quality of life, as measured by the FACT-L. Therefore, 
none of the four trial of vandetanib after progression of platinum-doublet chemo-
therapy show any improvement in OS in comparison to standard treatment options. 
Given the observed toxicity of vandetanib, it has not been incorporated into the 
treatment algorithms for NSCLC.  

Anti-angiogenesis in Personalized Therapy of Lung Cancer
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    Nintedanib 

  Nintedanib is an   oral triple angiokinase inhibitor with activity against VEGFR, 
PDGFR, and FGFR, as well as members of the Src family and fl t-3 [ 82 ]. A random-
ized phase II trial of two dose levels of nintedanib reported similar effi cacy of single 
agent nintedanib 150 mg BID and 250 mg BID using a continuous dose schedule 
[ 83 ]. A subsequent phase I trial of nintedanib in combination with pemetrexed, 
reported that the recommended dose of nintedanib in combination with chemother-
apy was 200 mg BID [ 84 ]. This schedule was used in two subsequent phase III trials 
evaluating nintedanib, or placebo in combination with either pemetrexed [ 85 ], or 
docetaxel [ 86 ]. 

 The Lume-Lung 2  trial   evaluated the addition of nintedanib or placebo to peme-
trexed in patients with non-squamous histology [ 85 ]. This has been presented in 
abstract only. The trial was discontinued early following an interim analysis sug-
gesting futility. At the time of the fi nal analysis, there was no difference in RR 
(9.1 % vs. 8.3 %). However, there was a signifi cant improvement in PFS observed 
(4.4 m vs. 3.6 m, HR 0.83, 95 %CI 0.70–0.99). This did not translate into any 
improvement in OS (12.2 m vs. 12.7, HR 1.03, 95 %CI 0.85–1.24). The Lume-Lung 
1 trial evaluated nintedanib or placebo, plus docetaxel in patients with all NSCLC 
histologies [ 86 ]. The primary outcome was defi ned as PFS. OS for the entire study 
population was a secondary outcome. Prior to the database lock for OS, but after the 
PFS analysis was performed this was modifi ed to include a pre-specifi ed sequence 
for analysis for OS: fi rst in adenocarcinoma histology who progressed within 9 
months from start of initial fi rst-line therapy; next in all adenocarcinoma histolo-
gies; and then in all NSCLC histologies. It is important to recognise that while this 
was done to validate subgroup analyses from the Lume-Lung 2 trial, it involves 
some comparisons that are no longer randomized. The trial demonstrated a signifi -
cant improvement in PFS for the overall study population (3.4 m vs. 2.7 m, HR 0.85, 
95 %CI 0.75–0.96). In the analysis of OS, patients randomized to docetaxel and 
nintedanib with adenocarcinoma and less than 9 months from start of fi rst-line che-
motherapy to study entry, demonstrated improved OS in comparison to patients 
randomized to docetaxel plus placebo (10.9 m vs. 7.9 m, 95 %CI 0.60–0.92). A 
signifi cant improvement was also observed in all patients with adenocarcinoma his-
tology (12.6 m vs. 10.3 m, HR 0.83, 95 %CI 0.70–0.93). However, no difference 
was observed in OS for the original study population involving all histologies 
(10.1 m vs. 9.1 m, HR 0.94, 95 %CI 0.83–1.05). Adverse events occurring more 
frequently in patients receiving nintedanib included diarrhea, increased liver 
enzymes (ALT and AST), nausea, vomiting and decreased appetite. Excess hyper-
tension was not observed with this agent. 

 Nintedanib is the only oral anti-angiogenic agent evaluated in NSCLC patients 
following failure of fi rst-line therapy to demonstrate any improvement in 
OS. However, these fi ndings should be considered hypothesis generating at this 
time. There are plans to repeat this study with a population limited to adenocarci-
noma histology in NSCLC patients who progressed within 9 months of starting 
fi rst-line therapy.  
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    Cedirinib 

 There are  no   randomized data of cediranib following progression of fi rst-line 
platinum- based therapy. Preliminary results from a single arm phase II trial of 
pemetrexed plus cediranib was presented at the ASCO meeting in 2009 [ 87 ]. The 
observed RR was 16 % with an acceptable toxicity profi le. However, the lack of a 
suitable control group makes interpretation of these data challenging. This agent is 
not undergoing further development in NSCLC  

    Linifanib 

  Linifanib is an   oral anti-angiogenic agent active against VEGFR and PDGFR [ 88 ]. 
Only one phase II trial was identifi ed in which 139 patients were treated with 
single agent linifanib after progression on prior chemotherapy treatments [ 89 ]. The 
observed activity was modest and this agent remains experimental at this time.   

    Anti-Angiogenic Therapy in SCLC 

 There have been a number of trials evaluating targeted therapies in SCLC. To date, 
trials have evaluated matrix metalloproteinases [ 90 ], inhibitors of c-myc with ima-
tinib alone [ 91 ] or in combination with systemic therapy [ 92 ], BCL-2 antisense 
therapy [ 93 ], proteosome inhibition [ 94 ] and inhibition of insulin-like growth factor 
(IGF) [ 95 ]. All of these have been ineffective strategies that have failed to improve 
survival for patients with SCLC. One potential explanation is the complexity of 
molecular abnormalities occurring in SCLC [ 96 ,  97 ]. Inhibition of VEGF is a strat-
egy that has been routinely incorporated into the therapy of NSCLC. Multiple anti- 
angiogenic compounds have been evaluated in SCLC, although to date not have 
been proven to improve survival of patients (Table  6 ).

      Bevacizumab 

 Two single arm phase II trials    have evaluated the addition of bevacizumab to either 
cisplatin and irinotecan [ 98 ], or cisplatin or etoposide [ 99 ]. Ready et al, included 68 
patients in a phase II trial of cisplatin, irinotecan and bevacizumab [ 98 ]. The RR 
was 75 % and median PFS 7.0 months (95 %CI 6.4–8.4 m). The median OS was 
11.6 months (95 %CI 10.5–15.1 m). Common toxicities of the combination include 
neutropenia, nausea, diarrhea, dehydration and fatigue. A second phase II trial eval-
uated cisplatin, etoposide and bevacizumab [ 99 ]. Effi cacy was consistent with that 
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expected from standard chemotherapy. The observed RR was 63.5 %, with a median 
PFS of 4.7 months (95 %CI 4.3–5.5 m). Median OS was 10.9 months (95 %CI 
7.9–12.2 m). Common toxicities included neutropenia, thrombocytopenia, fatigue 
and weakness. Toxicities attributed to bevacizumab included hypertension, epi-
staxis, pulmonary and abdominal hemorrhage. 

 Bevacizumab has also been evaluated in a randomized phase II trial with cispla-
tin/carboplatin plus etoposide [ 100 ]. One hundred and two patients were random-
ized. There was no signifi cant improvement in RR (58 % vs. 48 %). Progression 
free survival signifi cantly favored the combination of cisplatin/carboplatin, etopo-
side plus bevacizumab (5.5 m vs. 4.4 m, HR 0.53, 95 %CI 0.32–0.86). This did not 
translate into any improvement in OS, however (9.4 m vs. 10.9 m, HR 1.16, 95 %CI 
0.66–2.04). Therefore, available data do not support the addition of bevacizumab to 
standard chemotherapy in SCLC.  

    Vandetanib 

 One randomized  trial    evaluated   vandetanib as maintenance therapy in SCLC [ 101 ]. 
The NCIC CTG BR20 trial included patients with both limited stage (LS) and 
extensive stage (ES) SCLC, with no evidence of disease progression following 
standard chemotherapy. One hundred and seven patients were randomized to van-
detanib or placebo. There was no improvement in PFS (2.7 m vs. 2.8 m, HR 1.01, 
95 %CI 0.75–1.36) and a trend to worse OS (10.6 m vs. 11.9 m, HR 1.43, 95 %CI 
1.0–2.05). Toxicities were consistent with those previously observed from vande-
tanib. Therefore, there is no evidence to support the use of vandetanib in SCLC.  

    Thalidomide and Other Immunomodulatory Agents 

  Thalidomide is    an   anti-angiogenic agent suppressing FGF and VEGF. The IFCT-
00-01 trial evaluated thalidomide in patients with ES SCLC who had evidence of 
tumor response following two cycle of induction therapy [ 102 ]. Patients were 
randomized to four additional cycles of chemotherapy with thalidomide 400 mg 
daily or placebo. Initially 119 patients were registered. The RR was 81.5 % and 
92 patients were randomized to thalidomide or placebo. There was no signifi cant 
difference observed in PFS (6.6 m vs. 6.4 m, HR 0.74, 95 %CI 0.49–1.12). Median 
OS was greater among patients receiving thalidomide, although this difference 
was not statistically signifi cant (11.7 m vs. 8.7 m, HR 0.74, 955CI 0.49–1.12). 
Patients on the thalidomide arm experienced more neuropathy, but other toxicities 
did not differ. A second randomized trial evaluated thalidomide or placebo, in 
combination with carboplatin and etoposide [ 103 ]. Seven hundred and twenty 
four patients were randomized and no differences were observed in overall sur-
vival. As a result, thalidomide does not appear to be an active agent when added 
to standard chemotherapy. 

P.M. Ellis
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 A phase I trial of pomalidomide, an immunomodulatory agent, added to cisplatin 
and etoposide was conducted by Ellis et al. [ 104 ] Overlapping hematological toxici-
ties did not allow pomalidomide to be administered at its recommended single agent 
dose. The observed response rates and overall survival were not suffi ciently active 
to warrant further development.  

    Sunitinib 

 Two  trials    have   evaluated sunitinib in SCLC. A phase II trial of sunitinib as second- 
line therapy showed some evidence of activity [ 105 ]. The RR was modest (9 %) and 
the median OS was 5.6 months (95 %CI 3.2–8.0 m). Only 25 patients were included 
and it is diffi cult to make any clear recommendations from this. However, there was 
some evidence of benefi t from sunitinib as maintenance therapy. The CALGB 
30504 initially planned to evaluate the combination of a platinum and etoposide in 
combination with sunitinib [ 106 ]. However, the observed toxicity was not tolerable. 
The trial was modifi ed to evaluate maintenance sunitinib or placebo following ini-
tial therapy with cisplatin/carboplatin and etoposide. There was a signifi cant 
improvement in PFS (3.8 m vs. 2.3 m, HR 1.54, 90 %CI 1.03–2.3). Overall survival 
also favored maintenance sunitinib although this difference was not statistically 
signifi cant (8.8 m vs. 6.7 m, HR 1.1, 90 %CI 0.71–1.7). These results were of suf-
fi cient interest to warrant a phase III trial of the same design. At present though, 
sunitinib should be considered an investigational agent in SCLC.  

    Sorafenib 

 Several single  agent   phase  II   trials of sorafenib have been conducted [ 107 ,  108 ]. 
Results are summarized in Table  6 . The RR and OS observed from the combination 
of carboplatin or cisplatin plus etoposide in combination with sorafenib does not 
appear greater than that expected from chemotherapy alone [ 108 ]. These trials 
included only a small number of patients, but the results do not appear to justify 
larger scale trials of these combinations. A second-line trial of sorafenib also showed 
modest activity [ 107 ]. Available data do not provide a strong rationale for further 
evaluation of sorafenib in SCLC.   

    Other Anti-Angiogenic Compounds under Evaluation 
for Lung Cancer 

 A number of other anti-angiogenic agents have  been   evaluated in lung cancer 
(Table  7 ). In general these agents are in early phase development in trial involving 
multiple cancer types. Activity has been observed in NSCLC patients providing a 
rationale for further evaluation. These agents have been primarily evaluated in 
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heavily pre-treated patients. The one exception is pazopanib. A planned randomized 
trial of adjuvant therapy with pazopanib did not proceed beyond a phase II compo-
nent because of inability to administer the planned dose of treatment [ 109 ]. Further 
development of this agent seems unlikely.

       Conclusions 

 Angiogenesis is felt to be a key factor in tumor growth and development and there-
fore an important therapeutic target in cancer. There have been a large number of 
trials evaluating multiple anti-angiogenic compounds in lung cancer, but the major-
ity of results have been disappointing. Unfortunately the majority of these agents 
have not improved the results of treatment in comparison to existing standard treat-
ments for lung cancer. Interestingly, there appears to be some differential effect of 
anti-angiogenic therapy according to histological subtype. Several agents, including 
sorafenib and motesanib, have demonstrated worse survival for patients with squa-
mous histology and toxicity concerns excluded patients with squamous cancers 
from therapy with bevacizumab. In addition, anti-angiogenic therapies add incre-
mental and at times, overlapping toxicities to existing lung cancer treatments. 

   Table 7    Summary of other anti-angiogenic  agents   under development in lung cancer   

 Agent 
 Mechanism 
of action  Stage of development 

 MGCD265  MET, VEGFR, 
Ron, Tie-2 

 Phase I multiple cancers in 
combination with Erl [ 111 ] 
 Phase I multiple cancers in 
combination with Doc [ 112 ] 

 One response seen in 
three NSCLC patients 
 Two responses seen in 
nine NSCLC patients 

 BMS690514  EGFR, Her2, 
VEGFR 

 Phase I in multiple cancers 
with expansion in NSCLC 
[ 113 ] 
 Phase I/II in NSCLC patients 
[ 114 ] 
 Phase I multiple cancers in 
combination with Carb+Pac 
[ 115 ] 

 One response observed 
in NSCLC 
 Two responses in 60 
patients 
 Five responses observed 
in eight NSCLC patients 

 Brivanib  FGFR, 
VEGFR 

 Randomized discontinuation 
design in multiple advanced 
solid tumors [ 116 ] 

 Insuffi cient activity in 
NSCLC to warrant 
further development 

 Pazopanib  VEGFR, PDGFR, 
FGFR 

 Phase II neoadjuvant study in 
stage I/II NSCLC [ 117 ] 
 Randomized trial of pazopanib 
in resected NSCLC [ 109 ] 

 Tumor reduction in 30 
of 35 patients, three 
responses 
 Trial did not proceed to 
phase III as unable to 
administer planned 
treatment 

   Erl  erlotinib,  Doc  docetaxel,  Carb  carboplatin,  Pac  paclitaxel  
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In some cases, such as cediranib, these additional toxicities requires dose reduction 
to a point where the drug is no longer benefi cial. 

 Bevacizumab remains the only approved anti-angiogenic agent in the treatment 
of lung cancer. Bevacizumab therapy is limited to patients with good performance 
status with non-squamous NSCLC, absence of brain metastases, and no major 
bleeding or thrombotic disorders. Meta-analyses of trials of bevacizumab in combi-
nation with platinum-based chemotherapy show a modest improvement in overall 
survival, but there are incremental toxicity concerns. Attempts to date, to identify 
additional subgroups of patients who derive greater benefi t from bevacizumab have 
not been successful. More recently, non bevacizumab-based treatment strategies 
have emerged. Data suggest that cisplatin or carboplatin plus pemetrexed followed 
by maintenance pemetrexed until disease progression, provides an alternative to 
bevacizumab-based therapy. 

 Overall, the results of trials evaluating oral anti-angiogenic agents have been 
disappointing. The majority of agents evaluated in phase III trials have not shown 
signifi cant improvements in survival for patients with lung cancer. The challenge is 
understanding whether these agents are ineffective, or whether the effects in a par-
ticular subgroup are lost among a larger, unselected population of patients. This 
may be the case for nintedanib, where no improvement was observed in OS in two 
trials, although a subgroup analysis of patients with adenocarcinoma and shorter 
time until disease progression suggested improved survival. There is a need to addi-
tional translational studies to answer these issues. 

 The data in SCLC is disappointing as well. In general, targeted therapies have 
not proven benefi cial in SCLC. Available data has not demonstrated a benefi t, 
although there is some promise for sunitinib as maintenance therapy after initial 
platinum and etoposide treatment. Further research is required to identify which, if 
any SCLC patients, might benefi t from anti-angiogenic based therapy.     
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           Introduction 

 Lung cancer is an extremely heterogeneous disease, with well over 50 different 
histological variants recognized under the fourth revision of the World Health 
Organization (WHO) typing system [ 1 ]. Because these variants have differing genetic 
and biological properties correct classifi cation of lung cancer is necessary to assure that 
lung cancer patients receive optimum management. Due to the recent understanding 
that histologic typing and  EGFR  mutation status are important for target the therapy 
in lung adenocarcinoma patients [ 2 ] there was a great need for a new classifi cation that 
addresses diagnostic issues and strategic management to allow for molecular testing in 
small biopsy and cytology specimens. For this reason and in order to address advances 
in lung cancer treatment an international multidisciplinary classification was 
proposed by the International Association for the Study of Lung Cancer (IASLC), 
American Thoracic Society (ATS), and European Respiratory Society (ERS) [ 3 ], 
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further increasing the histological heterogeneity and improving the existing 
WHO-classifi cation. Is now the beginning of personalized therapy era that is ideally 
fi nalized to treat each individual case of lung cancer in different way.  

    Oncogenic EGFR Mutation 

  The   EGFR family of TKs referred to as the HER or ErbB family, consists of four 
members – EGFR (HER1/ErbB1), HER2 (ErbB2), HER3 (ErbB3) and HER4 
(ErbB4). These members regulate many physiological processes and are involved in 
the modulation of cell proliferation, apoptosis, cell motility and neovascularisation, 
thus being able to induce important mechanisms related to cancerogenesis [ 4 ,  5 ]. 
The EGFR tyrosine kinase works through the auto- activation of the receptor via its 
homo/heterodimerization and autophosphorylation on tyrosine-rich cytosolic 
domains after the binding of the ligand. This leads to the beginning of two main 
downstream intermediate pathways: the PIK3CA/AKT1/MTOR pathway and the 
RAS/RAF1/MAP2K1/MAPK1 kinases [ 6 ]. There is evidence that the activated 
EGFR can also mediate signals through the STAT transcription factors [ 7 ,  8 ]. 
Improper activation and over-expression of EGFR-TK results in increased cell pro-
liferation, survival, invasion and metastasis. This has been implicated in the patho-
genesis and progression of many malignancies as well as in the poor prognosis of 
patients [ 7 ,  9 ,  10 ]. In malignant cells, including NSCLC cells, the activity of the 
receptor may become dysregulated and no longer under the control of inherent 
inhibitory mechanisms [ 11 ]. Spontaneous EGFR mutations often are oncogenic; 
that is, they activate the EGFR-signalling pathway in the absence of ligand and 
promote cell proliferation, survival and anti-apoptotic signals. These signalling net-
works make EGFR-mutated cells dependent on a functional EGFR for their sur-
vival, rendering them addicted to the receptor. Inhibition of EGFR leads to 
up-regulation of pro-apoptotic molecules and fi nally results in cell death through 
the activation of the intrinsic mitochondrial apoptotic pathway [ 12 ,  13 ]. There are 
several described mutations in the EGFR gene. The two most common are: (1) short 
in-frame deletions around the LREA motif of exon 19 (~45–50 % of mutations); 
and (2) a point mutation (CTG to CGG) in exon 21 that results in substitution of 
leucine by arginine at codon 858, L858R (~45–50 % of mutations) [ 14 ,  15 ]. These 
mutations are more frequently found in NSCLC with an adenocarcinoma histology, 
tumors in women, East Asians and never smokers [ 14 – 16 ]. EGFR mutations in lung 
cancers constitute one of the major subsets among those molecular aberrations 
occurring in lung cancers. The incidence of  EGFR mutations   in tumors with non-
small-cell histology ranges from ~15 % in Caucasians to ~50 % in East Asians [ 17 ]; 
95 % of such mutations have been found in adenocarcinomas [ 18 ]. Patients bearing 
 EGFR mutations   have shown favourable clinical outcomes even with conventional 
chemotherapy suggesting that EGFR may serve as a predictive factor as well as a 
prognostic factor [ 19 ]. Over 50 % of patients diagnosed with NSCLC present with 
stage IIIB or IV disease is not amenable to curative treatment [ 20 ] and the only 
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pathologic material guiding systemic therapy may be small biopsy and cytology 
specimens. Until the recent use of TKIs, the standard fi rst-line treatment for most 
patients with unresectable NSCLC and good performance status has involved the 
use of a combination of chemotherapy regimens (usually cisplatin-based), which 
from the 1970s and 1980s were shown to reproducibly achieve objective response 
in 20–30 % of advanced NSCLC patients. The most common combination regimens 
in use at present are gemcitabine with either cisplatin or carboplatin, followed by 
paclitaxel-carboplatin, vinorelbine-platinum and docetaxel-platinum combinations 
[ 21 ,  22 ]. The addition of the recombinant humanized monoclonal antibody bevaci-
zumab that binds to vascular endothelial growth factor (VEGF) to carboplatin and 
paclitaxel for the treatment of non-squamous advanced NSCLC has demonstrated 
to increase RR, PFS and OS when compared to chemotherapy alone [ 23 ]. Disease 
progression affects almost all patients after initial treatment and requires additional 
therapy. The agents approved for second-line therapy in advanced NSCLC are 
docetaxel [ 24 ], pemetrexed [ 25 ] and erlotinib [ 26 ]. When tested in randomized tri-
als [ 24 – 26 ], these agents have demonstrated a PFS below 2–3 months with a median 
overall survival no longer than 9 months in very few unselected patients. Despite 
recent advances with approval of more active chemotherapeutic and anti-angiogen-
esis agents for stage IV NSCLC, standard therapy can provide only modest clinical 
benefi ts with signifi cant toxicities when used in unselected patients. In 2004, the 
identifi cation of somatic mutations in the EGFR gene provided the fi rst glimpse of 
a possible target for a treatment [ 27 ,  28 ] which could maximize clinical outcome in 
those patients who could benefi t from a personalized therapy [ 29 ]. This implies the 
identifi cation of certain characteristic molecular lesions meant to be causally 
responsible for maintenance of the malignant phenotype and also distinctive of the 
cancer cells. Therapies targeted to these molecular lesions offer the prospect for 
tumor control and selectivity with less toxicity than traditional chemotherapy. 

 Several  phase III trials   (IPASS; WJTOG 3405; NEJ 002; OPTIMAL; EURTAC) 
have by now demonstrated dramatic improvement in response rates, quality of life, 
symptoms, and median progression-free-survival (by 2–5 months) with fi rst-line 
EGFR-TKI therapy compared with standard platinum-doublet chemotherapy in 
patients with EGFR mutation-positive NSCLC. Gefi tinib and erlotinib were the fi rst 
two agents to target the tyrosine kinase domain of the EGFR. Both these agents 
showed encouraging activity in patients with NSCLC who had been previously 
treated with chemotherapy in the phase I series and then in phase II trials [ 30 ,  31 ]. 
In order to determine whether an EGFR TKI or chemotherapy is the appropriate 
fi rst-line therapy, the latest guidelines recommend mutation testing for all patients 
with advanced NSCLC tumor. All EGFR-mutated patients treated with gefi tinib or 
erlotinib invariably develop acquired resistance to this kind of therapy [ 32 ,  33 ] 
(Fig.  1 ). The most common and fi rst identifi ed mutation is the threonine-790 to 
methionine (T790M) point mutation in exon 20 which represents approximately 
50 % of all acquired resistance in NSCLC [ 34 ]. The development of such genetic 
alteration restores the EGFR TK affi nity to ATP, rendering fi rst-generation TKIs 
inactive [ 35 ,  36 ]. Other secondary resistance mutations within the same gene have 
been reported infrequently (L747S, D761Y,T854A). Other mechanisms of acquired 
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  Fig. 1     Ways to leave your EGFR inhibitor: biochemical pathways leading to resistance to 
small molecule EGFR drugs such as gefi tinib and erlotinib.  ( a ) Structures of two approved 
EGFR TKIs, gefi tinib and erlotinib, used in the treatment of NSCLC. ( b ) Ribbon diagram of wild- 
type human EGFR (PDB code 2ITY), illustrating binding of gefi tinib to the active site of the kinase. 
The  magenta ball-stick  (located just above the gefi tinib molecule in the active site) indicates the 
gatekeeper residue (threonine790) that is commonly mutated to methionine (T790M), resulting in 
reduced inhibitor binding and drug resistance. ( c ) Simplifi ed pathway diagram of EGFR signaling 
through RAS/MEK/ERK and PI3K/PDK1/AKT indicating the points of mutation/amplifi cation in 
EGFR TKI resistance as reported by Sequist and colleagues. The resistance mechanisms include the 
EGFR T790M gatekeeper mutation, amplifi cation of EGFR T790M, MET amplifi cation, and 
PI3KCA mutation (note that additional epithelial to mesenchymal transition changes and transfor-
mation from the NSCLC to the SCLC phenotype also lead to resistance but are not covered by this 
illustration). The illustration also shows the FAS/NF-kB signaling arm downstream of the FAS 
death receptor that was shown to be important in TKI resistance by Bivona and colleagues ( Reprinted 
from Cancer Cell, 19, Paul Workman and Paul A. Clarke, “Resisting Targeted Therapy: Fifty Ways 
to Leave Your EGFR”, 437–440, 2011, with permission from Elsevier )       
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resistance include MET gene amplifi cation (also accounting for up to 20 % of pre- 
treatment tumoral resistances) [ 37 ], increased signalling through parallel pathways 
such as the ones of VEGF [ 38 ] and IGF1R [ 30 ], mutations and activation of PIK3CA 
[ 40 ] and transformation into a small-cell lung cancer phenotype [ 41 ]. Management 
of EGFR tumor resistance has become the next challenge in order to lengthen these 
patients’ overall survival; identifi cation of the molecular resistance mechanisms 
will allow for the treatment of TKI-resistant tumors. A new class of drugs, the so- called 
second-generation TKIs, may be able to overcome the T790M mutation resistant 
cell. Compared to fi rst-generation TKIs, these molecules show higher affi nity for 
the ATP-binding domain, form an irreversible covalent bond to the ATP- binding site 
and are able to stimulate other receptors (e.g. HER2). Neratinib (HKI- 272), one of 
the three agents investigated, hasn’t shown good RR when tested on patients with 
known T790M mutation [ 42 ], therefore further development of this drug in lung 
cancer has been halted.

       Clinical and Surgical Implications of the EGFR-Mutations 
Pattern 

     1.     EGFR mutational profi le in the pre-treatment assessment of NSCLC      

 As  the   EGFR mutational profi le of NSCLCs is a strong predictor of response to 
therapy with the highly effective TKIs the most recent algorithms for the management 
of advanced NSCLCs underline the importance of EGFR molecular testing prior to 
the initiation of therapy and in particular, EGFR mutations should be sought in those 
NSCLCs in which they occur most frequently such us in the adenocarcinomas. Due to 
the recent understanding that histologic typing and  EGFR  mutation status are impor-
tant for target the therapy in lung adenocarcinoma patients [ 2 ] there was a great need 
for a new classifi cation that addresses diagnostic issues and strategic management to 
allow for molecular testing in small biopsy and cytology specimens. 

 All previous WHO classifi cations have addressed histologic classifi cation 
primarily based on resection specimens. Since only 30 % of lung cancers are resect-
able, the vast majority of lung cancer patients present with advanced disease and are 
diagnosed based on small biopsy and cytology specimens. In 2011, the International 
Association for the Study of Lung Cancer, American Thoracic Society, and 
European Respiratory Society proposed a new classifi cation for lung adenocarci-
noma that included a number of changes to previous classifi cations. This classifi ca-
tion now considers resection specimens and small biopsies well as cytology 
specimens. For resection specimens, the new terms of adenocarcinoma in situ and 
minimally invasive adenocarcinoma are introduced for small adenocarcinomas with 
pure lepidic and predominantly lepidic growth, with invasion ≤5 mm, respectively. 
Invasive adenocarcinomas are now classifi ed by their predominant pattern as lepidic, 
acinar, papillary, and solid; a micropapillary pattern is newly added. 
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 This classifi cation also provides guidance for small biopsies due to the recent 
understanding that histologic typing and EGFR mutation status are important for 
target the therapy in lung adenocarcinoma patients. Actually, the value of 
 adenocarcinoma in situ or minimally invasive adenocarcinoma for early stage 
NSCLC and the value of EGFR expressed in patients with advanced NSCLC predicting 
a benefi t in terms of survival. 

 In the near future more surgical biopsies (in early and advanced disease) may be 
needed to defi ne the best therapeutic strategy.

    2.     EGFR mutational profi le in post-treatment assessment of locally-advanced 
NSCLC      

 It seems that chemotherapy is able to modify the EGFR expression in NSCLCs 
by increasing or decreasing it [ 44 ]. 

 This chemotherapy-related change may partially explain why chemotherapy 
resistant tumors are less sensitive to EGFR-TKI treatment than chemotherapy-naive 
tumors [ 45 ]. 

 Moreover, the modifi cation of the EGFR mutational pattern during chemotherapy 
may also explain why almost all clinical trials involving second-line TKI therapy 
have failed to show a positive correlation between EGFR mutation and progression-
free or overall survival [ 26 ,  46 ]. 

 Moreover, the shift in tumors from EGFR mutation status to wild-type status 
observed after fi rst-line chemotherapy suggests that both mutant and nonmutant 
cancer cells coexist in the same tumor. 

 To identify intratumor heterogeneity, Bai and co-workers [ 47 ] microdissected 
and analyzed EGFR mutation status in more than 2506 tumor foci of 79 tumors 
from patients with NSCLC who underwent palliative surgery. Approximately 38 % 
of tumors contained both EGFR-mutant and wild-type foci. It is interesting to note 
that a majority of EGFRmutation changes after chemotherapy were from mutant 
state to wild type, suggesting that cancer cells harboring EGFR mutations might be 
more sensitive to chemotherapy than those without mutation. Furtherly, Bai and 
coll. analyzed the relationships between chemotherapy responses and the shift of 
EGFR mutation status and found patients who achieved PR were more likely to 
have had EGFR mutation shift than those achieving SD (Stable Disease) or PD 
(Progression Disease) after chemotherapy. 

 Therefore, it may be reasonable assumed that EGFR mutation shift could be 
related to the heterogeneity of intratumoral EGFR mutation and to different chemo-
sensitivity levels of mutant and wild-type cells. These fi ndings should be considered 
in future studies designed to elucidate the predictive role of EGFR mutation in 
second- line TKI therapy for patients with NSCLC. 

 Finally, no studies have been reported till now to investigate EGFR mutational 
pattern before and after chemotherapy administered with induction intent 
in locally- advanced potentially resectable (Stage IIIa) NSCLC. As the matter of 
fact, it may be interesting to investigate the effect of induction chemotherapy – 
usually based on cisplatinum derivates among with gemcitabine- on the EGFR 
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mutational pattern, this representing an extreme simplifi ed model fi rst of all to 
evaluate the clonal resistance of neoplastic cells to drugs and also to investigate 
the biological response of the disease and the theoretical response to TKIs agents 
in alternative or in combination with surgical resection of the tumor following the 
induction protocol.

    3.     EGFR mutational profi le in the evaluation of suspicious second primary 
NSCLC      

 A better acknowledgement of the correlation between EGFR-mutations pattern 
and clonality in NSCLC may be extremely useful for other clinical scenarios. 

 As well, the assessment of multifocal lung tumours and the distinction of syn-
chronous primary tumours from intrapulmonary metastases represents an important 
problem as this decision signifi cantly infl uences tumour staging and subsequent 
treatment strategies. 

 In order to provide a basis for evidence-based treatment decisions in those 
patients, some Authors [ 48 – 50 ] have analysed the clonal relationship of multifocal 
NSCLC with indistinguishable histomorphology in a series of NSCLC patients. 

 In detail, Warth and co-workers have tested KRAS and EGFR mutations using 
polymorphic short tandem repeat markers in 78 suspicious multifocal NSCLC 
patients. Despite the limitation of the small sample, these preliminary data suggested 
a common clonal origin indicative of intrapulmonary metastases in almost two thirds 
(∼62 %) of the cases, while ∼36 % of multifocal NSCLC displayed unique molecu-
lar profi les suggesting separate primary tumours. 

 Therefore, as already suggested in 2 [ 51 ] although the IASLC/ATS/ERS classi-
fi cation recommended testing only patients with advanced adenocarcinomas for 
epidermal growth factor receptor (EGFR) mutations, we strongly advocate the 
assessment of EGFR mutations also in patients with synchronous/metachronous 
primary adenocarcinomas, because the eventual differences in clonality may indeed 
be a helpful tool for the differential diagnosis of pulmonary metastases vs secondary 
lung neoplasms.  

    Conclusion 

 It is reasonable to suggest that personalized therapy for NSCLC patients should 
include a genetic assessment of the EGFR mutational status for individual patients. 

 The appropriate role of an EGFR mutation routine analysis in the treatment of 
patients with NSCLC continues to evolve. In this context, preliminary evidences 
have emerged in the last decade, supporting the concept that EGFR mutation assess-
ment may be a useful tool with clinically relevant implications in almost all settings 
of NSCLC treatment. 

 Further clinical trials should evaluate the ability of preoperative TKIs to achieve 
better results than can be obtained with platinum-based chemotherapy in locally 
advanced EGFRmut(+) NSCLC patients. 
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 Finally, a close cooperation between clinicians, surgeons, molecular biologists 
and pathologists is crucial for a continuous improvement in the fi eld of NSCLC 
target therapy.     
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      Mechanisms of Resistance to EGFR Tyrosine 
Kinase Inhibitors and Therapeutic 
Approaches: An Update                     

       Aarif     Ahsan    

    Abstract     Resistance to epidermal growth factor receptor (EGFR) tyrosine kinase 
inhibitors (TKIs) in non small cell lung cancer (NSCLC) is mediated by two major 
mechanisms namely secondary mutation T790M in EGFR and cMET amplifi cation. 
Other molecular mediators which contribute towards TKI resistance include the 
activation of compensatory growth signaling, epithelial mesenchymal transition and 
microRNAs regulating EGFR and cMET levels. In this chapter, we have included 
the major mechanisms which contribute towards EGFR TKI resistance in 
NSCLC. Several therapeutic approaches to overcome TKI resistance are also pre-
sented which include second and third generation EGFR TKI inhibitors and cMET 
inhibitors. Further, the rationale to utilize the combination therapies to simultane-
ously target EGFR and other major oncogene addictive pathway such as ERBB2 
and AXL kinase is outlined. Another promising approach to overcome TKI resis-
tance is to potentiate EGFR protein for degradation. These studies will best be uti-
lized when we can identify the oncogene addictions in an individual patient and 
tailor the therapy/therapies accordingly for the maximum benefi ts.  

  Keywords     EGFR   •   Non small cell lung cancer   •   TKI resistance   •   cMET   •   Erlotinib  

        EGFR Activating (Drug Sensitive) Mutations 

   Epidermal growth factor receptor (EGFR)   is a receptor tyrosine  kinase   which 
belongs to the EGFR family, consisting of four members: EGFR, ERBB2, ERBB3, 
and ERBB4. Under physiological conditions, binding of ligands (e.g., epidermal 
growth factor, transforming growth factor-alpha, amphiregulin) activate the tyrosine 
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kinase activity of EGFR via homo- or heterodimerization with EGFR family mem-
bers [ 1 ]. In non small cell lung cancer (NSCLC), mutations in EGFR occur in exons 
encoding the ATP-binding pocket of the kinase domain (exons 18–21). In a cohort 
of nearly 1200 patients harboring EGFR mutations which are linked to clinical out-
comes, more than 145 different types of nucleotide changes have been reported 
within the EGFR kinase domain [ 2 ]. However, the most clinically relevant and 
extensively studied drug-sensitive mutations are deletions in exon 19 that eliminate 
a common amino acid motif (LREA) and point mutations in exon 21 that lead to a 
substitution of arginine for leucine at position 858 (L858R). Together, these two 
classes of mutations account for approximately 85 % of  EGFR  mutations in 
NSCLC. They are constitutively active and oncogenic [ 3 ,  4 ] due to the disruption of 
autoinhibitory interactions in EGFR [ 5 ]. Biochemical studies indicate that these 
mutants preferentially bind to fi rst generation tyrosine kinase inhibitors (TKIs) like 
gefi tinib and erlotinib over ATP, which account for the dramatic response of patients 
harboring these mutations to TKIs [ 5 ,  6 ]. Other potential drug-sensitive mutations 
occur at much lower frequency: G719 × (3 %), L861 × (2 %), [ 2 ] and exon 19 inser-
tions (1 %) [ 7 ]. The former two were associated with drug sensitivity in the original 
reports on EGFR mutations [ 8 ,  9 ], whereas the exon 19 insertions were recently 
reported as drug sensitive [ 7 ]. The rarity of clinical data associated with these less 
frequent mutants has made it more diffi cult to determine how drug sensitive they are 
in patients, however new data are emerging.  

    Mechanisms of Resistance to TKIs 

    T790M Mutation in EGFR 

 Despite  initial   response to EGFR fi rst generation TKIs, patients  with   mutant 
 EGFR  NSCLC experience disease progression within 12 months of treatment [ 10 ]. 
The most common mechanism of acquired resistance is the emergence of a second-
ary mutation in exon 20, T790M, within the catalytic cleft of EGFR. T790M muta-
tions are detected in approximately 50 % of NSCLCs that become resistant to 
fi rst- generation EGFR TKIs [ 11 ]. The T790M mutation was identifi ed in the germ-
line of a family predisposed to NSCLC, indicating an important role in NSCLC 
genetic susceptibility [ 12 ]. An analysis of pretreatment biopsies from NSCLC 
patients with  EGFR  mutations who subsequently received erlotinib reported that the 
incidence of double  EGFR  mutations (L858R or exon 19 deletion as well as T790M) 
was 35 % (45 of 129) with no difference in the initial response to erlotinib (63.6 % 
versus 72.3 %) in patients with or without T790M mutations. However, those 
patients showed lower progression free survival where T790M mutation was pres-
ent [ 13 ]. These fi ndings suggest that the T790M mutation may be present in some 
patients prior to TKI therapy and may be selected during therapy because of the 
treatment resistance associated with the mutation, suggesting the possibility of 
intrinsic resistance in these patients. Initially, steric hindrance of TKIs by the 
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“gatekeeper” T790M mutation has been hypothesized as the basis for T790M 
induced TKI resistance. Furthermore, the presence of T790M mutation increases 
the ATP affi nity of the oncogenic L858R mutant by approximately fi vefold. Therefore, 
enhanced ATP affi nity reduces the ability of reversible TKIs such as gefi tinib and erlo-
tinib to effectively compete with ATP binding. These factors lead to a dramatically 
reduced potency of TKIs in the setting of the L858R and T790M double mutation [ 6 ].  

    cMET Amplifi cation 

 Amplifi cation  of   Hepatocyte growth factor receptor (HGFR/cMET), a receptor 
tyrosine kinase, was detected in up to 20 % of NSCLC patients that developed 
acquired resistance to gefi tinib or erlotinib. Although, cMET amplifi cation can 
coexist with the EGFR T790M mutation, approximately 60 % of MET amplifi ca-
tion is independent of T790M mutation [ 14 ,  15 ]. cMET amplifi cation was originally 
identifi ed in a laboratory model of gefi tinib resistance using HCC827 human EGFR 
mutant NSCLC cells. In this gefi tinib resistant model, cells with EGFR TKI resis-
tance developed dependency on cMET signaling to activate phospho AKT through 
ERBB3-mediated activation of PI3K signaling in the presence of EGFR TKIs [ 15 ]. 
Additionally, the cMET ligand hepatocyte growth factor (HGF) is also shown to 
induce gefi tinib resistance through activation of cMET-PI3K signaling [ 16 ]. As seen 
in case of T790M mutations, cMET amplifi cation was also observed at a low fre-
quency in NSCLC patients prior to treatment and was associated with the develop-
ment of acquired resistance to EGFR TKIs [ 17 ]. Together these fi ndings suggest 
that EGFR TKI treatment may select for preexisting cells with cMET amplifi cation 
to develop EGFR TKI resistance.   

    Epithelial Mesenchymal Transition (EMT) 

  Another   mechanism which is shown to confer the resistance to TKI is an increase  in 
  EMT in NSCLC [ 10 ,  18 ]. In one study, the erlotinib resistant HCC4006 cells were 
shown to acquire mesenchymal phenotype and exhibited signifi cant down regula-
tion of E-cadherin [ 19 ]. EMT in response to TKI conferring resistance was medi-
ated by TGF Beta and IL-6 axis. Other studies suggest the involvement of ERK2 
signaling in TGF Beta mediated EMT in non-transformed cells [ 20 – 24 ]. In these 
tumors, ERK2 amplifi cation was speculated to be responsible for EMT and TKI 
resistance [ 25 ]. In a recent study, authors utilized tumor xenografts with acquired 
resistance to erlotinib and found alterations in the expression of several genes that 
are established biomarkers of erlotinib resistance. For example in resistant tumors, 
elevated levels of COL6A1 (encoding a type IV collagen), HMGA1 and HMGA2 
and reduced levels of keratin genes were found. Importantly, a critical mediator of 
EMT, AXL kinase was found to be dramatically induced by erlotinib resistance 
[ 26 ]. AXL kinase is a tyrosine protein kinase receptor UFO, which is involved in 
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stimulation of cell proliferation [ 27 ]. In the TKI resistant tumors, up regulation of 
AXL kinase was found to be the second most prevalent mechanism by which resis-
tance occurs followed by T790M mutation. Activation of AXL kinase occurred due 
to its over-expression as well as up regulation of its ligand GAS6 in the setting of 
resistant tumors. The up regulation of AXL kinase activity was a part of EMT asso-
ciated transcriptional program and Vimentin was involved in it. In this study, AXL-
overexpressing HCC827 erlotinib resistant cells showed increased migration and 
adhesion, the properties associated with EMT and the metastatic behavior of tumor 
cells. These fi ndings are consistent with previous studies showing that over-expres-
sion of AXL is associated with increased metastasis in several types of cancers [ 28 ]. 
These fi ndings also advocate that activation of multiple pathways involved in EMT 
may promote resistance to EGFR TKIs downstream of AXL upregulation. It is well 
studied that AXL can drive the growth of cancer cells through activation of several 
oncogenic pathways [ 28 – 30 ]. It will be important to determine the degree to which 
AXL activation may cooperate with other genetic and genomic alterations to induce 
resistance to EGFR inhibitors and other molecularly targeted therapies in 
NSCLC. The loss of E-cadherin can also be mediated by upregulation of 
Cyclooxygenase 2 (COX-2) metabolite, Prostaglandin E2 (PGE2) [ 31 – 33 ]. PGE2 
induces rapid ERK phosphorylayion, reduce E-cadherin levels and upregulate the 
transcriptional repressors zinc-fi nger E-box binding homeobox 1 (ZEB-1) and zinc-
fi nger factor Snail homologue 1 (Snail) in NSCLC. COX-2 inhibitors were shown 
to reverse these effects. Therefore, PGE2 or other infl ammatory cytokines in the 
tumor microenvironment may contribute to EGFR TKI resistance in NSCLC by 
suppressing E-cadherin expression. These fi ndings also provide a strong rationale 
for simultaneously targeting EGFR and COX-2 for lung cancer treatment.  

    Epigenetic Mechanisms 

 The  involvement   of specifi c micro RNAs (miRNAs) in regulating the expression of 
EGFR and cMET receptor tyrosine kinases and consequently, the metastatic behav-
ior and gefi tinib resistance in NSCLC is also reported [ 34 ]. miR-221 and miR-222 is 
shown to be regulated by c-MET and miR-30b, miR-30c, miR-221 and miR222 are 
regulated by both EGFR and cMET. In response to gefi tinib treatment, miR-30b, 
miR-30c, miR-221 and miR222 get down regulated and consequently, Apoptotic 
protease activating factor 1 (APAF-1) and B cell lymphoma 2 interacting mediator of 
cell death (BIM) get up regulated in TKI sensitive cells. In gefi tinib resistant cells, 
the levels of these four miRNAs did not decrease suggesting for their involvement in 
TKI resistance. Further, cMET inhibitors down regulate miR-30b, miR-30c, miR-
221 and miR222 in TKI resistant cells. Taken together, these fi ndings indicate that 
modulation of miR-30b, miR-30c, miR-221 and miR222 could have therapeutic 
implications to sensitize TKI resistant tumors. miR-221 and miR-222 has also been 
shown to regulated Phosphatase and Tensin homolog (PTEN) expression which might 
contribute towards TKI resistance [ 35 – 37 ]. Loss of PTEN is shown to aberrantly 
activate EGFR and c-MET signaling.  
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    Targeting the Resistance Mechanisms 

    Tyrosine Kinase Inhibitors 

 To overcome the TKI resistance mediated by fi rst generation TKIs, the second and 
third generation EGFR inhibitors are being developed which are outlined in Table  1 .

      Second Generations Inhibitors 

 The  development   of drugs that bind irreversibly to ERBB family members and/or 
inhibit multiple targets simultaneously, are being investigated to treat NSCLCs that 
are resistant to fi rst-generation EGFR TKIs [ 11 ]. Unlike reversible TKIs, irrevers-
ible TKIs contain a reactive Michael-acceptor group that binds covalently with 
Cys797 present at the ATP-binding cleft of mutant EGFR. This approach provides 
greater presence at the ATP site and overcoming the competition with ATP [ 6 ,  38 ]. 
The ability of an irreversible TKI to overcome resistance was demonstrated in vitro 
in mutant EGFR cell lines [ 39 ]. Several investigational irreversible multitargeted 
HER family TKIs (Table  1 ) are being evaluated in patients with NSCLC. These 
include neratinib or HKI-272 (Wyeth, which was acquired by Pfi zer in 2009, New 
London, CT), PF00299804 (Pfi zer), and afatinib or BIBW 2992 (Boehringer 
Ingelheim, Ingelheim, Germany).  

      Table 1    Details and status of EGFR TKIs   

 Drug name  Generic name  Target  Status 

  Reversible  
 ZD1839  Gefi tinib  EGFR  Approved 
 OSI776  Erlotinib  EGFR  Approved 
 BPI-2009H  Icotinib  EGFR  Approved 
 TAK-165  Mubritinib  EGFR/ERBB2  Phase I 
 XL647  NA  EGFR/ERBB2/FLT-4  Phase II 
 ZD6474  Vandetanib  EGFR/ERBB2/RET  Phase III 
 GW572016  Lapatinib  EGFR/ERBB2  Preclinical 
  Irreversible  
 EKB-569  Pelitinib  EGFR  Phase I 
 CI-1033  Canertinib  EGFR/ERBB2/ERBB4  Phase II 
 HKI-272  Neratinib  EGFR/ERBB2  Phase II 
 BIBW2992  Afatinib  EGFR/ERBB2/ERBB4  Phase III 
 PF-00299804  Daconitinib  EGFR/ERBB2/ERBB4  Phase III 
  Third generation  
 CO-1686  NA  EGFR T790M  Phase I/II 
 WZ4002  NA  EGFR T790M  Preclinical 
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    Neratinib (HKI-272) 

  Neratinib  , an  irreversible   ERBB family inhibitor that targets EGFR/ERBB1, 
ERBB2, and ERBB4 [ 40 ,  41 ] (Table  1 ), was evaluated in a phase I trial of patients 
with advanced solid tumors [ 42 ]. Of 14 evaluable patients with NSCLC, stable 
disease (SD) for 24 weeks was observed in six (43 %) patients. Despite preclinical 
data suggesting a role for neratinib in overcoming resistance mediated by T790M 
[ 39 ], no patients with a known T790M mutation responded in another study. Based 
on overall results, neratinib is no longer in development for NSCLC (  http://www.
clinicaltrials.gov    ), although it is being investigated in ERBB-2 positive breast 
cancer [ 43 ].  

    PF00299804 

  PF00299804,   an irreversible ERBB family inhibitor that targets EGFR/ERBB1, 
ERBB3, and ERBB4 [ 44 ] (Table  1 ), has demonstrated preclinical activity in gefi -
tinib-resistant NSCLC models both in vitro and in vivo [ 45 ]. In a phase I/II trial 
of PF00299804 in patients with NSCLC who progressed following one or two 
prior chemotherapy regimens and erlotinib [ 46 ], 36 patients with adenocarcinoma 
and fi ve patients with non-adenocarcinoma histology were evaluated for effi cacy. 
Among patients with adenocarcinoma, 67 % had a clinical benefi t (response), and 
among those with non-adenocarcinoma histology, the clinical benefi t rate was 
40 %.  

    Afatinib (BIBW 2992) 

 Afatinib is  an   oral irreversible  ERBB   family inhibitor that targets EGFR/ ERBB1, 
ERBB2 [ 47 ], and ERBB4 with preclinical data supporting a role in overcoming 
resistance to reversible EGFR TKIs [ 47 ]. Afatinib has been studied in multiple 
phase I clinical trials [ 47 – 52 ]. Three patients with NSCLC experienced PRs lasting 
24, 18, and 34 months; their tumors were found to have mutations in EGFR, 
although none had received prior EGFR TKI treatment. Two additional patients 
(one with NSCLC and one with esophageal cancer) had unconfi rmed partial 
responses (PRs). One of the NSCLC patients with an activating exon 19 mutation 
who had a PR was initially treated with afatinib (10 mg/day) but subsequently 
progressed and developed brain metastases. By investigator assessment, the objec-
tive relative risk (RR), disease control rate (DCR), median progression free sur-
vival (PFS) interval, and median OS time were 60 %, 86 %, 14 months, and 24 
months, respectively, for all patients [ 49 ]. The objective RR, DCR, and median 
PFS were 59 %, 83 %, and 16.1 months, respectively, for patients with L858R 
mutations and 69 %, 93 %, and 13.7 months, respectively, for patients with exon 
19 deletions.  
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    Third Generation (T790M EGFR Specifi c) Tyrosine Kinase Inhibitors 

 Despite the  initial   promise, the 4-anilinoquinazoline core structure that is common to 
the clinically available irreversible inhibitors, the second generation TKIs, do not 
show specifi city towards T790M EGFR compared with wild-type EGFR. New struc-
turally distinct irreversible ERBB family inhibitors, such as the pyrimidine- based 
inhibitors described were recently introduced by Zhou et al. [ 53 ]. This study screened 
a library of compounds to identify agents that inhibited growth of gefi tinib- resistant 
and gefi tinib-sensitive cell lines without producing toxicity in mutant KRAS cells at 
high concentrations. One such compound, WZ4002, is an irreversible inhibitor with 
chemical properties that favor 100-fold greater binding to the T790M mutant. 
WZ4002 also demonstrated a 100-fold weaker binding to wild-type EGFR than with 
neratinib and other quinazoline-based second generation EGFR inhibitors. 
Additionally, WZ4002 inhibited L858R/T790M EGFR kinase activity more potently 
than wild-type EGFR protein activity, whereas the opposite was true for neratinib 
and gefi tinib. Such fi ndings indicate that the concept of irreversible ERBB family 
inhibition is a very promising and may yet provide a solution to the problem of 
acquired resistance.   

    cMET Inhibitors 

 Multiple  agents   that inhibit the cMET signaling at  various   points have been studied. 
HGF-competitive analogs, such as NK4, have shown inhibitory activity in various 
cancer cell lines, [ 54 – 59 ]. Other compounds such as decoy cMET and the isolated 
Sema domain of cMET have the ability to simultaneously bind to both the ligand 
HGF and the receptor cMET [ 60 ,  61 ]. These agents have shown inhibition of cMET 
signaling in preclinical studies. Studies with specifi c antibodies against HGF/cMET 
have also shown encouraging results. Monoclonal antibodies against cMET, such 
as OA-5D5 and DN30, have been shown to cause tumor-cell growth inhibition 
[ 62 – 64 ]. In addition, monoclonal antibodies against HGF have also been developed 
(L2G7 and AMG102) and validated in several preclinical studies [ 65 ,  66 ]. Another 
way to inhibit the cMET pathway is through competitors for the ATP binding site in 
the TK domain of cMET. This type of inhibition is carried by the small molecule 
inhibitors such as PHA665752, ARQ 197, SGX523, JNJ-38877605, EXEL-2880, 
XL-184, MGCD265, MK2461, crizotinib (PF-02341066), K252a and MP470 
(Table  2 ). Engelman et al. exposed the gefi tinib resistant cells to the cMET inhibitor 
PHA665752, and restored tumor sensitivity to gefi tinib by reducing EGFR phos-
phorylation and inducing apoptosis [ 15 ,  67 ]. In the model of immnodefi cient mice 
with enhanced tumor growth due to increased production of HGF, the MET-specifi c 
small-molecule kinase inhibitor SGX523 partially inhibits the HGF-dependent 
growth of lung, breast and pancreatic tumors [ 68 ]. So far, the most relevant com-
pound developed in this arena is crizotinib (PF02341066), which has been recently 
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approved by the US FDA for the treatment of EML4/ALK mutant NSCLC tumors, 
targets cMET and ALK receptor TK. In a panel of different tumor cell lines, crizotinib 
inhibited phosphorylation of wild-type cMET. In lung carcinoma cells, crizotinib 
inhibited HGF-stimulated cell migration and invasion [ 69 ].

       Strategic Combination Therapies 

 In selected cases combination therapies have been utilized, specifi cally to inhibit the 
compensatory pathway which is activated and mediates TKI resistance. 

   Combining EGFR and c-MET Inhibitors 

 For  tumors   harboring cMET amplifi cation as a determinant to cause TKI resistance, 
 targeting   cMET receptor in combination to EGFR inhibitors are likely to predict a 
better response compared with individual targeting of EGFR. Antibodies targeting 
the cMET ligand, antibodies targeting MET itself and small molecules inhibitors 
against cMET are the therapeutic options for these combination therapies. The 
simultaneous inhibition of EGFR and cMET was shown to suppress the proliferation 
of cells and anti-tumor effi cacy in mice in HCC827 cells which develop gefi tinib 
resistance [ 15 ,  17 ]. Another study was carried out in NCI-H820 cells which natu-
rally harbor EGFR T790M mutation as well as cMET amplifi cation. In this study, 
small molecule cMET inhibition or knockdown of cMET along with EGFR inhibi-
tion suppressed the compensatory ERBB3 signaling and compromised cell viability 
[ 14 ]. From these studies, it was not clear whether T790M EGFR and cMET ampli-
fi cation co-occur in the same cell and whether the cell type is dependent on both of 
these factors. To address these issues, Xu et al. carried out a study, where they 

  Table 2    cMET inhibitors 
under development  

 Agent  Mechanism of action 

 PHA665752  Specifi c cMET inhibitor, ATP competitor 
 ARQ197  Selective cMET inhibitor, non-ATP 

competitor 
 SGX523  Selective cMET inhibitor, ATP competitor 
 JNJ- 38877605   Selective cMET inhibitor, ATP competitor 
 EXEL-2880  TKI, targets HGF and VEGFR family 

members 
 XL-184  Pan TKI 
 MGLD-265  cMET, VEGFR 1/2/3, Tie 2, Ron 
 MK-2461  Multi TKIs 
 K252a  Multi TKIs 
 MP470  TKI targets cMET, PDGFR, c-Kit 
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developed mouse model of adenocarcinoma harboring both T790M EGFR and 
cMET. In this study treatment with individual inhibitors of EGFR and cMET was 
un-affective and the combinatorial targeting of both these receptors caused signifi -
cant tumor regression. Importantly, this study strengthened the notion that in tumors 
harboring both T790M and cMET amplifi cations, both these lesions are drivers for 
growth [ 70 ].  

   EGFR and ERBB2 Inhibitors 

 The rationale  of   combining EGFR and ERBB2 inhibitors is via various molecular 
 interactions   across their downstream signaling pathways. It is known that the ligand 
independent activation of EGFR can be mediated by ERBB2 amplifi cation. Over- 
expression and amplifi cation of ERBB2 decreased the degradation of EGFR and 
increases its recycling to the cell membrane [ 71 ]. For simultaneous targeting of 
EGFR and ERBB2, two classes of inhibitors have been developed: agents which 
bind reversibly and those that bind irreversibly (covalently) to the ATP binding site 
in the tyrosine kinase domain in EGFR and ERBB2. Due to the mechanisms govern-
ing the resistance to reversible TKI, irreversible inhibitors targeting both EGFR and 
ERBB2 are likely to be better therapeutic choices. Irreversible TKI such as BIBW 
2992 is shown to inhibit the autophosphorylation of EGFR and ERBB2. This agent 
was more than 100-fold potent that gefi tinib against cells harboring the T790M+L858R 
mutation [ 47 ]. Another irreversible inhibitor HKI-272 caused dramatic tumor regres-
sion in mice model of TKI resistance [ 72 ]. In a Phase I clinical trial of BIBW2992, 
out of 26 patients with adenocarcinoma, 2 showed partial response. Another Phase II 
single arm clinical trial using BIBW2992, recently reported partial response in 43 
patients out of 67 in mutation positive patients. The disease control rate was 96 % 
and a median progression free survival was 10.2 months. A clinical trial utilizing 
HKI-272 showed stable disease in 42 % of 16 NSCLC patients previously treated 
with gefi tinib.  

   EGFR and EMT Inhibitors 

 To overcome  the   EMT associated with TKI resistance several  mediators   have been 
targeted [ 73 ]. Due to the role of ERK1/2 in EMT, ERK1/2 blockade by U0126 led 
to a suppression of TGF-Beta mediated EMT in NSCLC, restored epithelial pheno-
type of these cells and sensitized the TKI resistant cells in combination with gefi -
tinib [ 74 ]. E-cadherin re-expression is also utilized to target EMT in overcoming 
TKI resistance. ZEB1 is known to down regulate E-cadherin and promote 
EMT. ZEB1 was shown to be inhibited by utilizing Histone deacetylase inhibitors. 
In this study, the combination of HDAC inhibitors with erlotinib led to the reversal of 
TKI resistance in HCC4006ER cells [ 19 ]. Since the up regulation of AXL kinase 
was shown to be a critical determinant of TKI resistance in NSCLC, targeting of 
AXL kinase sensitized HCC827ER cells. In this study, knockdown of AXL kinase 
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in HCC827 parental cells did not affect survival, however, the knockdown decreased 
the survival of HCC827ER cells, suggesting the specifi c role of AXL kinase in 
mediating erlotinib resistance in these cells. Small molecule inhibitors of AXL 
kinase, MP-470 and XL-880 [ 28 ] in combination with erlotinib also decreased the 
viability of HCC827ER cells. The process of EMT is also governed by infl amma-
tory signals [ 75 ]. The infl ammatory enzyme COX-2 is frequently over-expressed in 
a variety of malignancies [ 76 ]. COX2 plays an important role in conferring malignant 
and metastatic phenotypes and its over-expression is involved in therapy resistance 
[ 77 ]. For instance, COX-2 over-expression in NSCLC is associated with apoptosis 
resistance, [ 78 ] angiogenesis, [ 79 ,  80 ] and metastasis [ 81 ,  82 ]. Most of these effects 
are mediated by prostaglandin E2 (PGE2). PGE2 and other infl ammatory cytokines 
in the tumor microenvironment may contribute to TKI resistance by downregulating 
the levels of E-cadherin. These fi ndings suggest a strong rationale of combining 
COX inhibitors with TKI to overcome TKI resistance [ 83 ]. However the clinical 
trials combining COX2 inhibitors with EGFR inhibitors did not show additional 
benefi ts compared with the individual treatment of EGFR inhibitor. It seems possi-
ble that in these trials suffi cient dose of COX2 inhibitor was not used to inhibit 
maximum COX2 activity [ 84 ,  85 ].  

   EGFR and mTOR Pathway Inhibitors 

 The rationale  for   combining EGFR inhibitors with mTOR inhibitors was based on 
studies  suggesting   an important survival function of mTOR-AKT axis as down-
stream effector of EGFR signaling [ 86 ]. The ability of the irreversible EGFR inhibi-
tor HKI-272 and rapamycin combination to promote more effective suppression of 
EGFR signaling to S6 and AKT kinases was demonstrated both in cultured NSCLC 
cell lines harboring double mutant EGFR alleles as well as in lung tumors in TL 
mice. The investigators suggest that HKI-272 may not suffi ciently overcome the 
biochemical drug resistance conferred by T790M and that further suppression of an 
essential AKT-mTOR signal downstream of EGFR is required to achieve a thera-
peutic response [ 87 ].    

    Promoting Oncogene Degradation 

 An  interesting   aspect by which TKI resistance has been targeted is via EGFR 
degradation. It is now well accepted that EGFR degradation is superior in causing 
cancer cell cyto-toxicity compared to simply inhibiting its tyrosine kinase activity. 
Weihua et al. reported that knockdown of EGFR caused autophagy and inhibition of 
EGFR only caused a transient cell cycle arrest [ 88 ]. Other fi ndings in head and neck 
tumor models suggest that promoting EGFR degradation may lead to cell death 
[ 89 ,  90 ]. Chemotherapeutic agents such as gemcitabine and cisplatin caused EGFR 
degradation which correlated with cell death. The importance of targeting EGFR for 
degradation to overcome TKI resistance was shown by knocking down EGFR in 
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several EGFR mutant cell lines. In this study, knockdown of EGFR caused a 
decrease in survival of EGFR dependent cells including NCI-H1975 cells harbor-
ing EGFR-T790M mutation [ 91 ]. This approach was utilized recently to develop a 
peptide based therapy which caused EGFR degradation in TKI resistant cells har-
boring T790M mutant EGFR. The peptide, named as Disruptin was shown to 
decrease survival of TKI resistant NCI-H1975 cells by disrupting EGFR-Heat 
shock protein 90 interaction, inhibiting EGFR homodimerization and promoting 
EGFR degradation [ 92 ].  

    Conclusions and Future Perspectives 

 The main signaling pathways contributing towards TKI resistance and the therapeu-
tic approaches to rationally target them are summarized in Fig.  1 . In order to better 
target the EGFR TKI resistance, it will be critical to understand the driver oncogene 
mediating resistance in a specifi c patient. The prescreening of patients for the driver 
mutations and amplifi cations need to be carried out and the personalized therapies 
need to be tailored depending upon the driver oncogene. For example, in patients 
with AXL kinase amplifi cation or COX2 over-expression, AXL or COX2 inhibitors 

  Fig. 1    Major signaling pathways which contribute towards the resistance to EGFR TKIs. In addi-
tion to EGFR family members, ERBB2, ERBB3 and ERBB4, AXL and cMET kinases have been 
reported to mediate EGFR TKI resistance in NSCLC patients. These compensatory pathways can 
be co-targeted by small molecule inhibitors and antibodies in combination with EGFR TKIs to 
overcome resistance as shown in the fi gure       
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need to be combined with EGFR TKI. Several preclinical studies suggest the 
re- emission of resistance due to another compensatory mechanism in response to 
individual therapies. As for instance, in case of irreversible EGFR inhibitors, resis-
tance develops due to downstream signaling mediators. A more effective approach 
would be to combine the fi rst generation EGFR inhibitor with the second or prefer-
ably third generation TKIs. Another promising approach is to target EGFR for deg-
radation, which accounts for inhibition of other functions of EGFR apart from its 
tyrosine kinase activity which are important for cancer cell survival. These elusive 
functions of EGFR might be governing the activation of compensatory pathway or 
downstream signaling mediators imparting TKI resistance. Since the majority of 
NSCLC patients which harbor TKI sensitive mutations also contain T790M muta-
tion, combining the T790M specifi c third generation inhibitors in combination with 
fi rst generation inhibitors as a combined therapy could be a preferred therapeutic 
choice for these tumors. The Holy Grail to maximize the benefi t of each NSCLC 
patient with EGFR activating mutation is to identify the oncogene addiction/s along 
with EGFR and provide a tailored combination therapy at the beginning of treatment 
before the resistance develops.
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       KRAS -Mutant Lung Cancers in the Era 
of Targeted Therapy 

                             Jarushka     Naidoo      and     Alexander     Drilon    

    Abstract      KRAS -mutant lung cancers account for approximately 25 % of non-small 
cell lung carcinomas, thus representing an enormous burden of cancer worldwide. 
 KRAS  mutations are clear drivers of tumor growth and are characterized by a complex 
biology involving the interaction between mutant KRAS, various growth factor path-
ways, and tumor suppressor genes. While  KRAS  mutations are classically associated 
with a signifi cant smoking history, they are also identifi ed in a substantial proportion 
of never-smokers. These mutations are found largely in lung adenocarcinomas with 
solid growth patterns and tumor-infi ltrating lymphocytes. A variety of tools are avail-
able for diagnosis including Sanger sequencing, multiplex mutational hotspot profi l-
ing, and next-generation sequencing. The prognostic and predictive roles of  KRAS  
status remain controversial. It has become increasingly clear, however, that  KRAS  
mutations drive primary resistance to EGFR tyrosine kinase inhibition. Until recently, 
mutant  KRAS  was not thought of as a clinically-targetable driver in lung cancers. With 
the expansion of our knowledge regarding the biology of  KRAS -mutant lung cancers 
and the role of MEK and PI3K/mTOR inhibition, the face of targeted therapeutics for 
this genomic subset of patients is slowly beginning to change.  

  Keywords     KRAS mutation   •   Lung cancer   •   Lung adenocarcinoma   •   Erlotinib 
resistance   •   Targeted therapy   •   MEK inhibition   •   Selumetinib   •   PI3K inhibition   • 
  mTOR inhibition   •   Hsp90 inhibition  

        Introduction 

 It is without question that the discovery of driver oncogenes has revolutionized the 
fi eld of lung cancer therapeutics. Since the description of activating mutations 
in the epidermal growth factor receptor ( EGFR ) in 2004 and the demonstration of 
dramatic effi cacy of EGFR tyrosine kinase inhibition in large randomized trials, 
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treatment paradigms have quickly shifted towards an emphasis on molecularly-
targeted therapy in genomic subsets of patients. With the increase in scope and 
sensitivity of molecular diagnostic testing, a putative driver is now identifi ed in the 
majority of lung cancer patients. 

  KRAS  mutations are perhaps the most infamous of these genomic aberrations. 
While these drivers were fi rst reported in lung cancers in the mid-80s and remain the 
most commonly mutated oncogenes in unselected patients, they have risen to fame 
as elusive targets in a rapidly-evolving fi eld of molecular therapeutics [ 1 ]. As our 
knowledge regarding the biology of  KRAS -mutant lung cancers grows, the latter is 
slowly beginning to change. Recent data on the effi cacy of combinatorial therapy in 
 KRAS -mutant lung cancers has sparked renewed interest in developing therapies for 
patients with these tumors. 

 In this chapter, we discuss the biology of  KRAS  mutations and tackle their pre-
dictive and prognostic roles in lung cancers. We then go on to detail the various 
molecularly-targeted strategies that have been employed to treat patients with these 
cancers.  

    The Biology of RAS 

  Activated   RAS (short for ‘rat sarcoma’) proteins are key regulators of cell growth 
across a variety of malignancies. They act to integrate signals from external growth 
factors with a variety of downstream effectors such as members of the RAF-MEK-
ERK and PI3K-AKT-mTOR pathways [ 2 ]. 

 RAS proteins are farnesylated via post-translational modifi cations. This results 
in localization to the cell membrane that is thought to be essential for activity. RAS 
proteins shuttle between inactive and active states, during which they are bound to 
GDP and GTP, respectively. These states are depicted in Fig.  1 . GDP bound to inac-
tive RAS is exchanged for GTP by GEFs or guanine nucleotide exchange factors, 
thus resulting in RAS activation [ 3 ]. Conversely, in activated RAS, the hydrolysis of 
GTP to GDP results in signal termination. This step is catalyzed by GAPs or GTPase-
activating proteins [ 4 ]. In addition, RAS proteins have intrinsic GTPase activity. 
GTP-bound activated RAS engages effector molecules belonging to multiple signal 
transduction cascades that, in addition to cell proliferation and survival, control other 
processes such as apoptosis, cell cycling, motility, and endocytosis.

   Three different RAS genes have been described in humans:  KRAS ,  HRAS , and 
 NRAS . The former two were fi rst identifi ed in the 1960s in studies of cancer-causing 
sarcoma viruses, namely the Kristen sarcoma virus and the Harvey sarcoma virus. 
 NRAS  was subsequently identifi ed in human neuroblastoma cells. Activating point 
mutations in  RAS  lead to mutant RAS proteins that acquire transforming potential. 
This occurs secondary to impaired GTPase activity and constitutive activation of 
signaling. 

 Structurally, these mutations result in replacement of an amino acid at position 
12, 13, or 61 [ 5 ]. The standard nomenclature used to describe these mutations 
denotes an amino acid change that occurs at one of these positions. For example, 
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 KRAS  G12D refers to a point mutation resulting in the substitution of the amino acid 
glycine (G) that is found in the wild-type state at position 12 of the KRAS protein, 
with the amino acid asparate (D). Preclinical work in  KRAS -mutant lung cancer cell 
lines has suggested that the type of amino acid substitution (e.g. G12C vs G12D) 
may affect downstream signaling differently, leading to a differential response to 
cytotoxic therapy [ 6 ]. Further studies are required to confi rm this hypothesis.  

     KRAS -Mutant Lung Cancers: Clinicopathologic 
and Molecular Features 

   KRAS  mutations account   for the majority of RAS mutations in human malignancies. 
They are implicated in the pathogenesis of a variety of solid tumors.  KRAS  mutations 
have been identifi ed in 60–90 % of pancreatic cancers, 35 % of colorectal cancers, 
20 % of serous ovarian cancers, and 15 % of thyroid cancers [ 7 ]. 

KRASKRAS GTPGDP GEFs

GAPs

cell survival,
proliferation, metastasis

growth factor receptor

RAF

MEK

ERK

PI3K

AKT

mTOR

  Fig. 1     KRAS signaling . KRAS acts to integrate external signals from extracellular ligands that 
bind transmembrane growth factor receptors. The KRAS protein is localized to the cell membrane 
via farnesylation and shuttles between inactive and active states in response to these upstream 
signals. In its inactive state, KRAS is bound to GDP. Guanine nucleotide exchange factors (GEFs) 
catalyze the exchange of GDP for GTP, thereby activating KRAS. Activated KRAS results in 
increased downstream signaling of growth factor pathways involved in cellular proliferation, 
survival, and metastasis (e.g. RAF-MEK-ERK and PI3K-AKT-mTOR). GTPase-activating pro-
teins (GAPs) hydrolyze GTP to GDP and result in signal termination       
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  KRAS  mutations were fi rst described in lung cancers in 1984 [ 8 ]. Santos et al. 
reported that an activating  KRAS  mutation was found in a human lung cancer speci-
men and not in normal tissue from the same patient, demonstrating that the mutation 
was somatically acquired. We have since come to learn that  KRAS  is the most com-
monly mutated oncogene in non-small cell lung carcinomas (NSCLCs), occurring 
with a frequency of approximately 25 % of unselected cases [ 9 ]. 

 A variety of molecular diagnostics are used to identify mutations in  KRAS . Testing 
can involve standard Sanger sequencing of the  KRAS  gene, or multiplex testing for 
specifi c mutational hotspots (e.g. Sequenom or SnapShot platforms). While these 
diagnostics have been extremely valuable over the last few decades, we are quickly 
moving into an era of massively-parallel high throughput or next- generation sequenc-
ing. In contrast to mutational hotspot testing that interrogates only specifi c mutations 
in  KRAS , next generation sequencing affords the advantage of both the identifi cation 
of mutations along the length of the gene and elucidation of aberrations in other 
tumor suppressor genes or oncogenes (Table  1 ).

    KRAS  mutations are largely found in lung adenocarcinomas although they have 
been infrequently described in squamous cell lung carcinomas where rigorous 
pathologic review was conducted [ 10 ,  11 ]. Rekhtman and colleagues tested 180 
lung adenocarcinomas for mutations in  KRAS  and  EGFR  and assessed these 

   Table 1     KRAS  -mutant lung cancers . Methods used to diagnose  KRAS  mutations in non-small 
cell lung cancer specimens are listed here. In addition, the various clinicopathologic and molecular 
features associated with  KRAS -mutant lung cancers are described   

  KRAS  mutations in non-small cell lung cancers 

 Diagnosis    Traditional Sanger sequencing 
   Multiplex mutational hotspot profi ling 
    Sequenom 
    SnapShot 
   Next-generation sequencing 

 Clinical features    Classically associated with a signifi cant history of current or former 
smoking 

   While less common, can be found in a substantial proportion of never or 
former light smokers 

   Reported to be more common in Caucasians compared to Asians 
 Pathologic 
features 

   Found largely in lung adenocarcinomas 
   Pathologic associations 
    Solid growth pattern 
    Mucinous tumors 
    Tumor-infi ltrating leukocytes 

 Molecular 
features 

   Tend to be mutually exclusive with other lung cancer drivers (e.g.  EGFR  
mutations,  ALK  fusions) 

   Can coexist with various tumor suppressor gene aberrations 
   Point mutation profi le varies 
      Transitions  (G12D, G13D, G12S): more common in never or former 

light smokers 
      Transversions  (G12C, G12A, G12V, G13C): more common in 

patients with a signifi cant smoking history 
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 specimens for the proportion of standard histologic patterns (acinar, lepidic, solid, 
mucinous, papillary, and micropapillary). In comparison to  EGFR -mutant and 
 KRAS/EGFR -wild-type tumors, the solid growth pattern was signifi cantly over-
represented in  KRAS -mutant tumors.  KRAS -mutations were also more commonly 
seen in mucinous adenocarcinomas that were signifi cantly associated with the pres-
ence of tumor-infi ltrating leukocytes [ 12 ]. 

 Classically,  KRAS  mutations are thought to be found more commonly in patients 
with a signifi cant history of smoking [ 13 ,  14 ]. In 2008, however, work by Riely et al. 
established that  KRAS  mutations are found in up to 15 % of never-smokers with 
lung cancers. We are now aware that this phenomenon extends to other drivers in 
lung cancers. While driver oncogenes can be found more commonly in patients with 
specifi c smoking histories (e.g.  ALK  fusions in never-smokers,  BRAF  mutations in 
current or former smokers), molecular testing should not be withheld from patients 
regardless of their pack-year history as these aberrations are identifi ed in patients with 
varying degrees of exposure to tobacco. There is some evidence to support ethnic 
differences in the frequency of KRAS mutations, with a higher  frequency noted in 
Caucasians compared to Asians and potentially African Americans [ 15 ,  16 ]. 

 While exceptions to the rule have been reported,  KRAS  mutations tend to be 
mutually exclusive with other known lung cancer drivers such as  EGFR  mutations 
and  ALK  fusions. Substantial heterogeneity exists in the specifi c type of point muta-
tion found in  KRAS . In an analysis of data from the Catalogue of Somatic Mutations 
in Cancer (COSMIC), G12C was the most common mutation (42 %), followed by 
G12V (21 %), and G12D (17 %) [ 5 ]. A number of other mutations in codons 12, 13, 
and 61 have been described at lower frequencies. 

 Similar to what has been described with  TP53 , the type of point mutation found 
in  KRAS -mutant lung cancers varies by smoking history. Transition point mutations 
(where a purine is exchanged for a purine or a pyrimidine for a pyrimidine, e.g. 
A→G or T→C, respectively), are more commonly found in never-smokers. The 
transition  KRAS  G12D is the most common point mutation in never-smokers. Other 
examples of transitions include G13D and G12S. Transversion point mutations 
(where a purine is exchanged for a pyrimidine or vice-versa, e.g. G →C or A→T), 
on the other hand, are more common in former/current smokers.  KRAS  G12C is the 
most common transversion in this population [ 17 ,  18 ]. Other examples of transver-
sions include G12A, G12V, and G13C.  

    The Prognostic Nature of  KRAS  Mutations 

 Soon after  the   description of  KRAS  mutations in lung cancer in 1984, a number of 
studies began to emerge addressing the potential prognostic nature of these aberra-
tions. In the 1990s, the prevailing sentiment was that  KRAS  mutations represented a 
negative prognostic marker for survival in patients with lung adenocarcinomas [ 19 ]. 
This viewpoint has since come into question as data from both individual and pooled 
studies have generated confl icting results. 
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  Individual Studies     The role of  KRAS  mutations as a prognostic factor in lung 
cancer remains a controversial issue. While the prognostic nature of  KRAS  status 
has been studied widely in non-small cell lung carcinomas of all stages, patients 
with early-stage lung cancers represent a signifi cant proportion of subjects. In com-
parison to studies in advanced-stage lung cancers, surgical specimens in early-stage 
studies afford the advantage of larger tumor samples on which molecular diagnostic 
testing can be more easily performed. These studies are summarized in Table  2 .

    The  Eastern Cooperative Oncology Group (ECOG)   E4592 study was a random-
ized control trial investigating the potential benefi t of adjuvant thoracic radiation 
with or without four cycles of cisplatin/etoposide in patients with resected stage 
II-IIIA non-small cell lung cancers. This was the fi rst large prospective study that 
assessed the role of  KRAS  mutations as determinants of prognosis. 184 tumors in 
this study were evaluated for  KRAS  status. Of the 44  KRAS -mutant tumors, 33 % 
were of non-squamous histology and 4.8 % were squamous cell carcinomas. While 
the overall survival of patients with  KRAS -mutant lung cancers was numerically 

   Table 2     KRAS s  tatus as a prognostic marker in lung cancer . Selected individual and pooled 
studies investigating the role of  KRAS  mutations as potential prognostic markers in non-small cell 
lung cancers are summarized here. While  KRAS  mutations were thought to be negative prognostic 
factors for survival, data remains confl icting   

 Reference 
 Patients tested 
for  KRAS  

 Patients by  KRAS  status  Results  KRAS -Mt vs  KRAS  
WT  Mt  WT 

 Selected individual studies 

 Kern et al. 1994 [ 20 ]  n = 44 
 Stage I–IV 

 16 (36 %)  28 (64 %)  HR for OS 1.7 (0.8–3.5), 
p = 0.16 

 Keohavong et al. 
1996 [ 21 ] 

 n = 173 
 Stage I–IV 

 43 
 (25 %) 

 140 
 (75 %) 

 No difference in OS, p = 0.96 

 Graziano et al. 1999 
[ 22 ] 

 n = 213 
 Stage I–II 

 35 
 (16 %) 

 178 
 (84 %) 

 Median OS 39 mo vs 53 mo, 
p = 0.33 

 Schiller et al. 2001 
[ 9 ] 

 n = 184 
 Stage II–IIIA 

 44 (24 %)  140 (76 %)  Median OS 30 mo vs 42 mo, 
p = 0.38 

 Lu et al. 2004 [ 23 ]  n = 94 
 Stage I 

 32 
 (34 %) 

 62 
 (66 %) 

 HR for OS 1.18 (0.71–1.95), 
p = 0.52 

 Grossi et al. 2003 
[ 24 ] 

 n = 249 
 Stage I–IIIA 

 47 (19 %)  202 (81 %)  HR for OS 1.46 (0.96–2.22), 
p = 0.08 

 Tsao et al .  2007 [ 25 ]  n = 450 
 Stage IB–II 

 117 
(26 %) 

 333 (74 %)  HR for OS 1.23 (0.76–1.97), 
p = 0.40 

  Pooled analyses  
 Mascaux et al. 
meta-analysis, 2005 
[ 26 ] 

 n = 3620 
 Stage I–IV 

 18 % by 
PCR 

 82 % by 
PCR 

 HR for OS 1.35 (1.16–1.56), 
p = 0.01 
 ( KRAS  mutation or p21 
expression) 

 Shepherd et al .  
LACE-Bio, 2013 [ 27 ] 

 n = 1,532 
 Stage I–III 

 300 
 (19 %) 

 1,232 
 (80 %) 

 HR for OS 1.17 (0.96–1.42), 
p = 0.12 

   Mt  mutant,  WT  wild-type,  HR  hazard ratio,  PFS  progression-free survival,  OS  overall survival,  mo  
months  
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inferior to patients with  KRAS  wild-type lung cancers, this fi nding was not statistically 
signifi cant. The median overall survival of patients with  KRAS -mutant tumors was 
30 months, compared to 42 months for patients with KRAS wild-type tumors 
(p = 0.38). On multivariate analysis, only age and tumor stage were found to be sig-
nifi cant prognostic factors, although a trend was observed bordering on statistical 
signifi cance for KRAS status (p = 0.07) [ 9 ]. 

 In the JBR.10 study of patients with resected stage IB-II NSCLC, patients were 
randomized to receive either four cycles of adjuvant cisplatin/vinorelbine or obser-
vation. This was a positive trial that demonstrated a 15 % absolute improvement in 
5-year survival in patients who received chemotherapy versus observation (HR, 
0.78; 95 % CI, 0.61–0.99; p = 0.04). Overall,  RAS  mutations were detected in 24 % 
of patients, and this fi nding was not prognostic for overall survival (p = 0.40) [ 28 ]. 

 The  International Agency for Research on Cancer (IACR)   examined the effect 
of  KRAS  status in early stage resected NSCLCs in the European Early Lung Cancer 
trial.  KRAS  mutations were identifi ed in 18.5 % of tumors, 30.6 % of which were 
lung adenocarcinomas (n = 41/134) and 4.3 % squamous cell carcinomas 
(n = 5/115).  KRAS  status was not shown to be prognostic for progression-free sur-
vival (p = 0.26) [ 29 ]. 

 The Cancer and Leukemia Group B-9633 (CALGB-9633) trial was a phase III 
study that randomized patients with stage IB NSCLC to either four cycles of adju-
vant carboplatin/paclitaxel or observation. The study was a negative trial that failed 
to meet its primary endpoint.  KRAS  mutations were detected in 27 % of tumors 
(n = 71/258), and no prognostic effect of  KRAS  status was demonstrated (HR for OS 
1.1, p = 0.747) [ 30 ]. 

  Pooled Analyses     The individual studies discussed in the previous section have 
largely been limited by small numbers and insuffi cient power to draw conclusions 
on the prognostic nature of  KRAS  status in non-small cell lung cancers. Thus, a 
number of meta-analyses have been performed in attempt to answer this question.  

 Mascaux and colleagues published a meta-analysis of 28 studies and 3620 patients 
aimed at assessing the prognostic signifi cance of  KRAS  status on both disease- free 
survival and overall survival in the adjuvant setting. The study demonstrated that the 
presence of a  KRAS  mutation was a negative prognostic factor for overall survival 
(HR for OS 1.35, CI 1.16–1.56, p = 0.01, random effect model), although this took 
into account both patients with a  KRAS  mutation and p21 expression. Similarly, 
 KRAS  mutations portended poorer overall survival in patients with lung adenocarci-
nomas (HR 1.52, CI 1.30–1.78, p = 0.02). These fi ndings were not seen in the subset 
of patients with squamous cell lung carcinomas (HR 1.49, CI 0.88–2.52, p = 0.48). 
 KRAS  status was a signifi cant prognostic marker when polymerase chain reaction 
sequencing was employed as the method of assessment (HR 1.39, CI 1.22–1.58, 
p = 0.03). In contrast, immunohistochemistry (IHC) to detect p21 status was not 
found to be signifi cantly prognostic (1.08, CI 0.86–1.34, p = 0.21) [ 26 ]. 

 Pooled data from 1721 patients from four randomized control trials comparing 
adjuvant chemotherapy versus observation (ANITA, IALT, JBR.10, and 
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CALGB- 9633) were analyzed as part of the LACE-Bio (Lung Adjuvant Cisplatin 
Evaluation-Biomarker) study.  KRAS  status was tested by restriction fragment length 
polymorphism, allelic specifi c oligonucleotide hybridization, or allelic refractory 
mutation system analysis and mass spectrometry. These detection methods were 
employed as they were deemed to demonstrate greater sensitivity than direct 
sequencing techniques [ 27 ]. 

  KRAS  status was successfully determined in 1532 patients. 20 % of these sam-
ples were found to be  KRAS -mutant, of which 34 % were adenocarcinomas 
(n = 206/602), 6 % were squamous cell carcinomas (n = 44/705.) and 23 % were 
from non-squamous, non-adenocarcinoma histologies (n = 53/229.)  KRAS  muta-
tions were found to be more frequent in women, younger patients, and early stage 
disease. In a multivariate analysis, only age (p = 0.04) and histology (p < 0.0001) 
were signifi cant prognostic indicators. 

 There was no signifi cant difference in overall survival based on  KRAS  status (HR 
for OS 1.17, CI 0.96–1.42, p = 0.12) with no heterogeneity among trials (p = 0.47). 
Similarly, there was no signifi cant difference in disease-free survival based on 
 KRAS  status (HR for DFS 1.15, CI 0.96 = 1.39, p = 0.14). No prognostic difference 
for overall survival was demonstrated between different types of  KRAS  mutations, 
such as those involving codon 12 (HR: 1.04, CI 0.77–1.40) or codon 13 (HR 1.01, 
CI, 0.47–2.17, p = 0.96). There was no signifi cant difference in prognosis for codon 
12 subgroups for both disease-free (p = 0.98) and overall survival (p = 0.99).  

    The Predictive Nature of  KRAS  Mutations 

  Benefi t  of   Adjuvant Chemotherapy in Early-Stage Lung Cancers     A number of 
randomized studies have investigated whether  KRAS  status might predict for 
response to adjuvant chemotherapy in non-small cell lung cancers. Similar to what 
we have seen in the previous section on the prognostic value of  KRAS  status, these 
trials have demonstrated discordant results. To date,  KRAS  status has not served as 
a valuable criterion to determine if patients with resected non-small cell lung can-
cers should receive adjuvant platinum-based chemotherapy.  

 In the JBR.10 study of adjuvant cisplatin and vinorelbine in resected stage IB-II 
non-small cell lung cancers, no statistically signifi cant benefi t of chemotherapy over 
observation was observed in patients with  RAS  wild-type tumors (median survival 
7.8 vs 6.6 years, HR, 0.84, CI 0.63–1.12; p = 0.24). Similar results were obtained for 
patients with  RAS -mutant lung cancers (median survival 9.7 vs 7.8 years, HR 0.82, 
CI 0.50–1.35, p = 0.44). Although the interaction term was non-signifi cant for 
disease- specifi c survival,  RAS  wild-type patients appeared to derive more benefi t 
from chemotherapy (HR 0.72, CI 0.51–1.02, p = 0.06) compared with  RAS -mutant 
patients (HR, 1.07, CI 0.61–1.88, p = 0.82) [ 28 ]. 

 In the CALGB 9633 study of adjuvant carboplatin and paclitaxel for resected 
stage IB non-small cell lung cancers, 5-year overall survival was not signifi cantly 
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different between  KRAS -mutant and  KRAS  wild-type patients that received chemo-
therapy (55 % vs 62 %, HR 1.2, p = 0.58). Five-year overall survival was likewise 
not different between  KRAS -mutant and  KRAS  wild-type patients who were ran-
domized to observation (67 % vs 59 %, HR 1.1, p = 0.75). Adjuvant chemotherapy 
in patients with large tumors (>4 cm) was not signifi cantly associated with benefi t 
in patients with  KRAS  wild-type (HR 0.69, p = 0.18) or  KRAS -mutant patients (HR 
1.2, p = 0.55) [ 30 ]. 

 Given the limitations of previous studies, investigators pooled data from three 
 Lung Adjuvant Cisplatin Evaluation (LACE)   platinum-based adjuvant chemother-
apy trials to examine the role of  KRAS  status. The analysis revealed no signifi cant 
effect of  KRAS  status on overall survival benefi t from adjuvant chemotherapy over 
observation ( KRAS  wild-type tumors HR 0.89, CI 0.76–1.05, p = 0.15;  KRAS -mutant 
tumors HR 1.05, CI 0.76–1.46, p = 0.77). Results were not different among trials 
(p = 0.52). Results were similar for disease-free survival ( KRAS  wild-type tumors 
HR 0.86, CI 0.74–1.00, p = 0.04;  KRAS -mutant tumors HR 0.93, CI 0.68–1.27, 
p = 0.65) [ 27 ]. 

 In terms of the different types of  KRAS  mutations, no benefi t in overall survival 
was seen in patients with codon 12 mutations (HR 0.95, CI 0.67–1.35, p = 0.77). 
However, patients with codon 13 mutations had worse outcomes with adjuvant che-
motherapy compared to patients who did not receive chemotherapy (HR for OS 
5.78, CI 2.06–16.2, p < 0.01). A variable effect on overall survival was seen with 
codon 12 mutations: G12A or G12R (HR 0.66, p = 0.48), G12C or G12V (HR 0.94, 
p = 0.77) and G12D or G12S (HR 1.39, p = 0.48) but these differences were not sig-
nifi cant (comparison of four HRs, including wild-type, p = 0.76). The authors con-
cluded that  KRAS  status cannot be used to select patients with non-small cell lung 
cancer for adjuvant chemotherapy. 

  Benefi t of Chemotherapy in Advanced Lung Cancers     Little is known regarding 
the role of  KRAS  mutations as predictors of response or resistance to cytotoxic chemo-
therapy. As with adjuvant chemotherapy, currently available data do not support the 
use of  KRAS  status as a means of selecting patients for systemic chemotherapy.  

 In the phase III TRIBUTE (Tarceva Responses in Conjunction with Paclitaxel and 
Carboplatin trial in advanced NSCLC) trial, fi rst-line chemotherapy with carbopla-
tin, paclitaxel, and erlotinib was compared to carboplatin, paclitaxel, and placebo. 
 KRAS  mutations were present in 21 % of tumor samples tested. In patients that 
received carboplatin and paclitaxel alone, response rate was not different between 
patients with  KRAS -mutant and  KRAS  wild-type tumors (23 % vs 26 %). Time to 
progression and overall survival in the  KRAS -mutant and  KRAS  wild-type cohorts 
that received chemotherapy alone were as follows: TTP 6 mo vs 5.4 mo, OS 13.5 mo 
vs 11.3 mo [ 31 ]. 

 Small retrospective studies have been reported that did not reveal statistically 
signifi cant benefi ts for palliative chemotherapy based on  KRAS  status in patients 
with advanced non-small cell lung cancers [ 32 ,  33 ]. In a retrospective study by Levy 
and colleagues of 16 patients with  KRAS -mutant/ EGFR -wild-type and 19 patients 
with  KRAS / EGFR -wild-type non-small cell lung cancers who received fi rst-line 
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platinum-based pemetrexed-containing chemotherapy, overall response rate was not 
signifi cantly different (56 % vs 36 %, p = 0.30). Within the limits of a small retrospec-
tive series and variable follow-up, median progression-free survival was improved in 
 KRAS -mutant patients vs  KRAS  wild-type patients (10.3 vs 5.7 mo, p = 0.03). Overall 
survival was not reported [ 34 ]. These results remain hypothesis-generating. 

  Benefi t of EGFR-Directed Targeted Therapy     The KRAS protein lies directly 
downstream of the epidermal growth factor receptor (EGFR). Due to its position in 
the signaling cascade, mutant KRAS is hypothesized to cause persistent pathway 
activation independent of EGFR signaling, thus conferring resistance to EGFR tyro-
sine kinase inhibition (TKI). While activating  EGFR  mutations are recognized as 
the strongest predictors of benefi t from EGFR TKI use, a number of trials in 
advanced non-small cell lung cancers have asked the question of whether or not 
 KRAS  mutations are negative predictors of response to EGFR TKI therapy (Table  3 ).

    The potential role for  KRAS  status as a predictive marker, was investigated in two 
phase III clinical trials examining single agent EGFR TKI versus best supportive 
care. The NCIC BR.21 trial compared erlotinib with placebo in patients with stage 
IIIB/IV non-small cell lung cancers who received one or two prior chemotherapy 
regimens. Overall survival was improved from 4.7 to 6.7 months in patients who 
were randomized to placebo versus erlotinib (p < 0.01). No signifi cant difference in 
response rate was noted in patients who received erlotinib with  KRAS -mutant vs 

    Table 3     KRAS s  tatus as a predictive marker of EGFR TKI benefi t . Selected individual and 
pooled studies investigating the role of  KRAS  mutations as potential predictive markers of EGFR 
tyrosine kinase inhibition (TKI) with gefi tinib or erlotinib in non-small cell lung cancers are 
summarized here. In general,  KRAS  mutations are thought to confer resistance to therapy   

 Study  Arm  Endpoint   KRAS -Mt   KRAS  WT 

 TRIBUTE Eberhard et al. [ 31 ]  Carboplatin, paclitaxel, 
and erlotinib 

 ORR  8 %  26 % 
 TTP  3.4 mo  5.3 mo 
 OS  4.4 mo  12.1 mo 

 Hirsch et al. [ 35 ]  Erlotinib  ORR  7 %  19 % 
 PFS  3 mo  3 mo 
 OS  12 mo  11 mo 

 Massarelli et al. [ 36 ]  Erlotinib or gefi tinib  ORR  0 %  13 % 
 TTP  1.7 mo  2.4 mo 
 OS  5.0 mo  9.4 mo 

 TRUST 
 Schneider et al. [ 37 ] 

 Erlotinib  ORR  0 %  9 % 

 BR.21 
 Zhu et al. [ 38 ] 

 Erlotinib  ORR  5 %  10 % 

 INTEREST Doulliard et al. [ 39 ]  Gefi tinib  ORR  0 %  10 % 
 PFS  1.4 mo  2.6 mo 
 OS  7.8 mo  7.5 mo 

 Mao et al .  pooled [ 14 ]  Erlotinib or gefi tinib  RR  3 %  26 % 

   Mt  mutant,  WT  wild-type,  HR  hazard ratio,  PFS  progression-free survival,  OS  overall survival, 
 TTP  time to progression,  mo  months  
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 KRAS  wild-type tumors (5 % vs 10 %, p = 0.69). An interaction test did not demon-
strate a signifi cant difference in survival based on  KRAS  status (interaction  p  = 0.09) 
[ 38 ]. A similar analysis was undertaken for the ISEL study (Iressa Survival 
Evaluation in Lung Cancer) of gefi nitinib vs placebo in second- and third-line 
patients with advanced non-small cell lung cancers. A  KRAS  mutation was detected 
in 7.9 % ( n  = 12) of 152 tumor samples. Due to the limited number of cases detected, 
no reliable conclusion could be drawn from the impact of  KRAS  status on the benefi t 
of gefi tinib versus best-supportive care [ 35 ]. A number of other studies examining 
the role of  KRAS  status as a predictive marker of benefi t from EGFR TKI inhibition 
are summarized in Table  3 . 

 The  TRIBUTE trial   supports the potential role for  KRAS  as a negative predictor 
of response to erlotinib plus chemotherapy versus chemotherapy alone. In patients 
with  KRAS -mutant tumors, overall response rate was lower in patients who received 
erlotinib and chemotherapy versus those that received erlotinib alone (ORR 8 % vs 
23 %). Patients with  KRAS -mutant tumors who were treated with erlotinib and che-
motherapy had a shorter median time to progression (TTP 3.4 mo, CI 1.5–6.3) and 
overall survival (OS 4.4 mo, CI 3.4–12.9) compared to patients who received chemo-
therapy alone (TTP 6 mo, CI 4.9–7.1; OS 13.5 mo, CI 11.1–15.9). Among patients 
with  KRAS -mutant tumors, the hazard ratio of erlotinib plus chemotherapy versus 
chemotherapy alone was 2.1 (CI 1.1–3.8) for OS and 1.9 (CI 1.1–3.6) for TTP [ 31 ]. 

 Two meta-analyses have assessed the association between  KRAS  status and 
response to EGFR TKI in non-small cell lung cancers. Linardou and colleagues 
pooled data from 17 non-small cell lung cancer trials, representing a total of 165 
patients with  KRAS  mutations. In this analysis,  KRAS  mutations were signifi cantly 
associated with an absence of response to EGFR tyrosine kinase inhibition (sensi-
tivity 0.21, specifi city 0.94, positive likelihood ratio 3.52, negative likelihood ratio 
0.84). A pooled sensitivity analysis demonstrated that no response was seen in some 
 KRAS  wild-type tumors, leading the authors to believe that resistance to EGFR 
TKIs is unlikely to be solely mediated by  KRAS  mutation status (0.21; 95 % CI: 
0.16–0.28) [ 40 ]. 

 Data from 22 trials in non-small cell lung cancer was pooled for a meta-analysis 
by Mao and colleagues. 16 % of these patients (n = 231/1470) harbored tumors with 
mutant  KRAS . The response rate to EGFR tyrosine kinase inhibition was 26 % in 
patients with  KRAS  wild-type tumors compared to 3 % for  KRAS -mutant tumors. 
The pooled relative risk for response was 0.29 (95 % CI: 0.18–0.47;  p  < 0.01). This 
analysis was mirrored in both Asian and Caucasian patients, with a relative risk of 
0.22 in Asians (95 % CI: 0.07–0.63; p = 0.01) and 0.31 in Caucasians (95 % CI: 
0.17–0.54;  p  < 0.01) [ 14 ]. 

 No validated data exists regarding  KRAS  mutation type and differential 
response to EGFR tyrosine kinase inhibition. A small study (n = 14) by Metro and 
colleagues demonstrated that patients with codon 13 mutations had worse pro-
gression-free (p = 0.04) and overall survival (p < 0.01) compared to patients with 
codon 12 mutations [ 41 ]. 

 Patients with advanced non-small cell lung cancers treated with the EGFR 
monoclonal antibody cetuximab were studied in the BMS099 and FLEX (First-Line 
Erbitux) trials [ 42 ,  43 ]. In BMS099, patients were randomized to either carboplatin 
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and taxane chemotherapy alone or with cetuximab.  KRAS  mutations were found in 
17 % of tumors in this study, and no statistically signifi cant association between 
 KRAS  status and response rate, progression-free survival, or overall survival was 
demonstrated [ 42 ]. The FLEX trial compared palliative cisplatin and vinorelbine 
with or without cetuximab in EGFR-expressing non-small cell lung cancers.  KRAS  
mutations were detected in 19 % of tumors and were not signifi cantly associated 
with response outcomes [ 43 ]. These fi ndings are contrasted to data generated in 
colorectal cancers where  KRAS  mutations are predictive of poor response to cetux-
imab and panitumumab.  

    Therapeutic Targeting of  KRAS -Mutant Lung Cancers 

 Cytotoxic  chemotherapy   remains the current standard of care for patients with 
advanced  KRAS -mutant non-small cell lung cancers. While  KRAS  mutations in lung 
cancer have been known to us over the last three decades, many efforts at targeting 
these drivers have not yielded palpable results. Mutant KRAS plays a crucial role in 
the integration of extracellular growth signals with downstream signaling cascades, 
and approaches to targeted therapy have focused on inhibiting several steps along 
these pathways. 

 The landscape of potential targeted therapeutics for mutant KRAS, however, is 
slowly beginning to change as evidenced by reports of the effi cacy of MEK inhibi-
tion in combination with chemotherapy. As our knowledge of the biology of  KRAS - 
mutant  lung cancers continues to expand, this space is likely to undergo signifi cant 
evolution over time. 

 This evolution will involve a more granular understanding of synthetic lethal 
reactions that lead to cell death in  KRAS -mutant lung cancers. While the more com-
mon KRAS-targeting strategies are discussed in this section (Figs.  2  and  3 ), other 
potential avenues of research include studies of the NF1, WT1, EZH2, Siah 2, 
GATA2, RBM5, IL-8, TWIST1, cyclin-dependent kinase, and propapoptotic path-
ways [ 5 ]. It is worth emphasizing that the biology of  KRAS -mutant lung cancers is 
highly complex and involves a delicate interplay between various tumor suppres-
sors and oncogenes. 

  Farnesyl Transferase Inhibition     Earlier efforts at targeting KRAS in lung can-
cers focused  on   inhibiting mutant RAS with antisense oligonucleotides against RAS 
itself. Problems with administration and drug delivery have however, halted further 
studies in this area. Investigators then began to focus on inhibiting the association of 
mutant KRAS with the plasma membrane as this event was thought to be crucial for 
activity. The KRAS protein associates with the plasma membrane via a process 
called farnesylation. This step is catalyzed by the enzyme farnesyl transferase, 
resulting in the post translational modifi cation of the C-terminal CAAX motif of 
KRAS by the addition of a farnesyl isoprenoid lipid [ 44 ].  

  Farnesyl transferase inhibitors (FTIs)   were thus developed with the intent of 
abolishing signal transduction and cell growth via prevention of localization mutant 
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  Fig. 2     Therapeutic targeting strategies in   KRAS - mutant lung cancers . Mutant KRAS lies 
downstream of growth factor receptors such as EGFR. Constitutive activation of mutant KRAS 
results in subsequent activation of downstream signaling of downstream pathways (RAF-MEK- ERK, 
and NF-kB). Targeted therapies directed against various members of these pathways are depicted       
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  Fig. 3     Other strategies to target   KRAS  -mutant lung cancers . In addition to activation of the 
RAF-MEK-ERK and NF-kB pathways,  KRAS -mutant lung cancers can be reliant on activation of 
MET or the PI3K-AKT-mTOR and RHO-FAK pathways. The various inhibitors used to poten-
tially target these pathways are depicted       
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KRAS to the cell membrane. These drugs were developed based on rational design 
strategies and screening of combinatorial libraries. A number of FTIs have been 
tested including tiparfi nib (R115777), lonafarnib, and FTI-277. In vitro experiments 
revealed activity against KRAS substrates in the low nanomolar range, and in vivo 
activity was demonstrated in chemically-induced  KRAS -mutant lung tumors in mice 
[ 45 ,  46 ]. Unfortunately, the results of clinical testing of farnesyl transferase inhibitors 
in lung cancer have not yielded signifi cant results. 

 Despite a large number of clinical trials investigating the use of these drugs as 
single agents, FTIs have not demonstrated signifi cant activity against  KRAS -mutant 
tumors. R115777 was studied by Adeji and colleagues in the fi rst-line setting in a 
phase II study of an unselected population of patients with advanced NSCLC. 
The compound demonstrated minimal clinical activity and no objective responses 
were observed. Seven patients (16 %, CI 8–31 %) achieved stable disease for a 
period longer than 6 months [ 47 ]. 

 Riely and colleagues investigated the FTI salirasib in a phase II trial of 30 patients 
with  KRAS -mutant advanced non-small cell lung cancers. Again, no radiographic 
responses were observed. 30 % (n = 7/20) of patients achieved stable disease at 10 
weeks. It is unclear whether the addition of standard chemotherapy to an FTI would 
result in greater activity, however, results in single-agent studies have been discour-
aging [ 48 ].

    RAF Inhibition     As RAF proteins lie immediately downstream of mutant KRAS, 
 RAF inhibition was   thought to represent a reasonable method of targeting  KRAS - 
mutant  lung cancers. Many RAF inhibitors that are available in the clinic are multi- 
tyrosine kinase inhibitors that lack specifi city for RAF alone. Initial studies of these 
‘dirty’ tyrosine kinase inhibitors included drugs such as sorafenib. In vitro work in 
non-small cell lung cancer cell lines with  KRAS  mutations revealed that sorafenib 
inhibited cell growth and induced G1 arrest secondary to C-RAF depletion [ 49 ].  

 Clinically, the use of sorafenib in patients with  KRAS -mutant lung cancers was 
investigated in a single-arm phase II study. Patients with stage IIIB/IV non-small cell 
lung carcinomas with  KRAS -mutations who had previously progressed on at least 
one platinum-containing regimen were treated with 400 mg of sorafenib twice daily 
until progression or unacceptable toxicity. The primary endpoint of the study was 
disease control rate at 6 weeks. A total of 57 patients with  KRAS -mutant lung cancers 
were treated on this study. A disease-control rate at 6 weeks of 53 % was achieved, 
however only 5 of 57 patients (9 %) had a partial response to therapy [ 50 ]. 

 While this study demonstrated clinical activity of the drug in this genotypic sub-
set of lung cancers, the observed response rate was poor in comparison to the effi cacy 
seen with other targeted therapeutics in driver-positive lung cancers where response 
rates well exceeding 60 % are noted. In addition, it is unclear whether the effects seen 
in this population were truly secondary to RAF inhibition versus the inhibition of 
other targets of the drug including VEGFR and PDGFR. 

 Drugs thought to have better activity against RAF such as vemurafenib and 
dabrafenib have since been tested widely in a variety of cancers including advanced 
 BRAF -mutant melanomas where their use is FDA-approved. The utility of these 
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drugs in lung cancer has largely been limited to patients whose tumors harbor  BRAF  
mutations, drivers that tend to be mutually exclusive with mutations in  KRAS . 

  MEK Inhibition     Similar to RAF, MEK lies downstream of KRAS in the RAS-
RAF- MEK-ERK pathway.    While RAF inhibitors are relatively non-specifi c, 
MEK inhibitors such as selumetinib were developed as allosteric inhibitors of the 
MEK protein via non-ATP-competitive binding and are relatively specifi c for 
MEK1 and MEK2.  

 Davies et al. performed in vitro screening for the activity of selumetinib (also 
known as AZD6244 or ARRY-142886) against a variety of cancer cell lines and 
found that cell lines harboring RAS or BRAF mutations were most sensitive to the 
drug [ 51 ]. Ji and colleagues studied the MEK inhibitor CI-1040 in a KRAS G12D- 
mutant murine lung cancer mouse model [ 52 ]. Treatment with CI-1040 resulted in 
a dramatic reduction of tumor burden (53 % ± 5 %) and histologic analysis of four 
of fi ve mice revealed they were completely free of tumor. Tumor shrinkage was 
thought to be secondary to growth arrest and induction of apoptosis [ 52 ]. 

 In a phase II study by Hainsworth and colleagues (n = 84), an unselected popula-
tion of patients with advanced non-small cell lung cancers were randomized to 
receive either selumetinib at 100 mg orally twice daily or pemetrexed 500 mg/m 2  
intravenously once every 3 weeks in the second or third-line setting [ 53 ]. No benefi t 
in median PFS was seen between the two arms (67 vs 90 days, HR 1.08, CI 0.75–1.54, 
p = 0.79). Response rates were also similar between the arms (5 % vs 5 %).  KRAS  
status was not reported in this series [ 53 ]. 

 Preclinical work by Chen et al. established that the effi cacy of docetaxel in 
 KRAS -mutant lung cancers can be improved by the addition of a MEK inhibitor. 
The group demonstrated in vivo that loss of the tumor suppressor genes  TP53  and 
 LKB1  impaired the response of  KRAS -mutant lung cancer mouse models to 
docetaxel. Response rates were signifi cantly increased with the addition of selu-
metinib to docetaxel. In contrast, however, response in  KRAS -mutant tumors with 
concomitant mutations in  TP53  and  LKB1  was signifi cantly lower, emphasizing the 
importance of concomitant tumor suppressor gene alterations as co-determinants of 
effi cacy of targeted therapy [ 54 ]. 

 Janne and colleagues thus investigated the combination of selumetinib and 
docetaxel versus docetaxel alone in a phase II randomized study of  KRAS -mutant non-
small cell lung cancers in the second-line setting [ 55 ]. Forty-four patients received 
selumetinib and docetaxel, and 43 patients received docetaxel alone. A statistically 
signifi cant improvement in response rate was seen in the selumetinib- containing arm 
compared to docetaxel monotherapy (32 % vs 0 %, p < 0.01), accompanied by a sig-
nifi cant improvement in progression-free survival (HR 0.58, CI 0.42–0.79, p = 0.01). 
Median overall survival was not statistically different between the two arms (HR 0.80, 
CI 0.56–1.14, p = 0.21). Selumetinib is currently being investigated in combination 
with erlotinib in patients with  KRAS -mutant tumors [ 56 ]. 

  Trametinib   (also known as  GSK1120212  ) is a novel MEK inhibitor that has dem-
onstrated activity in preclinical models [ 57 ]. This compound was investigated in the 
phase II setting in 30 heavily pre-treated patients with advanced non-small cell lung 
cancers. 22 patients of these patients had  KRAS -mutant tumors [ 58 ]. Best radiologic 
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responses consisted of two patients with partial remission and 10 patients with stable 
disease. The median progression-free survival in the  KRAS -mutant subgroup was 
3.8 months (95 % CI 1.9–5.5) versus 2.1 months (95 % CI 1.8–5.2) in the  KRAS  
wild-type group [ 58 ]. This compound is under investigation as a single agent com-
pared to docetaxel in  KRAS -mutant non-small cell lung cancers. 

  NF-kB Inhibition     In an RNA interference screen of human cell lines, Barbie et al .  
demonstrated  that   knockdown of TKB1, an IkB kinase (IKK) that enhances NF-kB 
activity, resulted in the selective death of cells that harbor  KRAS  mutations [ 59 ]. In a 
separate paper, Meylan et al. demonstrated that the introduction of a nonphosphory-
latable NF-kB super repressor, IkB, in  KRAS  G12D-mutant murine tumors resulted 
in loss of cell viability secondary to apoptosis [ 60 ]. This data supports the depen-
dence of  KRAS  G12D-mutant tumors on the NF-kB pathway.  

 Proteasome inhibition by bortezomib leads to decreased NF-kB signaling by pre-
venting degradation of the NF-kB inhibitor IkB [ 61 ]. Luo et al. demonstrated that both 
shRNA targeting of proteasome subunits and proteasome inhibition by bortezomib 
resulted in synthetic lethality in  KRAS -mutant cells [ 62 ]. In  KRAS   LSL-G12D/wt   ;p53   fl ox/fl ox   
mice (G12D-mutant), bortezomib induced in-vivo tumor regression of lung adenocar-
cinoma. After repeated treatment, however, acquired resistance invariably developed. 
Similar results were noted with Bay-117082, an NF-kB inhibitor [ 63 ]. 

 These preclinical observations provide a compelling rationale to test the use of 
bortezomib in  KRAS -mutant lung adenocarcinomas. The use of subcutaneous bort-
ezomib is currently being studied in a phase II study of patients with advanced 
 KRAS -mutant non-small cell lung cancers.

    MET Inhibition     MET aberrations are perhaps most well known in lung cancers in 
the setting of  acquired   resistance to EGFR tyrosine kinase inhibition where  MET  
amplifi cation or overexpression is found in a subset of patients. MET has likewise 
been implicated in the cellular transformation induced by mutant RAS. Yang and 
colleagues studied the role of MET inhibition with PHA-665752 in a  KRAS -mutant 
lung cancer mouse model. Short-term treatment with the drug induced apoptosis in 
tumor cells [ 64 ].  

 Sequist et al. investigated the activity of tivantinib (ARQ 197), a small molecule 
with activity against MET, in combination with erlotinib in a phase II study. Patients 
were randomized to erlotinib with or without tivantinib. Overall, the addition of 
tivantinib failed to improve progression-free survival (HR 0.81, CI 0.57–1.16, 
p = 0.24), however a signifi cant benefi t in progression-free survival was demon-
strated in the patients with KRAS-mutant tumors (n = 15, HR 0.18, CI 0.05–0.70, 
p < 0.01, interaction p < 0.01) [ 65 ]. 

 The  MARQUEE study  , a subsequent randomized phase III trial with a similar 
design randomizing patients to erlotinib with or without tivantinib, was stratifi ed by 
 EGFR  and  KRAS  status. While an interim analysis demonstrated a signifi cant 
progression- free survival benefi t in the intention- to-treat population, the study was 
closed early by the Data Monitoring Committee as achievement of the primary 
endpoint of overall survival was unlikely to be met [ 66 ]. A subgroup analysis of the 
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patients with  KRAS -mutant tumors from this study will be of interest and has yet to 
be reported. 

  FAK Inhibition      KRAS  mutations can occur in combination with inactivation of 
 CDKN2A  via mutations  or   epigenetic modifi cations.  CDKN2A  encodes the tumor 
suppressor genes ARF and INK4A. In combination, mutations in  KRAS  and defi -
ciency of  CDKN2A  have been associated with aggressive non-small cell lung 
cancers. Konstantinidiou and colleagues reported that  CDKN2A  loss in  KRAS  G12D-
mutant lung tumors resulted in aberrant activation of the small GTPase RHOA that 
is involved in the regulation of chemotaxis and cell migration. RHOA activation is 
driven by MEK1/2 and ERK/12 and is essential for cell survival [ 67 ].  

 While no specifi c drugs target RHOA, the group showed that knockdown of the 
downstream target focal adhesion kinase or FAK resulted in loss of cell viability. 
Similarly, the administration of the ATP-competitive FAK inhibitor PF562271 resulted 
in signifi cant tumor regressions in vivo in a  KRAS  G12D-mutant and INK4A- and 
ARF-defi cient model. An ongoing phase II study is looking at the use of the FAK 
inhibitor V2-6063 (defactinib) in patients with  KRAS -mutant lung cancers. 

  PI3K Pathway Inhibition     The PI3K (phosphatidyl 3-kinase) pathway is an 
important  growth   pathway in cancer cells that is responsible for cell survival, 
differentiation, motility, and proliferation. Preclinical evidence points to the reliance 
of  KRAS -mutant lung cancers on PI3K pathway (PI3K-AKT-mTOR) activation in 
cooperation with activation of the RAS-RAF-MEK-ERK axis. PI3K signaling is 
thought to be essential for  KRAS -induced tumorigenesis but not tumor maintenance.  

 Engleman and colleagues studied the effects of the dual pan-PI3K and mamma-
lian target of rapamycin (mTOR) inhibitor NVP-BEZ235 in genetically-engineered 
mouse models. No tumor shrinkage was observed when  KRAS  G12D-mutant trans-
genic mice were treated with NVP-BEZ235 despite a decreased in AKT phosphory-
lation. Treatment with selumetinib, however, produced only modest tumor 
regression. In contrast, treatment with both NVP-BEZ235 and selumetinib resulted 
in marked synergistic tumor regression and pathologic analysis at the end of treat-
ment revealed a substantial pathologic response [ 68 ]. 

 A number of phase I trials are now looking at a combination of MEK inhibition 
with PI3K-directed therapy, and radiographic responses have been reported by 
independent investigators. These fi ndings will require validation in later-phase 
studies. In addition, however, the additive toxicity of two targeted therapies 
remains a signifi cant concern. 

  mTOR Inhibition     The mammalian target of rapamycin (mTOR) is a serine/
threonine kinase that  acts   downstream of the PI3K/AKT pathway. mTOR inhibitors 
are thought to achieve their anti-tumor effect by arresting the tumor cells in the G1 
phase of the cell cycle [ 69 ].  

 The mTOR inhibitor ridaforolimus was investigated in advanced KRAS-mutant 
non-small cell lung cancers in a phase II randomized discontinuation study in the 
second and third-line settings. Patients in this study received 8 weeks of ridaforolimus 
at 40 mg daily on a 5 day per week schedule and were subsequently randomized to 
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receive either ridaforolimus or placebo if they achieved stable disease. Overall 
response rate after 8 weeks of ridaforolimus was 1 %. The primary endpoint of 
progression-free survival after randomization was signifi cantly improved to 2–4 
months in patients who received ridaforolimus versus placebo (HR 0.36, p = 0.013). 
Median overall survival was 18 months in the ridaforolimus group compared to 5 
months in the placebo group, although this fi nding was not statistically signifi cant 
(HR: 0.46; p = 0.09) [ 70 ]. 

  Heat Shock Protein Inhibition     Heat shock proteins are chaperones that play a 
role in  the   post-translational modifi cation of clients such as proteins encoded by 
mutated driver oncogenes, thereby promoting maintenance of the oncogenic pheno-
type [ 71 ]. Acquaviva and colleagues examined the activity of the Hsp90 inhibitor 
against a panel of lung cancer cell lines with a spectrum of  KRAS  mutations (G12, 
G13, and Q61 variants). Ganetespib potently reduced viability in all lines with IC50 
values in the low nanomolar range. The drug resulted in a dose-dependent decrease 
in known Hsp90 clients such as EGFR and MET, and CRAF. This was accompanied 
by inactivation of MEK, ERK, and AKT and the induction of apoptosis [ 72 ].  

 Ganetespib has been investigated as a single agent in a phase II study of 
unselected non-small cell lung cancers. Fourteen patients were found to have tumors 
that harbored a  KRAS  mutation, of which one patient achieved partial response 
and seven patients demonstrated stable disease lasting greater than 16 weeks [ 73 ]. 
A phase IIB/III study combining ganetespib with docetaxel is ongoing, and will 
investigate potential synergy with these agents. 

 In the same study by Acquaviva, the combination of low doses of ganetespib 
with either the MEK inhibitor selumetinib or the PI3K/mTOR inhibitor NVP- 
BEZ235 resulted in a substantial increase in cell death compared to when the latter 
two targeted agents were used alone [ 72 ]. An ongoing phase Ib/II study is currently 
evaluating the role of the Hsp90 inhibitor retaspimycin (IPI-504) in combination 
with the mTOR inhibitor everolimus in the treatment of  KRAS -mutant non-small 
cell lung cancers.  

    Conclusions 

 In the ever-changing world of targeted therapy for molecular drivers of lung cancer 
growth,  KRAS  mutations continue to represent a signifi cant challenge for drug 
development. Despite advances in our understanding of the role of MEK and PI3K/
mTOR inhibition in this genomic subset of tumors, responses have largely been 
observed with combination therapy and not with single agents. This is unlike the 
paradigm established for other drivers such as  EGFR  and  BRAF  mutations, and 
 ALK  and  ROS1  fusions where dramatic and durable responses occur with a single 
targeted therapeutic. Furthermore, combination therapy is plagued by an increase in 
treatment-related toxicities compounded by the length of time that these agents are 
used. Our challenge moving forward will be to fi nd agents that are either active as 
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monotherapy, or relatively safe when used in combination with other targeted thera-
peutics. This can only be achieved by a more nuanced understanding of the intricate 
biology that drives these tumors.     
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    Abstract     Chromosomal rearrangement in the anaplastic lymphoma kinase ( ALK ) 
gene was identifi ed as an oncogenic driver in non-small cell lung cancer (NSCLC) 
in 2007. A multi-targeted ALK/ROS1/MET inhibitor, crizotinib, targeting this acti-
vated tyrosine kinase has led to signifi cant clinical benefi t including tumor shrink-
age and prolonged survival without disease progression and has been approved by 
US FDA since 2011 for the treatment of advanced  ALK -rearranged NSCLC (Ou 
et al. Oncologist 17:1351–1375, 2012). Knowledge gained from treating  ALK - 
rearranged  NSCLC patients including the presenting clinicopathologic character-
istics, methods of detecting  ALK -rearranged NSCLC, pattern of relapse and 
acquired resistance mechanisms while on crizotinib, and the clinical activities of 
more potent ALK inhibitors has led us to a detailed and ever expanding knowledge 
of the ALK signaling pathway in lung cancer but also raising many more questions 
that remained to be answered in the future. This book chapter will provide a con-
cise summary of the importance of ALK signaling pathway in lung cancer. 
Understanding the ALK signaling pathway in lung cancer will likely provide the 
roadmap to the management of major epithelial malignancies driven by receptor 
tyrosine kinase rearrangement.  
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        Molecular Basis of  ALK  Rearrangement in NSCLC 

 Chromosomal rearrangements  have   long been recognized as oncogenic drivers 
in hematological malignancies. Although it has been predicted in early 2000 that 
chromosomal rearrangements will be found in solid malignancies there was no 
reports of such rearrangements well into the mid 2000s [ 1 ]. This all changed in 
2007 when two research groups independently discovered the chromosomal 
rearrangement in the anaplastic lymphoma kinase gene in non-small cell lung 
cancer [ 2 ,  3 ]. These two initial reports revealed in NSCLC there was both intra-
chromosomal deletion and inversion of the echinoderm microtubule associated 
protein like 4 (EML4) gene to ALK on chromosomal 2 generating an EML4-
ALK fusion protein containing the N-terminal portion of EML4 protein that 
retains the “coil-coiled” dimerization and the C-terminal portion of ALK which 
contains the kinase domain that is present in the cytoplasm and constitutively 
active [ 2 ]. Further elegant experiments demonstrated that transgenic mice 
expressing EML4-ALK in the lung results in multiple adenocarcinomas in the 
lung [ 4 ]. ALK is one of 58 human receptor tyrosine kinase receptors (RTKs) [ 5 ] 
and is the namesake rearrangement in anaplastic large cell lymphoma [ 6 ]. 
Although there are multiple pathways could be activated by the constitutively 
EML4-ALK [ 7 ], the common sequala of the ALK activation is the increase in 
survivin level and a decrease in pro-apoptotic BIM protein allowing lung cancer 
cells driven by ALK activation to escape apoptosis [ 8 ]. Since 2007, several dif-
ferent breakpoints in the  EML4  have been identifi ed that have been fused to the 
 ALK  generating several EML4-ALK fusion variants [ 9 ]. Currently, there are 
three main EML4-ALK fusion variants. The most common variant among 
EML4-ALK fusion is variant 1 (54.5 %) followed by variant 3 (34 %) and variant 
2 (10 %) [ 9 ,  10 ]. Additionally, other fusion partners to ALK kinase domain have 
been identifi ed in NSCLC including TFG (Trk-fused gene), KIF5B (kinesin fam-
ily member 5), and KLC1 (kinesin light chain 1) [ 9 ]. As recently as in 2014 new 
fusion partner, HIP1 (Huntington interacting protein 1), to ALK in NSCLC is 
continuously being discovered [ 11 ,  12 ]. Indeed any protein that contains a “coil-
coiled” domain that can serve as a dimerization domain and can localize to the 
cytoplasm can potentially act as a fusion partner to ALK. Hence it is likely more 
fusion partners to ALK in lung cancer will be identifi ed in the future. Hence 
 ALK -rearranged NSCLC is a molecularly heterogeneous subset of lung cancer. 
In vitro experiments have shown that there are potential differential responses 
among the various EML4-ALK fusion variants to various ALK inhibitors [ 13 ]. 
Therefore is reasonable to hypothesize that these various ALK fusion variants 
will have subtle but different clinicopathologic characteristics and likely differ-
ential response to ALK inhibitors. Additionally activation of epidermal growth 
factor receptor (EGFR) mutations have been identifi ed in  ALK - rearranged  lung 
cancer; however, whether activation  EGFR  mutations and/or  ALK  rearrangement 
is the main oncogenic driver remained to be determined [ 9 ].  
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    Clinicopathologic Presentations of  ALK -Rearranged 
Lung Cancer 

 Despite being a  molecularly   heterogeneous disease,    several general patterns can be 
ascribed to  ALK -rearranged NSCLC. First, the median age of diagnosis of  ALK - 
rearranged  NSCLC is in the early to mid 50s which is about 15 years younger than 
the typical age of diagnosis of lung cancer in the US [ 14 – 16 ]. However the age of 
diagnosis can range from the early twenties to the eighties subtly underlining this is 
indeed a molecularly heterogeneous disease [ 15 ,  16 ]. Second, the vast majority 
(>95 %) of the  ALK -rearranged lung cancer is adenocarcinoma [ 15 ,  16 ] with a por-
tion of these adenocarcinoma also had signet ring features although signet ring fea-
tures is not pathognomonic for  ALK  rearrangement [ 14 ,  17 ]. However, case reports 
have shown that ALK rearrangement has also been found in squamous cell carci-
noma [ 11 ,  12 ,  18 ]. Interestingly, a recent report has shown that  EML4-ALK  fusion 
transcript is found in small cell lung cancer [ 19 ]. Thus as we broaden our screening 
of  ALK  rearrangement in all histologies of lung cancer, we may gain further knowl-
edge about  ALK  rearrangement in lung cancer. Third, similar to lung cancer driven 
by activating  EGFR  mutations, between two-thirds to three quarters of  ALK - 
rearranged  lung cancer patients were never-smokers (defi ned as <100 cigarettes 
lifetime) [ 20 ]. Therefore, smoking status should not be used as a clinical criterion to 
determine whether to screen for  ALK  rearrangement in lung cancer. Fourth, unlike 
 EGFR  mutated lung cancer there does not seem to be a propensity for  ALK - 
rearranged  lung cancer to be more common in Asian patients although whether a 
specifi c variant of EML4-ALK is more prevalent among a certain racial/ethnic 
group remains to be determined [ 9 ]. Fifth, in terms of tumor burden and sites of 
metastasis at the time of initial presentation, there seems to be some differences 
between  ALK -rearranged lung cancer and  EGFR  mutated lung cancer [ 21 ]. One 
particular interests among clinical oncologists treating  ALK- rearranged lung cancer 
is whether there is an increase incidence of brain metastasis. This question arises 
from the observation that close to half of  ALK -rearranged lung cancer patients who 
progressed on crizotinib had brain relapses. It does not seem that patients with  ALK - 
rearranged  lung cancer inherently presents with higher incidence of brain metasta-
sis at the time of diagnosis [ 21 ].  

    Biology of  ALK -Rearranged Lung Cancer 

   Our  aggregate   understanding of the  biology of    ALK -rearranged lung cancer come 
from differential responses  ALK -rearranged lung cancers to various chemotherapy 
agents, the diagnostics methods used to identify  ALK -rearranged lung cancer patients, 
patterns of relapse on crizotinib, acquired resistances during crizotinib treatment, and 
the clinical activity of more potent ALK inhibitors in clinical development. 
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 A randomized trial (PROFILE1007) comparing  crizotinib   to single chemo-
therapy agent (docetaxel or pemetrexed) as second line treatment  ALK -rearranged 
lung cancer have clearly demonstrated that crizotinib conferred statistically sig-
nifi cant progression-free survival (PFS) [ 22 ]. However, the response rate of 
 ALK -rearranged lung cancer patients treated with pemetrexed was much higher 
than those treated with docetaxel [ 22 ]. This observation is consistent with case 
series that reported ALK-rearranged lung cancer patients had a higher response 
rate to pemetrexed [ 23 – 26 ] likely due to a lower level of thymidylate synthase 
(TS) [ 26 ], which is a target of pemetrexed, in the  ALK -rearranged tumor. It has 
been postulated that the aberrant activation of ALK lead to repressed transcrip-
tion of the TS gene. 

 The current FDA approved companion diagnostic test which was approved 
simultaneously with the approval of crizotinib in August, 2011 was the Abbott 
Vysis breakapart  fl uorescence in situ hybridization (FISH)   assay [ 9 ,  27 ]. However 
FISH is expensive, labor intensive, and requires certain technical competence to 
interpret the FISH signals [ 9 ]. Since 2011, it is becoming clear that  immunohis-
tochemistry (IHC)   is a equally effective but much cheaper way to detect  ALK  
rearrangement in lung cancer [ 28 ]. ALK IHC test using a highly sensitive anti-
body D5F3 can now be automated taking the observer variability out of the test-
ing component [ 29 ]. ALK protein is not expressed in normal tissues and thus any 
aberrant ALK expression represents rearrangement in  ALK . IHC has been used to 
detect  ALK  rearrangement in ALCL for many years using the ALK-1 antibody 
from Daiko. However, the promoter of EML4 is less active than the promoter for 
nucleophosmin that is fused to ALK in ALCL hence ALK-1 from Daiko is not a 
sensitive antibody for detecting  ALK  rearrangement in lung cancer [ 30 ].  Reverse 
transcription- polymerase chain reaction (RT-PCR)   [ 10 ] and target deep sequenc-
ing [ 31 ] have also been used to detect  ALK  rearrangement in lung cancer. One of 
the major advantages of the sequencing approach is that the exact fusion variant 
is known [ 31 ] and that any unique clinicopathologic characteristics associated 
with each ALK fusion variant may be identifi ed. Finally there are confl icting data 
on the prognostic signifi cance of  ALK  rearrangement in lung cancer ranging the 
wide spectrum as a poor prognostic factor [ 32 ,  33 ] to no signifi cance [ 34 ] to 
being a favorable prognostic factor [ 35 ]. In the future when next generation 
sequencing is in wide use then the biology of each unique ALK fusion will be 
even better identifi ed and the prognostic signifi cance of  ALK  rearrangement can 
be answered also. It is now believed that most of the  ALK -rearranged lung cancer 
reminds dependent on ALK signaling for its pathogenesis as a majority of  ALK -
rearranged lung cancer patients continued to derive clinical benefi t with contin-
ual ALK inhibition with an overall survival close to 30 months [ 36 ]. Hence  ALK  
rearrangement in lung cancer is generally a favorable prognostic factor since 
currently there are several potent ALK inhibitors in clinical development and the 
motto of precision cancer medicine of “the right drug for the right disease” did 
certainly prolong life [ 34 ].    
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    Treatment of  ALK -Rearranged Lung Cancer 

   The discovery  of    ALK  rearrangement in  lung cancer   would have been a historical 
academic footnote for awhile had it not been the existence of a phase I trial of crizo-
tinib, a multi-targeted MET/ALK/ROS1 inhibitor [ 15 ,  16 ]. Crizotinib was initially 
being developed as a MET inhibitor [ 37 ] but its anti-ALK activity was known [ 38 ]. 
The discovery of a RTK rearrangement in a common epithelial malignancy is unex-
pected but the crizotinib phase I investigators and Pfi zer were able to modify the 
protocol to accommodate this newly discovery cohort of molecularly defi ned 
patients. Within 2 years crizotinib was able to show impressive anti-tumor activity 
with overall response rate of approximately 60 % and progression-free survival of 
approximately 9 months essentially independent of the line of therapy [ 15 ,  16 ]. 
Based on the expanded phase I and a global phase 2 study of crizotinib received US 
FDA approval on August 26, 2011 for the treatment of advanced  ALK -rearranged 
lung cancer [ 9 ]. Subsequently crizotinib has been demonstrated to be superior to 
chemotherapy in fi rst-line (Pfi zer Press release, March 25, 2014) or second-line 
treatment of  ALK -rearranged lung cancer [ 22 ] in terms of statistically signifi cant 
improved progress-free survival. 

 Invariably, these patients develop disease progression while on crizotinib. Many 
of these patients are likely to be still dependent on ALK signaling as they can ben-
efi t from continuation of crizotinib beyond treatment especially if the new and/or 
progressing metastatic site can be controlled by loco-ablative therapy [ 36 ,  39 ]. 
Recent retrospective analysis of data of crizotinib trials suggested progression free 
survival from the date of progression among patients who continued crizotinib 
beyond progressive disease (CBPD) was 16.4 months comparing to 3.9 months who 
discontinued crizotinib at progression (Hazard ratio [HR] 0.27, 95 % confi dence 
interval [CI]: 0.17−0.42; p < 0.0001) [ 36 ] and an overall survival of 29.6 months 
among CBPD patients comparing to an overall survival of 10.8 months among 
patients who discontinued crizotinib on progression (HR 0.30, 95 % CI: 0.19−0.46; 
p < 0.0001) [ 36 ]. Furthermore the continual dependence of ALK signaling was the 
phenomenon of “disease fl are” where there is rapid tumor progression when crizo-
tinib is discontinued after the patient has progressed on crizotinib [ 40 ]. We can 
generally view there are two major mechanisms that result in disease progression on 
crizotinib. First close to 50 % of patients on crizotinib will develop progression in 
the brain (new or existing) likely indicating a pharmacodynamics failure of crizo-
tinib to reach adequate therapeutic level in the central nervous system (CNS) [ 41 ]. 
Second the  ALK  gene acquired secondary resistance mutations to crizotinib includ-
ing gatekeeper mutation (L1196M) and solvent front mutations (G1202R) [ 31 ,  42 –
 46 ]. There are other resistance mechanisms reported such as activating of other 
by-pass signaling pathway such as EGFR [ 46 ] or the loss of ALK dependence alto-
gether [ 43 ]. There are now several more potent ALK inhibitors in clinical develop-
ment (ceritinib, alectinib, AP26113, ASP3026, X396, TSR-011, PF0663922, 
RXDX101) [ 47 ]. Among these ALK inhibitors, alectinib [ 48 ,  49 ] and ceritinib [ 50 ] 
are the farthest along in clinic development where phase I results of both  compounds 
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have been published or presented and global phase 2 trial of both compounds in 
crizotinib-resistant patients have been completed. In general most of the ALK 
inhibitors can overcome most of the acquired resistance mutations except the sol-
vent-front mutation G1202R [ 31 ,  51 ]. Thus an ideal ALK inhibitor for the treatment 
of  ALK -rearranged lung cancer should have two major properties: the ability to 
penetrate CNS and have clinical activity in existing brain metastasis and the ability 
to overcome secondary acquired  ALK  mutations especially the solvent front muta-
tion G1202R. However there are evidence both in vitro and from patient series that 
these ALK inhibitors have differential sensitivity to the various secondarily acquired 
mutation [ 13 ,  31 ,  52 ]. Thus rebiopysing crizotinib resistant tumor to try to under-
stand exactly the resistance mechanism(s) will be necessary to tailor the treatment 
and serve as a paradigm for precision cancer medicine. Crizotinib and other ALK 
inhibitors in clinical development have put  ALK -rearranged lung cancer in the par-
lance of precision oncology medicine. We also gained insight into the biology of 
 ALK -rearranged lung cancer when we understand the mechanism of resistance to 
these inhibitors.    

    Future Perspective 

 One of the most commonly asked questions is what cause(s)  ALK  rearrangement in 
lung cancer. While no one has generated specifi c scientifi c data that can answer this 
one particular question, one can speculate knowing that there are RTK rearrange-
ments are found in other common solid epithelial malignancies and the same fusion 
partners are found in different RTK [ 52 ], there may be chromosomal breakpoints in 
the cancer genome that is susceptible for intra- and interchromosomal rearrange-
ment during DNA replication. Nevertheless the exact triggering event still eludes 
us.  ALK  rearrangement has been found in colon, breast, [ 52 ] and even thyroid can-
cer where one thyroid cancer patient with  EML4-ALK  rearrangement has responded 
to crizotinib [ 53 ]. Thus ALK signaling in lung cancer serves as a paradigm for 
future understanding of ALK signaling in other common epithelial malignancies 
and in broader perspective RTK rearrangement in epithelial malignancies [ 52 ].     
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    Abstract     Despite a growing interest in development of non-cytotoxic targeted 
agents, systemic chemotherapy is still the mainstay of treatment for both non-small 
cell lung cancer (NSCLC) and small cell lung cancer (SCLC). However, chemo-
therapy resistance limits our ability to effectively treat advanced lung cancer. Some 
lung tumors are intrinsically resistant to chemotherapy, and in virtually all cases, 
even the initial responders rapidly develop acquired resistance. While targeting his-
tology could result in enhanced tumor sensitivity to a particular chemotherapeutic 
agent, better understanding of molecular determinants of chemotherapy sensitivity/
resistance would be critically important. Development of predictive biomarkers to 
personalize chemotherapeutic agents and combining novel agents targeting specifi c 
resistance pathways with standard chemotherapy could be some promising strate-
gies to overcome chemotherapy resistance in lung cancer. In this chapter, we will 
discuss some key mechanisms of resistance for commonly used chemotherapeutic 
agents in lung cancer.  

  Keywords     Chemotherapy resistance   •   Drug resistance   •   Lung cancer   •   Non-small 
cell lung cancer   •   Small cell lung cancer   •   Multidrug resistance  

         Platinum Drugs 

 Despite such a popularity of targeted agents across various solid tumors, targeted 
agents have rarely if at all cured any metastatic solid tumors. However, the truth is 
that platinum-based  chemotherapy  , also the main treatment regimen for advanced 
lung cancer, has cured many patients with metastatic testicular cancer [ 1 ]. There is 
a lack of understanding as to why testicular cancer cells but not other types of solid 
tumors such as lung cancer are exquisitely sensitive to platinum drugs. 
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 Despite the multifactorial nature of platinum resistance, reduced intracellular 
drug accumulation is one of the most consistently identifi ed features of cisplatin- 
resistant cell lines [ 2 ,  3 ]. Reduced uptake of cisplatin has also been demonstrated in 
resistant NSCLC cells [ 4 – 6 ]. To clinically validate reduced drug accumulation as a 
signifi cant mechanism of platinum resistance in NSCLC, a recent study established 
correlation between intratumoral tissue platinum concentrations and tumor response 
in NSCLC [ 7 ]. A signifi cant relationship between tissue platinum concentrations 
and percent reduction in tumor size was demonstrated. The same relationship was 
seen individually in cisplatin and carboplatin groups. Patients with lower platinum 
concentration also had shorter time to recurrence, progression-free survival (PFS) 
and overall survival (OS) [ 7 ]. Furthermore, there was no signifi cant impact of 
potential variables such as the type of platinum compound, number of cycles, cumu-
lative dose and time lapse from last chemotherapy, which strongly suggests that 
certain resistance-inducing transport factors, are likely modulating intratumoral 
platinum accumulation. 

  CTR1   regulates uptake of copper which is a vital micronutrient for eukaryotic 
development and plays a signifi cant role in platinum uptake. Deletion of the  Ctr1  
gene in yeast and murine cells resulted in reduced accumulation of cisplatin and 
increased cisplatin resistance [ 8 ]. Conversely, enhanced uptake of carboplatin and 
oxaliplatin was seen when  Ctr1  gene was transfected into small cell lung cancer cell 
lines, supporting the importance of CTR1 in uptake of various platinum drugs [ 9 ]. 
In NSCLC patients, low expression of CTR1 was associated with poor prognosis in 
response to platinum-based therapy [ 10 ]. Given promising preclinical studies, there 
is a great potential for developing CTR1 into a therapeutic target. CTR1 and thus 
platinum uptake could potentially be manipulated using copper chelating drugs 
[ 11 ], the DNA demethylating agent decitabine [ 12 ] and a novel platinum-complex 
that does not rely on CTR1 for uptake. 

 Na+, K+ ATPase is also associated with increased intracellular accumulation and 
effi cacy of cisplatin in lung cancer cell lines [ 13 – 15 ]. Inhibition of thromboxane A2 
which antagonizes Na+, K+ ATPase increased cisplatin uptake and cytotoxicity by 
upregulating interleukin-1β-converting enzyme which is reduced in some platinum- 
resistant NSCLC cells [ 15 ,  16 ]. Furthermore, the glucose metabolite sorbitol 
decreased cisplatin cytotoxicity, Na+, K+−ATPase activity, and cisplatin uptake, 
suggesting a possible mechanism for cisplatin resistance in poorly controlled diabe-
tes [ 17 ]. Tumor retention  of    Thallium-201 (T201)   on SPECT scanning may refl ect 
Na+, K+ ATPase activity. In a study involving SCLC patients who were treated with 
cisplatin-based chemotherapy, tumor response was associated with pre-treatment 
T201 retention [ 18 ], but this was not reproducible in an independent study in which 
patients with SCLC received a variety of chemotherapeutic agents [ 19 ]. Therefore, 
the role of T201 scanning in lung cancer is unclear. 

 There are also platinum export transporters such as the copper transporter 
ATP7B. Even though ATP7B mRNA and IHC expression signifi cantly correlated 
with cisplatin resistance in NSCLC xenografts [ 20 ],  ATP7B expression   deter-
mined by IHC in clinical specimens did not correlate with PFS or OS following 
platinum- based chemotherapy [ 10 ]. It remains uncertain if ATP7B plays a role in 
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chemotherapy resistance in lung cancer.  Breast cancer resistance protein (BCRP)   
is another drug effl ux transporter (also known as ABCG2) that may be implicated 
in platinum resistance. Tumor IHC expression of BCRP was signifi cantly associ-
ated with lack of tumor response and shortened survival in NSCLC patients 
undergoing platinum- based chemotherapy [ 21 – 23 ]. Furthermore, blood BCRP 
concentrations were signifi cantly higher in chemo-resistant patients than in 
chemo-sensitive patients [ 24 ]. These fi ndings support a possible role for BCRP in 
lung cancer chemotherapy resistance. 

  Drug detoxifi cation   may also contribute to intratumoral platinum concentration 
and platinum resistance in lung cancer.  Glutathione (GSH)   may bind cisplatin, 
thereby decreasing formation of platinum-DNA adducts. It may also contribute to 
increased repair of platinum-DNA adducts [ 25 ]. Several studies involving NSCLC 
and SCLC cell lines suggest that increase in GSH content was associated with 
decreased platinum-DNA binding [ 4 ,  26 ,  27 ] and intracellular platinum accumula-
tion [ 28 ] which corresponded to increase in cisplatin resistance [ 4 ,  5 ,  26 – 32 ]. 
Conversely, factors that reduced cellular GSH increased sensitivity to cisplatin [ 4 ,  33 ] 
(Fig .  1  and Table  1 ).

    Once platinum drugs enter the cell, they must form DNA adducts, which induce 
a cascade of signaling transduction pathways that lead to activation of p53- 
dependent and p53-independent cell death [ 34 ]. In NSCLC patients who were 
treated with concurrent cisplatin/XRT, low cisplatin-DNA-adduct staining in buc-
cal cells was associated with worse survival [ 35 ]. While DNA adduct level is a 

  Fig. 1    A simplifi ed overview of platinum resistance in lung cancer.  Pt  platinum,  CTR1  copper 
transporter 1,  GSH  glutathione,  BCRP  breast cancer resistance protein       
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critical determinant of cisplatin cytotoxicity, increased DNA adduct repair 
decreases the apoptotic  process [ 34 ].  Nucleotide excision repair   is the major path-
way for platinum adduct repair. The excision repair cross-complementation group 
1 (ERCC1) protein is involved in nucleotide excision repair pathway and its 
expression correlated with cisplatin resistance in NSCLC [ 36 ]. There was a major 
interest in further developing ERCC1 as a potential biomarker for platinum sensi-
tivity in NSCLC when Olaussen and colleagues demonstrated that ERCC1-
negative NSCLC specimens determined by IHC correlated with signifi cantly 

   Table 1    Tumor factors contributing to resistance to commonly used chemotherapeutic agents in 
lung cancer   

 Agents  Factors 

 Platinum  Drug accumulation 
   Copper transporters (CTR1, ATP7B) 
   Na+, K+ ATPase 
   Breast cancer resistance protein 
 Drug detoxifi cation 
   Glutathione 
 DNA repair 
   Nucleotide excision repair (ERCC1) 
 Metallothioneins 

 Taxanes  Class III β-tubulin 
   Expression levels 
   Mutations 
 Hypoxia inducible factor 
 Histone deacetylase 6 
 Mitotic spindle checkpoint 

 Etoposide  Drug uptake 
 Topoisomerase II alpha 
 Rad51 
 Mitogen-activated protein kinases (MAPKs) 
  ERK1, ERK2 
 Metallothionein 
 Non-homologous end-joining repair 

 Gemcitabine  Human equilibrative nucleoside transporter 1 (hENT-1) 
 Ribonucleotide reductase M1 and M2 (RRM1 and RRM2) 

 Vinorelbine  Polo-like kinases (PLKs) 
 Class III β-tubulin 
 Delta2 α-tubulin 
 RLIP76 
 Stathmin (oncoprotein 18) 
 Mitotic spindle checkpoint 

 Pemetrexed  Drug transport 
   Proton-coupled folate receptor 
   Folate receptor-α 

   a There are also multidrug resistance proteins such as the multidrug resistance protein (MRP) 
family or the multidrug resistance (MDR) P-glycoprotein family which could promote resistance 
to multiple chemotherapeutic agents  
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longer OS following adjuvant chemotherapy [ 37 ]. There have been several studies 
with confl icting results since then. For example, a phase III trial designed to deter-
mine the infl uence of ERCC1 mRNA on tumor response following chemotherapy 
failed to show a correlation between ERCC1 expression and treatment response 
[ 38 ]. Furthermore, Friboulet and colleagues failed to validate the predictive effect 
of ERCC1 protein expression by IHC in two independent phase III trials (the 
National Cancer Institute of Canada Clinical Trials Group JBR.10 and the Cancer 
and Leukemia Group B 9633 trial from the Lung Adjuvant Cisplatin Evaluation 
Biology project) [ 39 ]. The authors concluded that currently available ERCC1 
antibodies do not have adequate discrimination for clinical decision making 
regarding cisplatin-containing treatment regimens in patients with NSCLC, which 
requires the specifi c detection of the unique functional isoform of ERCC1 [ 39 ]. 
Furthermore, the results from the randomized international phase III trial of 
ERCC1 and RRM1 expression-based chemotherapy versus gemcitabine/carbopl-
atin demonstrated no signifi cant difference between the experimental arm and the 
control arm in PFS or OS [ 40 ]. Therefore, utility of ERCC1 as a predictive marker 
for platinum-based chemotherapy appears to be limited at this moment. 

  Metallothioneins   are low molecular weight proteins that are involved in zinc 
homeostasis and may also be involved in chemotherapy binding and detoxifi cation. 
Increased metallothionein expression was noted in some cisplatin-resistant NSCLC 
[ 5 ] and SCLC [ 41 ] cell lines. In patients with SCLC receiving cisplatin-based ther-
apy, metallothionein expression determined by IHC correlated signifi cantly with 
short survival [ 42 ].  

    Taxanes 

 The  taxanes   such as paclitaxel and docetaxel stabilize microtubules inhibiting the 
disassembly process, resulting in cell death due to large numbers of spurious asters 
forming throughout the cytoplasm [ 43 ]. Taxane-resistant NSCLC cell lines had sig-
nifi cantly increased expression of class III β-tubulin [ 44 – 46 ]. Furthermore, the 
expression level of endogenous hypoxia inducible factor (HIF)-1 alpha appears to 
modulate taxane sensitivity in vitro by infl uencing the conformation and dynamics 
of microtubules [ 47 ]. In NSCLC cell lines that are resistant to taxanes, there was 
increased microtubule instability [ 48 ]. In addition, histone deacetylase 6 (HDAC6) 
decreased microtubule stability and antagonized the effect of paclitaxel on NSCLC 
cells. On the other hand, the farnesyl transferase inhibitor lonafarnib blocked the 
effect of HDAC6 on tubulin and was synergistic with paclitaxel [ 49 ]. The specimens 
from NSCLC patients demonstrated that a majority of the tumor samples expressed 
class II and class III tubulins, although the percentage of positive cells varied sig-
nifi cantly among tumors [ 50 ]. NSCLC patients whose tumors expressed low levels 
of class III beta-tubulin isotype had a better response rate, longer PFS, and 
OS. However, this variable was not predictive in patients receiving regimens with-
out tubulin-binding agents [ 51 ]. A multivariate analysis demonstrated that low-level 
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class III beta-tubulin expression was independently associated with PFS and OS, 
suggesting that the expression levels of class III beta-tubulin in tumor cells are 
 predictive of response to therapy and patient outcome in patients with NSCLC 
receiving paclitaxel-based chemotherapy [ 51 ]. 

 In addition to the expression levels of beta-tubulin, the mutations in beta-tubulin 
gene may also predict response to the taxanes. Beta-tubulin mutations in exons 1 or 
4 were found in 33 % of NSCLC patients, and none of these patients had an objec-
tive response to paclitaxel treatment [ 52 ]. In the same study, median survival was 3 
months for the patients with beta-tubulin mutations and 10 months for the patients 
without mutations [ 52 ]. Overall, the available data suggest that elevated expression 
and mutations in class III β-tubulin may predict resistance to taxanes in lung cancer, 
offering an opportunity for personalization. 

 Another potential mechanism of taxane resistance in lung cancer is through 
dysregulation of the mitotic spindle checkpoint. The mitotic spindle checkpoint, 
which blocks segregation of abnormal chromosomes, is often defective in human 
lung cancer cell lines [ 53 ]. Anti-microtubule agents such as taxanes activate the 
mitotic spindle checkpoint [ 53 ]. In NSCLC cell lines, impairment of the mitotic 
spindle checkpoint was associated with marked reduction in the ability of docetaxel 
to induce apoptosis, compared to cell lines with an intact mitotic spindle check-
point [ 53 ].  

    Etoposide 

  Etoposide   is an inhibitor of topoisomerase II enzyme that prevents re-ligation of the 
DNA strands leading to potentially lethal DNA breakage [ 54 ]. There is relatively 
little information available on the potential role of decreased drug uptake in etopo-
side resistance, although etoposide uptake is signifi cantly higher in sensitive SCLC 
cell lines than in more resistant NSCLC lines [ 55 ]. The nonionic detergent Tween-
80 increased etoposide uptake and cytotoxicity in NSCLC cells [ 56 ]. On the other 
hand, some etoposide-resistant cell lines have signifi cantly increased level of cho-
lesterol [ 57 ], which is thought to increase cell membrane rigidity. 

 As expected,  SCLC   cell lines are generally more sensitive to topoisomerase II 
inhibitors than NSCLC cell lines are [ 55 ,  58 ]. Kasahara and colleagues reported that 
nuclear topoisomerase II activity was twofold higher in SCLC cells than in NSCLC 
cells [ 55 ]. On a similar note, the expression of topoisomerase II-α mRNA and the 
protein levels in lung cancer cell lines were lower in the resistant variants compared 
to the sensitive variants [ 59 ]. Other etoposide-resistant SCLC cells derived from a 
patient who developed acquired resistance after initial response to etoposide dem-
onstrated reduced topoisomerase II unknotting activity and reduced topoisomerase 
II-α expression [ 60 ]. In clinical tumor specimens, there was a signifi cantly greater 
topoisomerase II-α expression by IHC in SCLC than in NSCLC [ 61 ,  62 ], and topoi-
somerase II-α IHC expression decreased signifi cantly in SCLC tumors after therapy 
with etoposide [ 62 ]. Overall, these data suggest that reduced expression of 
 topoisomerase II-α may increase resistance to etoposide. 
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 Rad51 protein expression may play a role in  etoposide resistance  . In SCLC cells, 
resistance to etoposide correlated with protein levels of RAD51. Also, aberrant 
RAD51 gene expression altered both the effi cacy of etoposide and repair of 
etoposide- induced DNA breaks [ 63 ]. Rad51 was expressed in 41 % of clinical 
NSCLC tumor samples but it did not correlate with resistance to etoposide [ 36 ]. 
Hence, the role of Rad51 in etoposide resistance will need further investigation in 
clinical setting. 

  ERK1 and ERK2 are   examples of mitogen-activated protein kinases (MAPKs), 
and are downstream from Ras, Raf and MEK in the Ras pathway. Some etoposide- 
resistant SCLC cell lines had markedly increased MAPK activity [ 64 ]. Etoposide is 
less effective in hypoxic tumor cells [ 65 ]. A hypoxic environment activated the 
ERK pathway and increased resistance of NSCLC cells to etoposide. Conversely, 
inhibiting the ERK pathway reversed the hypoxia-induced resistance [ 65 ]. 

  Other   potential mechanisms for etoposide resistance in lung cancer include 
increased metallothionein expression and non-homologous end-joining (NEJH) 
repair. In addition to increased metallothionein expression seen in some cisplatin- 
resistant cell lines as discussed in Sect.  1 , metallothionein expression also corre-
lated with resistance to etoposide [ 66 ]. Exposure of lung cancer cell lines to 
cadmium or zinc increased metallothionein synthesis and increased resistance to 
etoposide [ 66 ]. NHEJ is a pathway that repairs double-strand breaks in DNA with-
out the need for a homologous template. DNA-dependent protein kinase (DNA-PK) 
plays a crucial role in this pathway [ 67 ]. The effi cacy of etoposide and etoposide- 
induced double strand breaks in SCLC cell lines varied with expression of DNA-PK 
proteins, suggesting a role for NHEJ repair in etoposide resistance [ 63 ].  

    Gemcitabine 

 Gemcitabine is a  deoxycytidine   analogue that, following uptake through nucleoside 
transporters, undergoes complex intracellular conversion to gemcitabine diphos-
phate and triphosphate that are important for cytotoxic effects [ 68 ].  Human equili-
brative nucleoside transporter 1 (hENT-1)   plays a role in cellular uptake, and 
hENT-1-defi cient cells were demonstrated to be resistant to gemcitabine [ 69 ]. 
Liposome encapsulation may enhance gemcitabine uptake and cytotoxicity [ 70 ]. 
One NSCLC study reported that pretreatment hENT-1 expression did not directly 
correlate with tumor response or survival following gemcitabine-based chemother-
apy, but only 16 % of the tumor specimens expressed hENT-1 by IHC [ 69 ]. In a 
separate study, none of the NSCLC patients who lacked hENT-1 expression deter-
mined by IHC responded to gemcitabine-based therapy [ 71 ]. 

  Ribonucleotide reductase M1 (RRM1)   encodes the regulatory subunit for ribo-
nucleotide reductase which is a target of gemcitabine [ 72 ]. Ribonucleotide reduc-
tase plays an important role in cell growth and DNA repair [ 72 ]. Over-expression of 
RRM1 mRNA [ 72 ,  73 ] and genetic variations in RRM1 gene [ 74 ] correlated with 
resistance to gemcitabine in NSCLC cells. Bexarotene which counteracts RRM1 
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gene amplifi cation [ 75 ] and RRM1 siRNA [ 76 ] both decreased resistance to 
 gemcitabine. Furthermore, a signifi cantly higher RRM1 mRNA expression was 
found in SCLC cell lines compared to NSCLC cells [ 77 ]. In clinical setting, NSCLC 
patients who were treated with gemcitabine alone or in combination with a platinum 
drug, RRM1 mRNA expression levels inversely correlated with tumor response [ 72 , 
 78 ], time to progression [ 79 ] or survival [ 78 – 81 ]. Furthermore, RRM2, a related 
factor, also correlated inversely with response. Patients whose tumors had high 
expression of both RRM1 and RRM2 had signifi cantly lower response rates, shorter 
time to progression and OS, compared to those whose tumors had low expression of 
both [ 82 ]. RRM1 expression appears to be a promising biomarker for gemcitabine-
based therapy in NSCLC. However, a recent phase III study comparing ERCC1 and 
RRM1 expression-based chemotherapy with gemcitabine/carboplatin in advanced 
NSCLC demonstrated that there was no statistically signifi cant difference in PFS 
and OS between the experimental arm and the control arm [ 40 ]. Further investiga-
tion is warranted.  

    Vinorelbine 

  Vinorelbine is an   amphiphilic Vinca alkaloid with superior activity in NSCLC com-
pared with other drugs in the same category [ 83 ]. It exerts its antitumor activity by 
binding to tubulin and inhibiting microtubule assembly, thereby preventing cell 
mitosis [ 84 ]. 

 Stuckler and colleagues reported a potential role of RLIP76, a non-ATP binding 
transport protein, in facilitating the effl ux of vinorelbine in NSCLC [ 83 ]. They dem-
onstrated that RLIP76 catalyzes the transport of vinorelbine in a saturable manner 
that is dependent on vinorelbine and ATP [ 83 ]. Furthermore, threefold overexpres-
sion of RLIP76 in NSCLC and SCLC confers increased resistance to vinorelbine by 
decreasing intracellular vinorelbine concentration [ 83 ]. 

  Polo-like kinases (PLKs) play a   role in mitotic entry, spindle pole function 
and cytokinesis [ 85 ]. Expression of PLK 1 was elevated in NSCLC, and inhibit-
ing it disrupted microtubule polymerization while potentiating the effi cacy of 
vinorelbine [ 86 ]. NSCLC patients who had low class III β-tubulin mRNA expres-
sion in their tumors had signifi cantly longer time to progression and OS than 
patients with high expression of class III β-tubulin following treatment with 
vinorelbine/cisplatin [ 79 ,  87 ]. Low Delta2 α-tubulin expression was also associ-
ated with signifi cantly longer OS in advanced NSCLC patients treated with cis-
platin/vinorelbine [ 87 ]. Conversely, when NSCLC patients received cisplatin/
vinorelbine in adjuvant setting after undergoing surgical resection of their 
tumors, a greater benefi t of the therapy was seen in patients with high versus low 
class III β-tubulin. Furthermore, the adjuvant therapy appeared to overcome the 
negative prognostic effect of high β-tubulin [ 88 ]. It is unclear why there is a 
discrepancy between adjuvant and metastatic setting in the infl uence of tubulin 
expression on vinorelbine effi cacy. 
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  Stathmin   (oncoprotein 18) is a protein that plays an important regulatory role in 
tubulin dynamics. Transfection of the gene into lung cancer cells increased sensitiv-
ity to vinca alkaloids [ 89 ]. However, in patients with advanced NSCLC treated with 
vinorelbine plus cisplatin, time to progression was shorter in patients with high 
stathmin than with low stathmin mRNA expression [ 79 ]. Hence, its role in resis-
tance remains unclear. 

 Similar to docetaxel as discussed in section “Taxanes”, impairment of the mitotic 
spindle checkpoint was also associated with signifi cant reduction in the ability of 
vinorelbine to induce apoptosis, compared to cell lines with an intact mitotic spindle 
checkpoint [ 53 ].  

    Pemetrexed 

 Pemetrexed is one of  the   newer agents that is commonly used to treat advanced non- 
squamous NSCLC based on a phase III study by Scagliotti and colleagues that 
showed survival differences based on histologic type [ 90 ]. In this study, OS was 
superior for pemetrexed/cisplatin versus gemcitabine/cisplatin in patients with non- 
squamous NSCLC only [ 90 ]. Like all other chemotherapeutic agents, virtually all 
tumors develop resistance to pemetrexed. 

 The proton-coupled folate receptor [ 91 ], the reduced folate carrier [ 91 ,  92 ] and 
the folate receptor-α [ 93 ] all appear to play a role in transport of pemetrexed. As 
discussed above, pemetrexed is more active in non-squamous carcinomas than in 
squamous cell carcinomas [ 90 ], possibly related to the fact that adenocarcinomas in 
particular have signifi cantly higher expression of folate receptor-α compared to 
squamous cell carcinomas [ 94 ]. Cytotoxicity due to pemetrexed occurs by inhibiting 
thymidylate synthase (TS), dihydrofolate reductase (DHFR), and glycinamide ribo-
nucleotide formyltransferase (GARFT). Increased expression of these enzymes was 
associated with reduced cytotoxicity of pemetrexed in NSCLC cell lines [ 95 ]. 
Moreover, a recent meta-analysis evaluated the predictive value of TS and reported 
that NSCLC patients with lower TS expression could potentially benefi t from 
pemetrexed- based chemotherapy [ 96 ]. High extracellular folate pools also markedly 
reduced pemetrexed cytotoxicity [ 97 ]. Further clinical investigation is warranted.  

    Multidrug Resistance Protein (ABCC, ABCB) 

 The factors that confer resistance  to   one agent may render tumors resistant to sev-
eral other agents [ 98 ]. Alternating multiple agents with different mechanisms of 
action including cisplatin and paclitaxel does not improve clinical outcome in 
NSCLC [ 99 ]. The multidrug resistance (MDR) phenotype can be caused by trans-
porters of the multidrug resistance protein (MRP) family (also known as ABCC) or 
MDR P-glycoprotein family (also known as ABCB). 
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 A high  proportion of SCLC   [ 100 ,  101 ]  and   NSCLC [ 100 ,  102 ] cell lines express 
MRP mRNA, with greater MRP protein and/or mRNA expression in NSCLC than 
in SCLC cell lines [ 103 ,  104 ]. MRP expression is associated with decreased cel-
lular drug accumulation of cisplatin [ 105 ], paclitaxel [ 106 ] and other agents [ 107 ]. 
In both SCLC and NSCLC cell lines, MRP mRNA or protein expression correlated 
signifi cantly with resistance to vinca alkaloids [ 102 ,  103 ,  105 ,  107 ,  108 ], etoposide 
[ 100 ,  103 ,  104 ,  108 ], docetaxel [ 109 ], paclitaxel [ 106 ], gemcitabine [ 76 ] and 
 cisplatin [ 103 ,  105 ]. However, an association between MRP expression and resis-
tance was not seen in some cell lines [ 110 – 112 ]. In clinical specimens, MRP 
mRNA and/or protein by IHC was found in 32–100 % of NSCLC tumor specimens 
[ 100 ,  113 – 115 ]. MRP expression was signifi cantly higher in more differentiated 
tumors than in less differentiated tumors [ 113 ] and in squamous cell carcinomas 
than in other NSCLCs [ 115 ]. MRP expression was also reported in SCLC clinical 
tumor samples [ 101 ]. 

 The clinical value of tumor MRP expression remains uncertain. Response rates 
to platinum-based combinations were signifi cantly lower in patients with SCLC 
whose tumors express MRP1 [ 116 ,  117 ] or MRP2 [ 118 ] compared to those with 
tumors that do not express these factors. Furthermore, MRP1 expression in SCLC 
tumors was signifi cantly higher at relapse after treatment with cisplatin/etoposide 
compared to untreated tumors [ 116 ], suggesting that chemotherapy may upregulate 
expression of MRP. Likewise, in autopsy NSCLC tumor specimens, mRNA expres-
sion levels of MRP3 [ 119 ] and MRP5 [ 120 ] were signifi cantly higher in patients 
who had been exposed to platinum drugs  ante mortem  than in patients who had not 
received platinum agents. 

 In advanced NSCLC, response rates to cisplatin/irinotecan were higher and sur-
vival was longer in patients with some MRP2 host genotypes than with other geno-
types [ 121 ]. However, there was lack of correlation between MRP IHC expression 
and response to platinum-based combinations in other studies [ 21 ,  122 ]. In a differ-
ent study involving NSCLC patients, MRP mRNA expression only correlated nega-
tively with tumor response only in adenocarcinomas, and not in squamous cell 
carcinomas [ 123 ]. Furthermore, tumor MRP1 or MRP2 IHC expression did not 
correlate with survival in patients with resected NSCLC receiving adjuvant cisplatin 
plus a vinca alkaloid or etoposide [ 124 ]. Overall, preclinical data support a role for 
MRP in resistance to several types of chemotherapy. However, clinical data remain 
inconclusive. Further study is necessary. 

 Like MRP, MDR/P-glycoprotein may also render tumors resistant to chemother-
apy by transporting drugs out of cells. In NSCLC cells, increased MDR1 mRNA 
and/or protein expression levels were associated with resistance to vinca alkaloids 
[ 102 ,  125 – 128 ], etoposide [ 125 ,  127 ], and taxanes [ 125 – 127 ,  129 ,  130 ]. MDR1/P- -
glycoprotein expression did not correlate signifi cantly with sensitivity to platinum 
drugs [ 5 ,  110 ,  125 ,  126 ] or intracellular platinum accumulation [ 5 ,  110 ]. Some 
NSCLC and SCLC cell lines transfected with the MDR1 gene had augmented 
 sensitivity to gemcitabine, and this augmented sensitivity was reversed by the 
P-glycoprotein inhibitor verapamil [ 112 ]. MDR1 gene overexpression was also 
seen in SCLC cell lines selected for resistance by exposure to paclitaxel [ 106 ] or 
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etoposide [ 131 ,  132 ]. P-glycoprotein expression correlated with HIF-1 alpha 
e xpression in NSCLC cell lines [ 133 ] and in resected NSCLC tumors [ 134 ]. Its 
expression was higher in lung adenocarcinoma cells under hypoxia [ 133 ], but was 
reduced in tumors of patients who had nitroglycerin patches applied to improve 
tumor blood fl ow and oxygenation prior to surgical resection [ 134 ]. 

 In clinical setting, MDR1 mRNA and/or P-glycoprotein were expressed in 
11–32 % of chemo-naïve specimens [ 62 ,  135 – 138 ], but were expressed in 61 % of 
tumors that had been treated with chemotherapy [ 137 ]. However, MDR1 expres-
sion in NSCLC did not correlate with histology or with clinical characteristics 
[ 135 ]. In SCLC, MDR1 expression was seen in 13–60 % of tumor biopsy samples 
[ 62 ,  101 ,  138 ]. 

 With MDR1/P-glycoprotein, there is stronger evidence of an association of 
expression with clinical outcome in SCLC than in NSCLC. In SCLC, there was a 
negative correlation between expression of P-glycoprotein and clinical outcome in 
patients treated with cisplatin-etoposide [ 116 ,  117 ,  138 – 141 ]. In addition, 
P-glycoprotein expression was signifi cantly increased in tumors previously exposed 
to therapy compared to the expression in untreated tumors [ 62 ,  116 ]. Effi cacy of 
cisplatin/etoposide in SCLC patients also correlated with MDR1 host polymor-
phisms, with a signifi cantly better chemotherapy response in patients with the 3435 
CC genotype (exon 26) compared with those who had both 3435 CT and TT geno-
types [ 142 ]. 

 In  NSCLC  , there was a signifi cant correlation of tumor P-glycoprotein IHC 
expression with response in two studies using platinum and paclitaxel [ 143 ,  144 ]. 
Similar to the fi ndings in SCLC, the MDR1 3435 CC host genotype was associated 
also in NSCLC with a better response to cisplatin-vinorelbine compared with the 
combined 3435 CT and TT genotypes [ 145 ]. However, in a number of other studies 
involving patients with advanced NSCLC [ 21 ,  138 ,  146 ], P-glycoprotein expression 
by IHC did not correlate with response to cisplatin-based regimens [ 21 ,  138 ,  146 ] 
that included vinca alkaloids [ 21 ,  138 ,  147 ], taxanes [ 21 ] or gemcitabine [ 21 ]. 
Furthermore, host MDR1 C3435T polymorphisms did not correlate with outcome 
in NSCLC patients who were treated with cisplatin/docetaxel [ 148 ]. 

  P-glycoprotein antagonists   have been assessed in both NSCLC and in SCLC. The 
P-glycoprotein antagonist verapamil enhanced paclitaxel accumulation and vinorel-
bine effi cacy in P-glycoprotein overexpressing lung cancer cells [ 111 ]. The epider-
mal growth factor receptor (EGFR) inhibitor gefi tinib also reversed P-glycoprotein 
mediated taxane resistance in NSCLC cell lines [ 130 ,  149 ], but did not translate to 
improvement in effi cacy of chemotherapy in randomized clinical trials involving 
NSCLC patients [ 150 ,  151 ]. A phase II study investigating cyclosporine A, another 
P-glycoprotein antagonist, in combination with paclitaxel in NSCLC patients sug-
gested a possible positive impact of the cyclosporine on paclitaxel effi cacy [ 152 ]. 
However, when cyclosporine was added to etoposide plus cisplatin in treatment- 
naive NSCLC, there was no evidence of clinical benefi t [ 153 ]. Similarly, while 
hydroxyurea is thought to reverse  MDR1 -associated resistance in vitro [ 154 ], com-
bining paclitaxel with hydroxyurea in previously-treated patients with advanced 
NSCLC did not appear to improve clinical outcome [ 155 ]. 
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 Based on the above, there is strong preclinical evidence of an association between 
MDR1/P-glycoprotein expression and resistance to several agents in lung cancer 
cells, but the clinical evidence is inconclusive for an association with outcome 
 especially in NSCLC.  

    Conclusion 

 Despite rapid advances in diagnostic technology and better understanding of lung 
tumorigenesis which have led to development of targeted agents, chemotherapy 
continues to remain as the backbone of treatment for both SCLC and NSCLC. There 
are several chemotherapeutic agents with different mechanisms of action being cur-
rently used to treat lung cancer. However, virtually all tumors develop resistance to 
all these agents. Persistent investigation to understand the molecular mechanisms of 
chemotherapy resistance and identifi cation of predictive biomarkers for chemother-
apy sensitivity are necessary. Improved understanding of resistance mechanism at 
the molecular level may offer opportunities to combine chemotherapeutic agents 
with molecularly targeted agents, which may be a promising strategy to overcome 
chemotherapy resistance and to optimize therapy for lung cancer patients.     
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      Current State of Metal-Based Drugs 
for the Effi cient Therapy of Lung Cancers 
and Lung Metastases                     

       Bernhard     Biersack      and     Rainer     Schobert    

    Abstract     Lung cancer is the second most common cancer in both men and women 
and thus a leading cause of cancer-related deaths worldwide. New effi cient treat-
ments especially for its advanced stages and metastases are desperately needed, 
particularly with regard to overcoming the resistance which thwarts the effi cacy of 
most clinically established drugs such as the platinum complexes. Glimpses of 
hope are new metal-based drugs that have emerged over the past decade which 
displayed effi cacy in patients with platinum-resistant tumors and metastases. This 
chapter provides an overview of the latest developments of such metal-based drugs 
against lung cancer.  

  Keywords     Platinum complexes   •   Ruthenium complexes   •   Gadolinium   •   Ferrocene 
derivatives   •   Anticancer agents   •   Lung cancer   •   Lung metastasis   •   Multi-drug 
 resistance   •   Tumor targeting  

        Introduction 

 More than one million people die of lung cancer worldwide every year. While 
non- smokers are almost exclusively affected by non-small cell lung cancer 
(NSCLC), small-cell lung cancer (SCLC) is characteristic of smoking patients [ 1 , 
 2 ]. The platinum complex  cisplatin   is widely applied for the chemotherapy of a 
number of solid tumors including lung cancers. Second generation complexes like 
carboplatin and oxaliplatin entail less pronounced side effects and show signifi -
cant activity in cisplatin-resistant cancer types [ 3 ]. These platinum(II) complexes 
kill cancer cells by modifi cation of DNA and subsequent induction of apoptosis 
[ 4 ]. Today, cisplatin and  carboplatin   play a major role in the treatment of 
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small-cell and non-small-cell lung cancers, customarily administered in combination 
with other drugs like  gemcitabine, etoposide, vinorelbine or paclitaxel [ 1 ,  2 ]. The 
survival of patients could be improved significantly since the introduction of 
the platinum complexes into lung cancer therapy about 30 years ago. In 2004 the 
receptor tyrosine kinase inhibitor erlotinib was approved for the treatment of 
advanced and metastatic NSCLC which leads to an average extension of the sur-
vival time of about 3.3 months. 

 The success of  platinum complexes   has also intensifi ed the development of anti-
cancer drugs derived from metals other then platinum, e.g., ruthenium. Ruthenium 
complexes broadened the spectrum of antitumoral effects since many of them are 
much less toxic than platinum drugs while selectively targeting tumor metastases. 
Some ruthenium complexes (e.g., NAMI-A, KP1019) already entered clinical trials 
and showed pronounced effi cacy in lung and colon cancer patients [ 5 ]. 

 In the following, an overview is presented of various metal–based anticancer 
agents including platinum, ruthenium, gadolinium and iron compounds at an 
advanced stage of preclinical evaluation or in clinical trials for the targeted treat-
ment of lung cancer and lung metastases with an emphasis on those types associated 
with a poor prognosis.  

    Platinum Complexes 

  Cisplatin   and  carboplatin    are   approved worldwide for the treatment of lung cancer 
diseases in combination with other drugs. But there are more platinums which are 
approved locally in East Asia, namely in China and in Japan, for the treatment of 
lung cancer. Nedaplatin ( 1 ), diammine[hydroxyacetato(2−)- O , O ′]platinum(II) 
(Fig.  1 ), is another second generation cisplatin analogue comparable with 
carboplatin [ 6 ,  7 ]. Nedaplatin was approved in Japan for the treatment of NSCLC 
and SCLC in 1995 at doses of up to 90 mg/m 2  [ 8 ]. Dose limiting toxicities are 
thrombocytopenia and neutropenia [ 8 ]. A recent study using nedaplatin with iri-
notecan followed by gefi tinib revealed an overall response of 43 % [ 9 ]. The gly-
colate leaving group of nedaplatin hydrolyses more rapidly than the carboplatin 
oxo-ligand cyclobutane-1,1-dicarboxylate giving the complex a reactivity compa-
rable with that of cisplatin [ 6 ]. However, nedaplatin shows only slight interaction 
with serum proteins. Hence, nedaplatin is less nephrotoxic than cisplatin and car-
boplatin and is recommended for the treatment of patients with impaired renal 
functions instead of cisplatin. As expected, the DNA lesions caused by nedaplatin 
are comparable with those infl icted by cisplatin since the spectator ligands are the 
same (ammine ligands).   Lobaplatin   ( 2 , Fig.  1 ) was developed in Germany (Astra 
Medica AG, Frankfurt) and was approved in China for the treatment of small-cell 
lung cancer (SCLC). It is given as a diastereomeric mixture of complexes derived 
from racemic lactic acid and shows no nephro-, neuro-, and ototoxicity [ 10 – 14 ]. 
In addition to these approved examples of platinum complexes against lung can-
cer diseases there are further Pt-based drugs that entered clinical trials. Zeniplatin 
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( 3 ), for instance, shows higher water solubility than cisplatin due to the additional 
hydroxyl groups (Fig.  1 ). It underwent phase II trials for advanced NSCLC 
patients but provoked only moderate response (10–14 %) [ 15 ]. Zeniplatin was 
eventually abandoned due to serious nephrotoxicity which had gone unnoticed 
during the phase I trials. Cycloplatam ( 4 ) was developed by Russian scientists and 
showed particularly high activity in lung cancer xenograft models (Fig.  1 ) [ 16 ]. 
 Cycloplatam   was investigated in a series of phase II trials in Russia against vari-
ous solid tumor diseases, however, its development was stopped for unknown rea-
sons. Iproplatin ( 5 ) is an octahedral platinum(IV) complex and actually a prodrug 
which undergoes reduction to cytotoxic Pt(II) complexes in vivo (activation by 
reduction) (Fig.  1 ) [ 17 ]. It underwent several phase II trials, also for NSCLC and 
SCLC, however, it could not surpass the activity of cisplatin in these trials and its 
development was discontinued [ 18 ,  19 ]. The complex TRK710 ( 6 ) features a 
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3-acyltetronate ligand coordinated to the Pt(II) center and showed higher activity 
and uptake rates in cisplatin-resistant cancer cells (Fig.  1 ). A distinct activity in 
NSCLC was confi rmed and initial phase I clinical trials revealed lower nephrotox-
icity and myelosuppression than cisplatin [ 20 ]. However, development was termi-
nated for unknown reasons and there are no further reports of clinical trials with 
this interesting complex. BBR3463 ( 7 ) was the fi rst non-classical platinum com-
plex of clinical relevance (Fig.  1 ). This cationic trinuclear platinum complex con-
sists of two functional  trans -Pt moieties connected by a tetraamine-platinum 
bridge. This complex revealed an enhanced cellular uptake compared with cispla-
tin and caused a high degree of interstrand crosslinks in DNA which are not rec-
ognized by repair enzymes of the NER eventually leading to a p53-independent 
apoptosis induction [ 21 ,  22 ]. Although positive results were observed for NSCLC-
patients of a phase II trial (2 OR and 11 PR from 33 patients) the drug never 
entered clinical phase III trials [ 23 ].

   While most of the platinum drugs have to be administered intravenously, 
 Satraplatin   ( 8 ) was the fi rst orally applicable platinum agent under clinical investi-
gation (Fig.  1 ). Like iproplatin it is a Pt(IV) complex prodrug which is reduced in 
the organism to active Pt(II) complexes (activation by reduction) that build up DNA 
lesions similar to cisplatin [ 24 ]. Satraplatin when given alone rendered a partial 
response rate of 38 % in patients with SCLC. Clinical trials in combination with 
paclitaxel for patients with NSCLC are ongoing [ 25 ]. Picoplatin ( 9 ) is another orally 
applicable Pt(II) complex initially designed to meet the glutathione-mediated resis-
tance towards platinum drugs (Fig.  1 ). The methyl group of the picoline ligand hin-
ders the attack of deactivating bionucleophiles such as glutathione and 
metallothionein at the Pt(II) center, and an enhanced activity of picoplatin in resis-
tant cancer cells was actually observed [ 26 ,  27 ].  

    Ruthenium Complexes 

 While primary solid tumors can  be   effi ciently removed by surgery in many cases the 
emergence of metastases is frequently responsible for the lethal issue of cancer 
diseases. Hence, suitable treatments which prevent or reduce metastasis are in great 
demand. The promising ruthenium(III) based drug candidate NAMI-A (“New 
Antitumor Metastasis Inhibitor”), ImH[ trans -Im(DMSO)RuCl 4 ] (Fig.  2 ) initially 
failed the common anticancer screens such as the NCI 60 cell lines screen yet pre-
vented in additional animal studies the development and growth of lung metastases 
derived from lung and breast carcinomas [ 28 – 30 ]. The high effi cacy of NAMI-A in 
the lungs is based on its eightfold longer half-life in lung tissue compared with other 
tissues and organs which is probably due to the high content of collagen which can 
interact with NAMI-A. In addition to its anti-invasive properties NAMI-A also pos-
sesses anti-angiogenic activity as to assays with blood vessels in the chorioallan-
thoic membrane (CAM) of chicken and in rabbit cornea probably by binding to NO 
released from the endothelial cells [ 31 ]. In contrast to platinum drugs NAMI-A 
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binds only weakly to DNA. NAMI-A inhibits the MAPK pathway by suppression 
of membrane PKC leading to apoptosis and it reduces cell migration as well as the 
release of gelatinase [ 32 ,  33 ]. A phase I study in 2004 revealed a high tolerance of 
the drug by patients with the appearance of blisters being the only dose-limiting 
toxic event [ 34 ].

   Meanwhile NAMI-A type compounds with improved stability in aqueous solu-
tions have emerged. Complex  10  (Fig.  3 ), for example, with a less basic pyrazole 
ligand distinctly reduced the number of lung metastases arising from Lewis lung car-
cinoma and MCa breast carcinoma [ 35 ]. In the lung cancer model  10  showed similar 
activity compared with NAMI-A while in the breast cancer model it was twice as 
active as NAMI-A with respect to the reduction of lung metastases. Thus, complex  10  
behaves similarly to NAMI-A. However, it did not arrest the cell cycle at the G2/M 
checkpoint like NAMI-A. On the other hand,  10  inhibited tumor cell migration in 
matrigel more effi ciently than NAMI-A. Another NAMI-like complex is (Hdmtp)
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[trans-RuCl 4 (DMSO)(dmtp)] ( 11 ) bearing a 5,7-dimethyl[1, 2,  4]triazolo[1,5- a ]
pyrimidine ligand (dmtp) (Fig.  3 ) [ 36 ]. Complex  11  exhibited antimetastatic proper-
ties comparable to those of NAMI-A, but also revealed a higher liver toxicity and 
caused edema. However, it showed a lower kidney toxicity than NAMI-A.

    Organoruthenium complexes are   usually more stable than NAMI-A-type coordi-
nation complexes concerning ligand exchange and were therefore identifi ed as 
promising candidates for new anticancer drugs as well. RAPTA-C ( 12 ) is a 
ruthenium(II)-arene complex bearing a 1,3,5-triaza-7-phosphaadamantane (PTA) 
ligand (Fig.  4 ). The η 6 -arene ligand ( p -cymene) stabilizes the reactive Ru(II) state of 
the complex. Complex  12  showed pH dependent DNA damage, in particular at 
lower pH values which are typical of hypoxic tumor sites when the PTA ligand is 
protonated [ 37 ]. Despite of the structural differences between NAMI-A and 
RAPTA-C ( 12 ) their modes of action showed similarities. Like NAMI-A complex 
 12  is inactive against the primary tumor, yet highly effi cacious against lung metas-
tases. Treatment of MCa mammary carcinoma bearing CBA mice with 200 mg/kg/
day of  12  for 2 days reduced the number of lung metastases by more than 50 % with 
two mice of the treated group turning entirely cancer free [ 38 ]. While the half-life 
of complex  12  is comparable with that of NAMI-A it showed enhanced distribution 
and blood clearance rates. Hence, complex  12  (RAPTA-C) appears a suitable can-
didate for further testing including clinical trials.

   Sadler and co-workers prepared the ruthenium(II) complexes RM175 ( 13 ) and 
HC11 ( 14 ) which exhibit signifi cant cytotoxic activity in cancer cells, including 
cisplatin-resistant cells (Fig.  4 ) [ 39 ]. These complexes coordinate selectively to the 
N7-site of guanine bases forming an additional hydrogen bond between an NH 2  
group of the en ligand and the C6-carbonyl group of guanine. Both complexes were 
distinctly growth inhibitory in A549 lung non-small cell lung cancer xenografts at 
doses of 25 mg/kg. A signifi cant liver toxicity was observed at higher doses for 
complex  14 . The authors suggest that liver toxicity is attributed to the arene ligand 
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and further modifi cation of the arene ligand is in progress in order to reduce the 
hepatotoxicity of such ruthenium complexes. Inspired by the successful launch of 
the EGFR-inhibitor erlotinib as a drug against advanced NSCLC, Biersack et al. 
have recently prepared neutral arene-Ru(II) complexes  15  and  16  of pyridine-based 
tyrphostine derivatives which are well known EGFR inhibitors (Fig.  4 ) [ 40 ,  41 ]. 
These complexes exhibited growth inhibitory activity in various cancer cell lines at 
sub-micromolar concentrations and led to strong DNA metallation in vitro.  

    Motexafi n Gadolinium 

 Between 100,000 and 300, 000   cancer patients are diagnosed with brain metastases 
in the US alone every year and their survival expectancy is dauntingly poor [ 42 ]. 
Since radiation therapy is the treatment of choice for brain metastases, radiosensi-
tizing agents were developed in order to improve the impact of the radiation therapy 
and to reduce side effects. The MRI-detectable complex motexafi n gadolinium ( 17 , 
MGd), also known as  gadolinium texaphyrin (Xcytrin, NSC 695238)   is a metal- 
based anticancer agent that showed promising results as a radiosensitizer (Fig.  5 ). 
This agent features a Gd(III) ion chelated by a porphyrin-like texaphyrin ligand. 
Due to its high electron affi nity complex  17  readily oxidises cellular components, 
e.g., reducing metabolites, leading to lethal DNA damage [ 43 ]. In addition, complex 
 17  directly targets enzymes like thioredoxin reductase and ribonucleotide reductase 
which are often overexpressed in cancer cells [ 44 ], and it interferes with intracel-
lular zinc levels in cancer cells probably due to a direct oxidation of zinc metallo-
thionein [ 45 ]. The pleiotropic anticancer effects of  17  led to various clinical trials, 
e.g., against NSCLC and brain metastases thereof. In these trials the performance of 
complex  17  is characterised by a high tumor-selectivity and tolerable side-effects 
and toxicities. In combination with whole-brain radiation therapy (WBRT) complex 
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 17  revealed reduced neurotoxicities and neurological progression as well as 
improved quality of life in patients with NSCLC-derived brain metastases in a 
phase III study (SMART) [ 46 ].

       Ferrocene-Based Compounds 

 The discovery of  ferrocene   ( 18 , Fig.  6 ) and the elucidation of its sandwich structure 
in the 1950s by G. Wilkinson (Imperial College London) and E. O. Fischer 
(Technical University Munich) was a milestone in the fi eld of inorganic chemistry 
and was awarded with the Nobel Prize in 1973. The simple complex ferrocene acti-
vates lymphocytes and exerts distinct antitumor effects by redox-sensitive signaling 
involving oxidation of Ras proteins at cystein sites [ 47 ]. Recently, Kenny and 
coworkers prepared ferrocene conjugates bearing peptide fragments. Complex  19 , 
for instance, features a combination of a ferrocene component, a naphthoyl linker 
and a small peptide moiety which has shown excellent activity in the H1299 non- 
small cell lung cancer cell line (IC 50  = 0.62 μM) and so exceeded the effi cacy of 
cisplatin in these tumor cells by far (Fig.  6 ) [ 48 ,  49 ]. The naphthoyl linker of com-
plex  19  lowers the oxidation potential of the conjugated ferrocene while the peptide 
fragment may form many hydrogen bonds to the biological targets. Snegur and 
coworkers prepared the new ferrocenylethyl benzotriazole  20  and studied it con-
cerning its in vivo activity in lung cancer xenografts via the subrenal capsular assay 
(SCA) in comparison with cisplatin (Fig.  6 ) [ 50 ]. Complex  20  exhibited low toxic-
ity and caused 45 % regression in non-small cell lung cancer models at doses of 
18 mg/kg/day, while cisplatin led to merely 23 % regression in this tumor model. 
The same group found that complex  20  alkylates nucleobases like adenine forming 
ferrocenylalkyl adenine. This mild way of ferrocenylalkylation is assumed to be the 
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reason for the selective triggering of endonucleases at the early stage of apoptosis 
without causing necrotic effects. In continuation of this interesting discovery 
Simenel et al. have recently disclosed new ferrocene conjugates with nucleobases. 
Ferrocenylmethyl thymine  21  showed distinct in vivo activity in various solid 
tumors (Fig.  6 ) [ 51 ]. For instance, mice bearing Lewis lung carcinoma (LLC) when 
treated with  21  (5.0 mg/kg/day intraperitoneally) revealed a growth inhibition of the 
LLC tumor of 45 %. The combination of complex  21  (5.0 mg/kg/day) with the 
alkylating anticancer drug cyclophosphamide led to improved effects in the LLC 
xenografts (growth inhibition of 50 %). The maximum tolerated dose (MTD) for  21  
was 20 mg/kg when given intraperitoneally. The same group also reported the prep-
aration of a ferrocenylalkyl thiopyrimidine  22  (Fig.  6 ) with enhanced anticancer 
activity that can be given to mice at a higher dose than  21  [ 52 ]. LLC xenografts were 
treated with  22  (20 mg/kg/day) and showed a tumor growth inhibition of 65 %. The 
observed MTD for complex  22  was 150 mg/kg.

   The compound class of retinoids comprises both natural vitamin A derivatives 
and synthetic analogs which are important for the differentiation of cells and the 
development of tissues and organs [ 53 – 55 ]. These effects are mediated by the bind-
ing of retinoids to nuclear receptors such as retinoic acid receptors (RARs) or reti-
noid X receptors (RXRs). All- trans -retinoic acid (ATRA) and bexarotene, for 
example, are currently applied for the treatment of various skin and cancer diseases. 
Their use is limited, though, by teratogenic and hepatotoxic side-effects [ 56 – 58 ]. 
Xiang and coworkers prepared new 13- cis -retinoyl ferrocenes in order to enhance 
the biological activity of retinoids against cancer [ 59 ]. Compound  23  (Fig.  7 ) exhib-
ited improved activity in A549 lung cancer cells (IC 50  = 20.4 μM) compared with 
13- cis -retinoic acid (IC 50  = 35.8 μM) alone. Jaouen and coworkers disclosed several 
ferrocene derivatives (so-called ferrocifens) of the selective estrogen receptor 
 modulator (SERM) tamoxifen [ 60 ,  61 ]. A compound dubbed hydroxyferrocifen 

Fe

23

O

O

Fe

24

S

OMe

O

N NH

Fe

O

O

HO

O

O

O

O

OH

25

  Fig. 7    Ferrocene conjugates with anticancer active compounds       

 

Current State of Metal-Based Drugs for the Effi cient Therapy of Lung Cancers…



220

exhibited distinct growth inhibitory activity in breast cancer cells, both ER-positive 
and ER-negative. Recently, Marques et al. disclosed a ferrocene-based raloxifen 
analogue  24  which also displayed some activity in lung cancer cells (Fig.  7 ) [ 62 ]. In 
A549 lung cancer cells complex  24  exhibited a distinctly better growth inhibition 
(IC 50  = 3.85 μM) than cisplatin (IC 50  = 18.13 μM). Generally, compound  24  showed 
no cross-resistance to cisplatin and is obviously no substrate for the ABC- 
transporters of multi-drug resistant cells.

   Ferrocenes can also increase the selectivity of anticancer agents and shield reac-
tive drugs sterically or electronically as observed in the case of the fungal cytotoxin 
illudin M. Illudins M and S and the semisynthetic compound irofulven are alkylat-
ing agents which are activated by reduction of their enone system either by NADPH- 
dependent oxido-reductases or by glutathione [ 63 ]. Irofulven was found to be 
effi cacious against MV522 metastatic lung carcinoma xenografts and to increase 
the life expectancy of treated animals by more than 150 %, a value that exceeds the 
one of mitomycin C by far (increase in life span of 61 %) [ 64 ]. In addition, irofulven 
blocked the formation of lung metastases in an animal model resistant to classical 
anticancer drugs. However, irofulven remained inactive in a clinical phase II trial 
against advanced non-small cell lung cancer [ 65 ]. In a search for more selective 
illudin M derivatives, Schobert and coworkers developed ferrocene conjugates of 
illudin M [ 66 ,  67 ]. The ferrocene diester  25  (Fig.  7 ) was active at sub-micromolar 
IC 50  values against various cancer cell lines while being forty times less toxic than 
illudin M in non-malignant fi broblast cells. The ferrocene-attached illudin M moi-
eties of  25  are less prone to reductive detoxifi cation by glutathione than free illudin 
M, and its antiproliferative activity depends on active JNK-signaling. First in vivo 
assays of  25  in lab mice revealed no toxicity at doses of 25 mg/kg and further tests 
in suitable lung cancer xenografts are planned.  

    Conclusions 

 The platinum complexes cisplatin and carboplatin have been a mainstay in the ther-
apy of lung cancer diseases right from the beginning. More platinum complexes 
were put through their paces in clinical trials and a good deal of them was found 
active against drug resistant and advanced lung cancers. In addition to platinum 
compounds, ruthenium and gadolinium complexes have emerged that selectively 
target metastases in the lung or lung cancer metastases in the brain. The drug candi-
dates NAMI-A and motexafi n gadolinium have already reached advanced stages of 
clinical trials and are likely to obtain approval for the treatment of lung cancer 
metastases. Organometallic sandwich complexes such as ferrocene pose a second 
line of development in the fi eld of anticancer metallodrugs. When attached to intrin-
sically bioactive fragments complex conjugates with pronounced activity in lung 
cancer models may result. Ferrocenes in particular fi gure prominently among such 
conjugates, presumably due to their interference with reactive oxygen species and 
with detoxifi cation of drugs.     
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