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Preface

Probably, if our ancestors could come back to this life, they would be very surprised and
amazed with each thing that invades all of our space and life: huge buildings, technology
that includes cars, airplanes, cell phones, and many other things that we do not have a real
awareness of. Within all the advances that are part of our daily life, it is important to men-
tion the huge effort, without limit, that we make to prolong life. My parents who are 86
years old are part, as many people, of the advances and at this age when people and family
dream “to be together for many years and that the grandparents get to know their grand-
children and the children get to know their grandparents.” Thanks to the technology, people
are more informed not only in relation to what to eat, but also in relation to what to do and
how to prevent any risk factor. Many scientists work endlessly in order to have a safer car or
airplane and others work to get to the technology to cure diseases so that people can lead a
more healthy life. And I am one of those scientists working for many years to identify peo-
ple with high lung cancer risk and trying to find signals that can show if something is wrong
and if it is related with abnormalities that can put at risk a life. Possibly, for cancer, includ-
ing lung cancer, the final aim is to find ways to make this devastating disease a chronic dis-
ease and that people could not only prevent the pathology but also live with the disease
without any major problems.

My research is dedicated to lung cancer, not only for being the number one cause of cancer
deaths around the world, but also because lung cancer occurs not only in people who smoke
but also in people who are poor, who use polluted cooking and heating sources, and in peo-
ple who are exposed naturally to toxic compounds present in indoor and outdoor environ-
ments such as arsenic (As) and radon (Rn). Additionally, it is important to point out that
close to 14% of all new cancers in the world are lung cancer, and when detected at an earlier
stage, the survival rate is up to 5 years. Although smoking is the first risk factor for lung
cancer, 20% of people who die of lung cancer in the United States every year are nonsmok-
ers. As per the information released for lung cancer, it can be inferred that lung cancer is not
only a very complex disease, but it also does not depend on race, gender, country, or life
style. The pathology can find a new victim in any place and in any moment of life.

Coming back to the main objective of life, leaving behind all the personal ambitions and on-
ly trying to prolong our own life and the lives of our beloved as long as possible, the scien-
tists have too much work to do. At the moment, research related with the prevention is to
identify people with medium- or high-risk to lung cancer that will allow to diminish the risk
factors and help to detect the pathology in early stages. This research is not only needed but
also crucial if we want to increase the survival to 5 years for each patient diagnosed with
lung cancer. Diagnosis and early detection obviously need advances in technologies and
professionals working as multidisciplinary teams to offer better ways to patients.
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Preface

Prevention and early detection shall go hand in hand in providing the best possible treat-
ment or personalized treatment with less toxicity, better outcomes, and why not with high
precision that allows to consider each tumor and each patient as a particular individual.

What should science offer to the lung cancer patients in a near future or for what should the
lung cancer patients wait from the science? Personalized treatment? Most time to enjoy the
life? To consider the lung cancer as a chronic disease? Probably, science is still far away to
give the patients and their family these answers; however, if each lung cancer patient de-
mands more time to love, to enjoy, or to live, the aim of each scientist working on lung can-
cer should give hope to the patients to fight against this disease. The world, mainly the
family of lung cancer patients, needs to understand that the contribution of science to this
pathology is the product of many scientists working together, who spend many hours each
day to improve the prevention, diagnose mainly in early stages, treat, and mainly survive
this disease.

This book is a demonstration of the scientists who are working for a better life, trying to
improve the quality of life of humans. The work and chapter of each author shows the com-
promise with improvement not only the diagnosis, treatment of lung cancer and also the
quality of life of each patients and the pain produced to their families and friends. This book
will provide interesting information and reference sources to professionals from different
areas and specializations. This book will contribute positively to the knowledge and advan-
ces in the prevention, diagnosis, and treatment of lung cancer.

I appreciate the invitation of InTech to work with them as editor of this book. For me, being
a scientist has been a great experience. I have learned each author’s thoughts from their
chapter, and I have felt their love for their work. I appreciate the contribution of each au-
thor, and I really enjoyed reading their chapters. They have done a great work and I value
their help and diligence. I think that people will find each lecture of this book as an interest-
ing and useful material.

Marta Adonis

CeTeCancer

Faculty of Medicine, University of Chile
Independencia 1027, Santiago, Chile
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Chapter 1

The Epidemiology of Tobacco and Lung Cancer:

Some Conclusions from a Lifetime of Research

Peter N. Lee

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/67167

Abstract

This review summarizes evidence on the smoking/lung cancer relationship, based on the
author's 50 years” experience. It starts by illustrating variations in national rates by time
and sex. It then demonstrates that the relationship of smoking to overall lung cancer risk
is strong, consistently seen and dose-related with amount smoked, duration, age of start
and time of quitting. Relative risks vary markedly by country, but little by sex, age, race,
occupation, genetics and other factors. Though precisely estimating the smoking risk is
difficult, the relationship is clearly causal, not explained by bias or confounding. The risk
from smoking is reduced in lower tar filter cigarettes, and essentially independent of
mentholation and type of curing. Lung cancer risk is not increased by smokeless tobacco
use. The relative risk is much greater for squamous/small-cell carcinoma than for adeno/
large-cell carcinoma. The argument that the increasing ratio of squamous to adenocarci-
noma results from changes in cigarettes is shown to be weak, the increase also being seen
in never smokers, starting before filters were introduced, and associated with diagnostic
changes. Most of the weak association of lung cancer with passive smoking is explicable
by confounding and by misclassification of some ever smokers as never smokers.

Keywords: smoking, lung cancer, trends, dose response, quitting smoking,
confounding, bias, cigarettes, tar reduction, compensation, mentholation, flue-cured,
blended, histological type, passive smoking

1. Introduction

While, at the beginning of the twentieth century, lung cancer was a rare disease, it was diag-
nosed progressively more often over the next 50 years, and various suggestions were made
during this period that cigarette smoking might be the cause, deriving mainly from the simple
fact that the incidence and cigarette consumption were increasing concomitantly [1]. Although

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) X N
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earlier case-control studies had been conducted in Germany [2, 3], it was not until studies in
the UK [4] and in the USA [5] published in the 1950s that serious attention was given to the
possibility that smoking might cause lung cancer. Following additional evidence from a num-
ber of large prospective studies, the US Surgeon General concluded [6] that ‘cigarette smoking
is a cause of lung cancer in men, and a suspected cause of lung cancer in women’, and later
reports [7-9] have confirmed and extended the conclusions.

Following a section which concerns trends in lung cancer rates, this review summarizes the
evidence on a number of aspects of the relationship of smoking with lung cancer, and also con-
siders the evidence on environmental tobacco smoke (ETS) or “passive smoking’. In general,
less attention is given to those aspects that are well-known and non-contentious, while deal-
ing more fully with areas where the evidence is more open to interpretation. Concentration
also tends to be in areas where the author and his colleagues have been involved in detailed
reviews of the evidence. As the author has some 50 years of experience, this covers quite a
wide range of topics, though not all.

2. Trends in lung cancer rates

Figure 1 shows trends in lung cancer rates in eight countries over the period 1946-2010. They
are presented separately for males and females and for age 15+, weighted according to the
age distribution of the European standard population. As can be seen, rates in males always
substantially exceed rates in females. While in each country rates in males have risen to a peak
and then declined, rates of females have tended to rise over the whole period, though there is
evidence of flattening out in some countries. The differing trends in the two sexes are consis-
tent with differing trends in the take up of smoking, which can be clearly seen in the detailed
data presented in International Smoking Statistics [10].

For both sexes, there is striking variation by country in the trends seen. Points to note are the
relatively low rates in Sweden and in Japan, and the rapidly accelerating rates in Hungary,
so that in males, rates are now almost double those elsewhere. It is interesting that the lung
cancer rates in Canada and the USA are so similar, given the type of tobacco predominantly
used in Canada is made only from flue-cured tobacco, while American cigarettes are blended,
a topic discussed further in Section 3.5.

Trends in the UK are markedly different from those in other countries, particularly in males.
In the 1950s, rates in males were much higher than in other countries, but following a much
earlier and steeper decline than elsewhere, are now below those in all countries except Japan
and Sweden. In 1998, Lee and Forey [11] attempted to determine whether the trends could
be fully explained by trends in cigarette consumption, concluding that they could not, with
factors other than cigarette smoking contributing importantly to risk. A contributor to the
declining trend may have been the introduction of the Clean Air Act in the UK in 1956.

The trends in the UK are very different from those in the USA. Thus, UK rates, once much
higher than in the USA, are now lower in both sexes. To some extent, this may have coloured
differing national opinions on the benefits (or otherwise) of changes from high tar plain



The Epidemiology of Tobacco and Lung Cancer: Some Conclusions from a Lifetime of Research 5
http://dx.doi.org/10.5772/67167

(Males)
160
140
=
?120
a
8 100
g
Esu
gﬁn
£
g 40
2
20
i : - . . : - - : T . - :
(Females)
60 -
=
EL
g
i
a
I
= 4
£
£
(=]
-3
(751 (T3] E (751 Ty (73] w [ =]
¢ ¢ 8 &£ &8 8 8 8 8 8 § &
i 8 8 8 % 3 5 8 & &8 % § B
—8—Canada —#—France —d— Germany Hungary —#—Japan ——Sweden —8—UK ——LU54

Figure 1. Lung cancer mortality rates by country and period.

cigarettes to low-tar filtered cigarettes. In 2003, Lee and Forey [12] looked in detail at the
question as to why the trends in the US and UK are so different. Their analyses took into
account detailed data on trends in the age of starting and stopping smoking, amount smoked
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per smoker and tar levels, and demonstrated clearly that the differing trends in lung cancer
rates could not be explained by these factors. They concluded that the explanation must lie
in changes over time in aspects of smoking not considered in the analyses and/or exposure
to risk factors other than smoking. Evidence relating to a number of possible such smoking
variables or other risk factors was considered, but no clear explanation of the differing trends
could be found. Lee and Forey [12] also criticised views expressed in NCI Monograph 13 [13],
in particular that tar reduction has been ineffective in lowering lung cancer risk, and that
trends in US lung cancer rates fit in well with trends in smoking habits.

3. Relationship of smoking to overall lung cancer risk

In order to describe the main characteristics of the relationship, this section leans heavily on
a recently published systematic review with meta-analysis by Lee et al. [14]. This involved all
epidemiological studies published before 2000 which included at least 100 lung cancer cases,
and which provided relevant information on risks associated with smoking. The meta-analyses
involved almost 300 studies, far more than in any other published meta-analysis.

3.1. Dose-related increase in risk in current and former smokers

Although the relative risk (RR) estimates vary considerably between studies, the evidence
of an association is extremely clear from the meta-analyses [14], with overall random-effects
relative risk estimates of 5.50 (95% confidence interval [CI] 5.07-5.96) for ever smokers,
8.43 (7.63-9.31) for current smokers and 4.30 (3.93-4.71) for ex-smokers, these RRs all being
expressed relative to those who have never smoked. Although the individual RR estimates
are variable in magnitude, they are highly consistent in direction. Thus, of 195 sex-specific RR
estimates for current smoking, every single one is greater than 1.0, and all but seven are indi-
vidually statistically significant at p <0.05, with as many as 27 of the RRs exceeding 20. These
estimates are for smoking of any product or for cigarettes if results for any product were not
available. Estimates for cigarette only smokers were less commonly available but were some-
what higher, with a combined estimate of 8.95 (7.76-10.33) for current smokers.

That there is a tendency for the RR to increase with number of cigarettes smoked per day is
abundantly clear. Because studies vary in the groupings used to categorize amount smoked,
analyses were included in the systematic review [14] comparing ever smoking RRs for three
groups: ‘about 5 cigs/day’ (the category for which results provided includes 5 but not 20 cigs/
day), ‘about 20 cigs/day’ (includes 20 but not 5 or 45 cigs/day), and ‘about 45 cigs/day’
(includes 45 but not 20 cigs/day). The RRs increased steadily with increasing amount smoked,
being 3.49 (95% CI 3.13-3.89), 7.33 (6.29-8.54) and 13.69 (11.80-15.89) for the three groups.

Later Fry et al. [15], based on model-fitting techniques, successfully fitted the linear with
baseline model log RR = 0.833 log, (1+0.81c) to 97 independent data blocks, where c is cigarettes
smoked per day. This model predicted quite a linear relationship between ¢ and RR, with the
RR estimated as 3.86, 6.30, 10.71, 14.77, 18.62 and 22.31 for, respectively, 5, 10, 20, 30, 40 and
50 cigs/day (see Figure 2).



=

Relative Risk
& &

25

=
i

Relative Risk
B

12

10

[++]

Relative Risk
on

The Epidemiology of Tobacco and Lung Cancer: Some Conclusions from a Lifetime of Research 7
http://dx.doi.org/10.5772/67167

-

/

/

5 10 15 20 25 30 35

40 45 50 55 60
Cigarettes per day

15 20 25 30 35 40 45
Years Smoked

50 55 &0

15 20 25 30 35 40
Age of starting to smoke
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smoked, duration of smoking and age of starting to smoke.
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For years smoked, the shape of the dose response was best fitted by a power model log RR = 0.792
(y/10)**, where y is years smoked. When applied to 35 data sets, this predicted RRs of 2.21, 3.75,
5.96, 9.11 and 13.54 for, respectively, 10, 20, 30, 40 and 50 years smoked (Figure 2). Model-fit-
ting techniques were also applied to data by age of starting to smoke, the best model being
log RR = 0.176 (7-4/10)**, where a is age of start. Here, based on 27 data sets, the RRs declined
sharply with increasing age of start, being 8.94, 7.80, 6.83, 5.99, 4.66 and 3.66 for, respectively,
12.5, 15, 17.5, 20, 25 and 30 years (Figure 2).

Although there is uncertainty as to the actual shape of the true dose-relationship, and mis-
classification of smoking status and dose may bias the fitted relationships to some extent, it is
abundantly clear that risk of lung cancer increases markedly with increasing dose, whether
quantified by increased daily amount smoked, increased duration of smoking, or earlier age
of starting to smoke.

It is also clear that risk declines, relative to continuing smokers, in those who quit smoking.
This is evident, not only from the lower RRs in ex-smokers than in current smokers noted
above, but also from those studies that report results by time quit. In a review of studies
published in the 1900s [14] it was estimated that, compared to current smokers, those who
had quit for ‘about 12 years’ (the category for which results are provided includes 12 but not
7 years), ‘about 7 years’ (includes 7 but not 3 or 12 years), and ‘about 3 years’ (includes 3 but
not 7 years) had, respectively, RRs of 0.28 (0.24-0.32), 0.57 (0.50-0.64) and 0.95 (0.84-1.08).
The lack of any clear reduction in the short-term quitters is considered to be due to ‘reverse
causation” with some smokers quitting due to incipient disease.

A later paper [16], investigated whether the decline in RR of lung cancer following quitting
(expressed relative to never smokers) could be adequately fitted by a simple, negative expo-
nential, model. In this model, the excess relative risk ER (= RR - 1) following ¢ years of quitting
was estimated by multiplying the ER for a continuing smoker by the factor exp(—ng"2 ), where
H is the estimated half-life. Thus, for example, if H is 10 years, and the RR for a continuing
smoker is 11 (ER =10), the RR for a quitter will be 6 after 10 years of quitting (the ER of 10 being
halved to 5), 3.5 after 20 years, and 2.25 after 30 years, and will still be doubled after 35 years.
Based on 106 independent data sets from 85 studies, published up to 2011, it was found that if
reverse causation was ignored, the model fit was poor, but the fit was much improved if reverse
causation was allowed for, either by ignoring short-term quitters, or by considering them to be
smokers. For the best-fitting analysis (ignoring short-term quitters), H was estimated as 9.93
(95% 9.31-10.60), but varied by sex (females 7.92, males 10.71) and age (increasing from 6.98 for
age <50 years to 12.99 for age 70+ years). It was concluded that the model adequately described
the decline in ER, although precise estimates of H may be biased by misclassification of smok-
ing status and failure to update smoking habits during follow-up in long-term prospective
studies. The large value of H illustrates clearly the persistent effects of smoking.

As shown subsequently [17], the negative exponential model can quite simply be adapted to
predict risk following changes in exposure more generally. The adaptation was shown to sat-
isfactorily predict results from those (relatively few) studies that have investigated the effect
of reducing cigarette consumption, and suggests it may be useful for predicting changes in
risk following switching to a reduced exposure product.
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3.2. Factors affecting risk

The age-specific absolute risk of lung cancer is known to be related to many factors other
than smoking. These include alcohol, occupation, air pollution, diet, viruses and genetic
factors [18].

However, the evidence considered in this section relates not to which factors modify the risk
of lung cancer, but to which affect the RR associated with smoking.

3.2.1. Sex

There has been considerable discussion about whether smoking increases the risk of lung
cancer more in women than in men, e.g. [19]. Based on the systematic review of Lee et al. [14],
there was little evidence of any difference, though RR estimates generally tended to be higher
for men than for women. This conclusion was supported by additional analyses comparing
RRs within individual studies using the same definition of exposure and similar levels of
amount smoked. The slightly higher RRs in men do not necessarily indicate any greater sus-
ceptibility, as they may reflect increased exposure to occupational carcinogens, differences in
duration of smoking or increased use of higher tar and plain cigarettes. Note, however, that in
prospective studies in which smoking habits are determined at baseline, the greater tendency
of males to quit during follow-up may tend to understate the male/female ratio. Though it is
difficult to get a precise answer on the male/female difference, these results appear to agree
with the conclusion of Bain et al. [20] that “‘women do not appear to have a greater susceptibil-
ity to lung cancer than men, given equal smoking exposure’.

3.2.2. Age

Though the absolute risk of lung cancer rises steeply with age, both in never and ever smokers,
it is far less clear whether the RR also does, particularly when the great majority of published
studies do not give results by age. However, a number of studies considered in the systematic
review [14] did provide RR estimates for ever or current smoking separately by age, and it
was possible to carry out meta-analyses based on the ratio within study of the estimate for
the oldest age group for which data were available, compared to that for the youngest. While
the meta-analysis did show a significantly higher risk in the oldest age group, the estimated
average ratio (1.17, 95% CI 1.10-1.25) was quite modest. Clearly, any variation in RR by age is
much smaller than the RR itself.

3.2.3. Location

There is a striking variation between study locations in the estimated RR associated with
smoking. For current smoking, where the overall RR estimate for the sexes combined from
meta-analyses [14], based on 195 estimates, was 8.43 (95% CI 7.63-9.31), the estimate was
higher than this for studies based in North America (11.68, 10.61-12.85), and markedly lower
than this for studies in China (2.94, 2.23-3.88), Japan (3.55, 3.05-4.14), and other parts of
Asia (2.90, 2.04—4.13), with estimates intermediate in the United Kingdom (7.53, 5.40-10.50),
Scandinavia (8.68, 7.14-10.54) and other parts of Europe (8.65, 5.98-12.51). The pattern of
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variation by location is similar if comparisons are based on ever rather than current smok-
ing. The extent to which these quite clear differences are due to the product smoked, amount
smoked, genetics or other factors, is a question which deserves further attention.

3.2.4. Time

The systematic review [14] generally showed a tendency for RRs to be lower in studies which
started a long time ago. Thus, current smoker RR estimates rose continuously from 6.39 (95%
CI 4.70-8.69) for studies starting before 1960 to 12.81 (8.70-18.85) for studies starting in the
1990s. Indeed, in the meta-regression analyses, start year of study and location were the most
highly significant (p < 0.001) independent predictors of the current smoker RR. There are a
number of possible reasons for the time trend, including changes in the use of cigarettes rela-
tive to pipes and cigars, and improvement in the quality of studies. However, the most plau-
sible reason seems to be changes in patterns of uptake of smoking, with smokers in the earliest
studies, born around the turn of the nineteenth century, being less likely to have had a lengthy
smoking career than later-born smokers in more recent studies. Note that this increase occurs
despite evidence, discussed in Section 3.4, that cigarettes have become somewhat less harmful
due to reductions in tar and the switch to filters.

3.2.5. Race

Few studies considered in the systematic review [14] provided comparable RRs for ever
or current smoking by race, and these results gave no indication that RRs for Whites dif-
fered systematically from those for Blacks (or non-Whites). Comparison of risks in Blacks
and Whites is in any case made difficult by various differences in their smoking character-
istics [21]. Thus, while in the USA. Blacks are more often current smokers, are less likely to
quit smoking, smoke higher-tar cigarettes and have higher cotinine levels, all characteris-
tics which would predict a higher risk of lung cancer, they are also less likely to have ever
smoked, have lower daily cigarette consumption, and start smoking later, all characteristics
predictive of a lower risk.

Other risk factors were not considered in detail in the systematic review [14]. However, refer-
ence is briefly made below to some of these.

3.2.6. Asbestos and other occupational exposures

It is well-known that asbestos exposure increases risk of lung cancer, though the increase
depends materially on the type of asbestos. In an early large study of US insulation
workers [22] RRs, compared to men who had never smoked cigarettes and who were unex-
posed to asbestos, were 5.17 for those exposed only to asbestos, 10.85 for those who had
ever smoked only, and 53.24 for those exposed to both risk factors. These results, while
suggesting a multiplicative relationship and an extremely high risk in those with both
exposures, do not suggest that the smoking RR varies materially by asbestos exposure.
A meta-analysis conducted in 2001 [23] involving 23 epidemiological studies confirmed
that asbestos exposure and smoking have an approximate multiplicative relationship with
lung cancer risk.
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There are, of course, numerous occupational factors which affect risk of lung cancer. Nearly
all, such as arsenic, chromium, nickel, chloromethyl ethers and polycyclic aromatic hydrocar-
bons increase risk, though a reduced risk has been reported for exposure to endotoxins [24].
The author is not aware of any occupation known to materially affect the RR associated with
smoking. As smokers are more likely to work (or have worked) in ‘dirty” occupations, there
is a possible confounding effect of occupation. However, numerous epidemiological stud-
ies have adjusted for occupation (or indicators of it such as social grade) and the systematic
review [14] found that the RR for smoking was hardly affected at all by the extent of adjust-
ment for other risk factors.

3.2.7. Genetics and family history

A review by Lee in 1993 [25] considered the limited evidence then available on family his-
tory, concluding that risk was approximately doubled in those who have a relative with
lung cancer. The association has been confirmed in a recent pooled analysis [26] of data from
24 studies, with the RR of lung cancer associated with having a first degree relative with lung
cancer estimated as 1.51 (1.39-1.63). The RR was somewhat higher for ever smokers (1.55,
1.42-1.68) than for never smokers (1.25, 1.03-1.52). Similar results were reported in an earlier
meta-analysis [27]. From the pooled meta-analysis results, one can estimate that the RR for
ever versus never smoking is somewhat lower in those with a family history of lung cancer
than in those without, by a factor which can be estimated as 1.25/1.55 = 0.81 (95% CI 0.65-1.00),
a factor which is of considerably smaller magnitude than the RR for ever smoking of 5.50
(5.07-5.96), noted in Section 3.1.

The demonstration of an association of family history with lung cancer does not necessarily
prove there is a genetic determinant of lung cancer, as family members may share aspects
of smoking such as amount smoked, depth of inhalation and type of product smoked, or be
exposed to common environmental factors other than smoking (e.g. heating and cooking
practices). In recent years, there have been a very large number of studies aiming at looking
more directly at how a whole range of genotypes are associated with lung cancer risk or with
propensity to smoke. The author's impression of the literature is that associations reported
are often non-significant and never strong. Even for well-studied relationships, such as chro-
mosome 15q25, the evidence [28-31] only suggests that the variants are associated with an
increased cigarette consumption of about one cigarette per day, and an increased lung cancer
risk of about 30-50%. Furthermore, evidence obtained on whether the variants differentially
affect lung cancer risk in never smokers is very limited. There seems to be no evidence that
RRs associated with smoking are strongly affected by genetic factors.

3.3. Difficulties in the precise estimation of risk from smoking

3.3.1. Inaccuracy of diagnosis of lung cancer

A review in 1994 by Lee [32] demonstrated substantial evidence of disagreement between
autopsy, clinical and death certificate diagnosis of lung cancer. Even though autopsy does
not ensure 100% accuracy even if clinical history is taken into account, it offers the possibility
of substantially improving the level of accuracy of death certificate data, which is affected
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by fashion and the particular interests and perceptions of certifying doctors. For example,
knowledge that a person is a smoker affects diagnostic procedures so that lung cancer in
a non-smoker is less likely to be detected clinically than in a non-smoker. The review also
bemoaned the decline in autopsy rates, noting that advances in clinical diagnostic techniques
seem not to be compensating for this in reducing inaccuracy.

While in many Western countries, autopsy rates are very low, this is not so in Hungary,
or other countries in the old Austro-Hungarian empire. Autopsies were for many years rou-
tinely carried out there on all patients dying in hospital. A study there [33] showed a substan-
tial discrepancy between pre- and post-autopsy diagnosis. In that study, 59% (36/61) of lung
cancer seen at autopsy were not detected pre-autopsy, while 50% (25.50) of those diagnosed
pre-autopsy were not confirmed at autopsy. Accuracy of diagnosis increased with the number
of diagnostic techniques applied, but was still far from perfect in the absence of necropsy.
Under-diagnosis was commoner in non-smokers and over-diagnosis commoner in smokers.
Although improved diagnostic procedures could have increased accuracy of diagnosis, the
results certainly imply the possibility of considerable bias to the estimated RR for lung cancer
and smoking.

3.3.2. Inaccuracy in determining smoking habits

In comparing the risk of ever smokers and never smokers, random misclassification of smok-
ing habits tends to dilute any true association with lung cancer risk. Thus, if the true RR is
10, and there are 50% ever and 50% never smokers random misclassification of 5% of the
population into the wrong group would lead to the observed RR being (47.5 x 10 + 2.5 x 1)/
(47.5 x 1 + 2.5 x 10) = 6.59. The major determinant of the bias is misclassification of ever as
never smokers rather than the reverse. The association would also be diluted, if cases deny
or understate their smoking, though this would not be relevant in prospective studies, where
smoking habits are determined before onset of disease. Any tendency for current smokers to
claim to be ex-smokers, as might happen in a situation where patients have been advised to
stop smoking, would tend to increase the RR for ex-smokers and reduce the RR for current
smokers. Generally, plausible levels of misclassification of smoking habits cannot explain the
observed association of smoking with lung cancer.

3.3.3. Confounding factors

In the systematic review of Lee et al. [14] adjustment for age and other factors was found to
have very little effect on the overall estimate of the RR associated with smoking. The conclu-
sion of a minimal effect of confounding is consistent with that from an analysis of data from
the very large US Cancer Prevention Study II [34]. It is in any case clear that the smoking RR is
too large to be explained by confounding. For an RR which comfortably exceeds 10 for heavy
smokers to be an artefact of confounding would require there to be another risk factor which
is both extremely strongly related to lung cancer and to which smokers are very much more
commonly exposed than non-smokers. While some rare risk factors (e.g. bis(chloromethyl)
ethyl exposure) increase lung cancer risk very markedly, and smokers and non-smokers do
differ in a range of characteristics, no factor (or group of factors) has emerged which can come
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close to explaining the observed RR for smoking in terms of confounding. Certainly there is
no good evidence to support early theories by Fisher [35] and Burch [36] that the association
of smoking with lung cancer might be totally explained by genetic factors. This theory seems,
in any case, to be refuted by the observation that in smoking-discordant identical twins, risk
of lung cancer was much higher in the twin who smoked [37-38].

Confounding is a more relevant issue when considering the dose-related aspects of smoking.
As shown in the systematic review [14], adjustment for other aspects of smoking (typically
including amount smoked) consistently reduces associations of lung cancer risk with age of
starting to smoke, duration of smoking, years quit and tar level. This is because earlier starters
and high tar smokers tend to smoke more heavily than do later starters and low-tar smokers,
and lighter smokers tend to be more ready to quit smoking.

3.3.4. Publication bias

The tendency for researchers to be more likely to want to publish, and editors more likely to
accept for publication, studies finding a statistically significant association may cause impor-
tant bias for some relatively weak associations of exposure to disease [39, 40]. However, the
association of smoking with lung cancer is too strong and consistently reported for publica-
tion bias to be a material explanation of the strong relationship.

3.3.5. Recall bias

In case-control studies, the smoking habits reported by a case may be affected by knowledge
of the disease, particularly where the disease is widely reported to be caused by smoking.
However, the fact that smoking RRs are quite similarly elevated in prospective studies (where
such recall bias is not a possibility, smoking habits being reported before onset of the cancer)
as in case-control studies (where it is a theoretical possibility) appears to rule out recall bias as
an explanation for the observed association.

3.3.6. Assessment of conclusions

While there are a number of factors that affect precise estimation of the risk of lung cancer
from smoking, it is very clear that smoking is an important determinant of risk. Looking back
at the Bradford Hill criteria for determining whether an association is due to causation [41]
the available evidence discussed above clearly demonstrates strength, consistency, tempo-
rality (with the exposure preceding the disease) and biological gradient (or dose response).
The relationship also satisfies plausibility, given the numerous known carcinogens in tobacco
smoke, and coherence, the evidence not conflicting with known facts concerning the natural
history and biology of lung cancer. There is also experimental evidence, partly in humans
in relation to the decline of risk following quitting, and partly in animals, with exposure to
tobacco for having been shown to increase risk of skin cancer in mice and exposure to tobacco
smoke having been shown to elicit lung tumours in rodents [9]. One could also argue analogy
with regular inhalation of other pollutants increasing risk of lung cancer. Of the nine Bradford
Hill criteria, the only one it fails is specificity. Smoking is clearly not a necessary condition
for lung cancer to arise, inasmuch as there are other causes of lung cancer. Nor is it sufficient,
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as many smokers do not contract the disease. Though some old dictionary definitions appear
to equate ‘cause’ to ‘necessary and sufficient cause’, this is not what is meant by saying that
smoking causes lung cancer.

3.4. Types of product

While in most countries the majority of cigarette smokers smoke manufactured cigarettes, with
relatively few smokers using hand-rolled cigarettes, in some countries, e.g. the Netherlands
and Norway, hand-rolled smoking is relatively common [10]. The systematic review of stud-
ies in the 1900s [14] included 20 independent within-study estimates of the ratio of risk in
hand-rolled versus manufactured cigarette smokers, which produced a combined RR esti-
mate of 1.29 (95% CI 1.12-1.49), based mainly on lung cancers in men. The conclusion of a
somewhat higher risk for hand-rolled cigarette smokers is consistent with that in an earlier
review relating lung cancer to type of cigarette smoked [42].

That systematic review [14] also included results indicating that the RR of lung cancer was
substantially lower for smokers of pipes and cigars than for cigarette smokers. Thus, for cur-
rent smoking, while the RRs for cigarette only and for mixed cigarette and pipe/cigar smok-
ers were, respectively, 9.57 (95% CI 7.90-11.59) and 9.60 (8.37-11.00), they were consistently
lower for smokers of pipes only (5.20, 3.50-7.73), cigars only (4.67, 3.49-6.25) and smokers of
pipes and/or cigars only (4.76, 3.44-6.59). Lower risks for smokers of pipes and cigars were
also evident when results for ex-smokers or ever smokers were considered. Data on the types
of cigars or pipes smoked were not considered, but the increased risk was evident in each
continent. However, it is doubtless true that risk does vary to some extent by the type of pipe
and cigar smoked.

There has been considerable research into the health risks of smokeless tobacco in Western
populations, mainly based on data for Sweden, where a type of moist snuff known as snus is
the dominant product, and for the USA, where chewing tobacco is common, and moist and
dry snuff are also used [43-45]. The results provide no indication of any increased risk of
lung cancer associated with smokeless tobacco use. They may help to explain the relatively
low risk of lung cancer in Sweden (see Figure 1), where snus use is a common alternative to
cigarette smoking.

3.5. Type of manufactured cigarette

Over the second half of the last century, the characteristics of manufactured cigarettes have
changed substantially [10]. In the mid-1950s, cigarettes were typically of the non-filter plain
variety with average tar levels exceeding 30 mg/cigarette. By now, nearly all cigarettes smoked
have filters and average tar levels are around 10 mg/cigarette in many countries. Nicotine
yields per cigarette have reduced by a similar factor.

An important question is whether these changes, introduced in order to reduce risk, have
actually done so. Two points are worth making at the outset. The first is that, though the
observed rise in RR for current smokers over the second half of the last century which was
noted above would appear to suggest that the risk of cigarettes might have increased, this is
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not necessarily so, as changes in average duration of smoking by smokers have clearly had a
major effect, and may mask any effects of the switch to lower tar filter cigarettes.

The second is that there is clear evidence of what is commonly termed ‘compensation’. Thus,
whereas one might expect smokers switching from cigarettes with a nicotine yield (machine-
measured under standard smoking conditions) of, say, 2 mg/cigarette, to cigarettes with a
nicotine yield of 1 mg/cigarette to halve their nicotine uptake, the reduction in measured dose
is typically much less than this. This may, in theory, be because smokers increase their daily
consumption or because they change how they smoke the cigarettes, the second possibility
being more plausible given that consumption per smoker has changed little over the years in
most countries [10].

Scherer and Lee [46] recently reviewed the available evidence on the extent of compensation,
based partly on brand-switching and partly on cross-sectional studies. Using estimates based
on nicotine biomarkers, commonly cotinine, they estimated a weighted mean compensation
index of 0.781 (95% CI 0.720-0.842), where a value of 1 indicates complete and 0 no compensa-
tion. The index is estimated from a formula in which the biomarker, B, is related to the yield,
Y, the formula B = u Y*“ where u is a constant and C is the index. Thus, if C = 1, the biomarker
is independent of the yield, while if C = 0, the biomarker is directly proportional to it. Using
their estimated value of C of 0.781 would imply that a 50% reduction in yield would only
produce a 14% reduction in dose, as assessed by the biomarker. This suggests that any effects
of a reduction in nicotine yield on lung cancer risk are likely to be much less than would be
suggested by the reduction in yield.

Various reviews have assessed the evidence on risk associated with the switch to lower tar
filter cigarettes. In one of the earliest reviews [42], it was calculated, based on 43 sex-specific
estimates, that the risk of lung cancer was 36% lower (95% CI 27—44%) in filter than in plain
cigarettes, and 23% lower (95% CI 27-44%) for lower than higher tar cigarettes. The esti-
mated reduction, seen in both sexes, equated to 2-3% risk reduction per mg tar per ciga-
rette. Following publication of a report by the National Cancer Institute [13] claiming that
the apparent benefits of lower delivery cigarettes may be illusory if RRs are adjusted for daily
consumption, Lee and Sanders [47] investigated the claim by comparing RRs unadjusted
and adjusted for consumption. They found clear reductions in risk associated with both fil-
ter and lower tar cigarette consumption, regardless of adjustment, reductions which were
evident regardless of sex, study location, time period or study design. Their 2012 systematic
review [14] also included a number of relevant results, among which were an estimated RR
of 0.69 (95% CI 0.61-0.78) for only filter versus only plain smoking, and of 1.42 (1.18-1.71) for
higher versus lower tar smoking.

It should be noted that the evidence considered is limited by the range of tar levels tested
in any one study being often quite small (as all long-term smokers have experienced reduc-
ing tar levels), and also by there being essentially no evidence on risk of ultra-low (<3 mg)
tar cigarettes. Also, there are various other limitations, including difficulties in obtaining
individual results in a comparable format, inadequate reporting of results, possible unreli-
ability of the data recorded on cigarette type, and lack of adjustment in some studies for
potential confounding variables. However, the results clearly suggest that the switch to lower
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tar filter cigarettes has been beneficial, though the benefit has been substantially reduced by
compensation.

That cigarette mentholation might increase risk of lung cancer has some plausibility. First, the
acute respiratory effects of menthol might affect inhalation of cigarette smoke, and secondly,
in the USA, Black men (who have a very strong preference for mentholated cigarettes) have
lung cancer rates that are substantially higher than those for White men. However, a system-
atic review by Lee [21] concluded that the epidemiological evidence is actually consistent
with mentholation having no effect on the lung carcinogenicity of cigarettes. That review
identified eight generally good quality studies, all but one conducted in the USA, which gave
a combined RR estimate for ever versus never use of mentholated cigarettes of 0.93 (95%
CI 0.84-1.02), with no significant evidence of any effect in males or females, or in Blacks or
Whites. Noting also that, in the USA, Black women (who also have a very strong menthol
preference) have lung cancer rates which are no higher than in Whites, the high rates in Black
men cannot be explained by their greater preference for mentholated cigarettes.

Based on the tobacco they include, most cigarettes sold can be divided into two categories;
flue-cured (or 100% Virginia) cigarettes, and blended (or American blended) cigarettes. The
tobacco in flue-cured cigarettes is cured over a short period (about a week) at high temper-
atures, while blended cigarettes are based on three types of tobacco (flue-cured, Burley or
Oriental) blended together [48]. Burley and Oriental tobaccos are air-cured over a period of
about 6 weeks, the three tobacco types being genetically different. Different countries tend to
predominantly use the different types of cigarettes. For example Austria, Denmark, Germany
and the US use mainly blended cigarettes, while Australia, Canada and UK use mainly flue-
cured cigarettes [10]. Comparing lung cancer risk for smokers of flue-cured and blended ciga-
rettes is not straightforward since epidemiological studies are typically conducted in a single
country where the smokers are likely to all (or virtually all) use one cigarette type or the other.
An alternative approach tried by Lee et al. [49] was to compare lung cancer risk (for 1971-2000)
by sex, age and period for those four countries listed above which traditionally use blended
cigarettes, and those three listed countries which use flue-cured cigarettes. The comparisons
were made both unadjusted and adjusted for prevalence of current and former smoking and
for consumption per smoker. This approach was not particularly sensitive, due to the limited
number of countries which (a) could both be clearly categorized by type, (b) had relevant data
available and (c) did not have a large proportion of smokers of products other than cigarettes.
However, it did not suggest any material effect of cigarette type on risk. Particularly note-
worthy are the quite similar lung cancer rates and trends in the USA and in Canada shown in
Figure 1, with one country using blended and the other flue-cured cigarettes.

4. Differential effect of smoking on histological type of lung cancer

4.1. Classification and diagnosis of histological type

The classification of lung cancer based on its microscopic characteristics, formulated nearly
100 years ago [50], has changed little in general structure, with the great majority of lung
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cancers classified into one of four basic types—squamous cell carcinoma, adenocarcinoma,
small-cell carcinoma and large-cell carcinoma. However, successive WHO classifications
[51-53] have differed in how tumours should be ascribed to these types, and there are consider-
able difficulties in ensuring an accurate and consistent diagnosis, with evidence of intra- and
inter-observer variability of classification [54-56]. Part of the problem lies in the morphologi-
cal heterogeneity of lung cancers with some tumours, and occasionally even in a single tissue
block, presenting evidence of more than one type of lung cancer [57]. It is also clear that the
morphological type of tumour is influenced by its site within the lung and by how the speci-
men was obtained.

4.2. Variation in relative risk of lung cancer by histological type

In their systematic review of studies published in the twentieth century [14], Lee et al.
presented a range of RR estimates, not only for all lung cancer but also for squamous cell
carcinoma. More limited results are also shown for small-cell and large-cell carcinoma. For
current smoking overall RRs were strikingly higher for small-cell carcinoma (18.17, 95% CI
12.92-25.56) and squamous cell carcinoma (16.43, 12.66-21.32) than for adenocarcinoma (4.05,
3.15-5.22), with that for large-cell carcinoma (8.56, 5.29-13.86) being intermediate. The same
pattern was seen for ever smoking.

For all lung cancer types RRs varied substantially by location, being much higher for
North America than for China, with no clear pattern seen for other regions, some with sparse
data. Evidence that risk increases with increasing amount smoked and duration of smok-
ing and earlier age of starting to smoke was seen for both squamous cell carcinoma and
for adenocarcinoma, though RR estimates were much higher for squamous cell carcinoma.
Indeed, for squamous cell carcinoma, combined RRs, each based on a substantial number
of estimates, were of order 30 for heavy smokers (about 45 cigs/day), long-term smokers
(about 50 years) and early starting smokers (about age 14 years). RRs for ex-smokers were
also substantially higher for squamous cell carcinoma (8.74, 95% CI 6.94-11.01) than for ade-
nocarcinoma (2.85, 2.20-3.70). In a separate publication [58], based on data from 85 studies
comparing cancer risks in current smokers, quitters (by time quit) and never smokers, it was
found that the rate of decline in RR following quitting was somewhat less rapid for adenocar-
cinoma than for squamous cell carcinoma, where the half-lives were estimated, respectively,
as 14.45 (11.92-17.45) and 11.68 (10.22-13.34). The slower decline in risk for adenocarcinoma
was evident in subgroups by sex, age and other factors.

4.3. Possible explanations for the time shift in the relative frequency of adenocarcinoma
and squamous cell carcinoma

A shift in the relative frequency of adenocarcinoma to squamous cell carcinoma over time
has been clearly evident in many countries [59], and in 2014, the US Surgeon General [7]
argued that the increasing incidence and relative frequency of adenocarcinoma has resulted
‘from changes in the design and consumption of cigarettes since the 1950s’. The argument
that the switch from higher tar, plain cigarettes to lower tar, filtered cigarettes is responsible
for the rise in adenocarcinoma had been made previously [60-62] and supported by various



18 A Global Scientific Vision - Prevention, Diagnosis, and Treatment of Lung Cancer

researchers [63, 64]. However, there are a number of reasons which indicate that this conclu-
sion is, to say the least, over-simplistic.

One reason for doubting the claim is that the observed shift in the relative frequency of ade-
nocarcinoma to squamous cell carcinoma began well before the increase in consumption of
low-tar filtered cigarettes started [65].

Had there been an adverse effect of low-tar filter cigarettes on risk of adenocarcinoma, one
might have expected to see that for adenocarcinoma, the filter versus plain RR would be
significantly increased. However, this is not the case [14, 42, 47], the systematic review [14]
giving RRs close to 1, whether comparison was made between only filter and only plain smok-
ers (0.84, 95% CI 0.66-1.08), ever filter and only plain smokers (0.99, 0.84-1.16) or only filter
versus ever plain (0.98, 0.80-1.21). In contrast, significantly reduced risks were seen for the
same three comparisons for squamous cell carcinoma 0.52 (0.40-0.68), 0.55 (0.41-0.74) and
0.69 (0.57-0.83), respectively. That the switch to lower tar filtered cigarettes has not resulted
in an increase in risk for adenocarcinoma is also consistent with evidence from more recent
studies [63, 66, 67]. Note that the reduced RRs for filtered cigarette smoking for squamous cell
carcinoma suggests that the switch has been beneficial, not adverse, though the magnitude of
effect is not enough to explain the observed large rise seen in the relative frequency of adeno-
carcinoma to squamous cell carcinoma.

Although the US Surgeon General [7] dismissed changes in diagnostic procedures as unimport-
ant, there is quite clear evidence they are relevant, as indicated by three facts. First, schemes for
classifying histological type of lung cancer have changed over time, notable being the realloca-
tion of one of the four classes of large-cell carcinoma in the WHO classification [51] to adenocarci-
noma in the 1981 classification [52]. Secondly, large studies where diagnoses of histological type
made some years earlier were reviewed later by pathologists using later classification schemes
generally report an increase in numbers of adenocarcinoma [68]. Finally, studies using standard
criteria to review cases collected over a period of at least 10 years found no increase in the propor-
tion of lung cancers classified as adenocarcinoma [68, 69]. Interestingly one of those studies [69]
reported a substantial rise in the rate of bronchioloalveolar carcinoma, which affected smokers
and non-smokers alike, and which the authors suggested may have a viral origin.

A huge weakness in the Surgeon General's argument [7] is that it would predict that the shift
from squamous cell carcinoma to adenocarcinoma would be confined to smokers. Two pieces
of work clearly indicate that there has been a clear change in never smokers. An analysis in
2013 [70] indirectly estimated absolute lung cancer mortality rates by smoking habit, time
period- and histological-type-based studies published in the twentieth century, coupled with
WHO mortality data for the same country and period. Thus, while in never smoker rates of
squamous cell carcinoma per 100,000 per year were estimated to vary little by time period (7.6,
12.6, 12.7, 10.2 and 11.6 for, respectively, 1930-1960, 1961-1970, 1971-1980, 1981-1990 and
1991-1999) the corresponding rates for adenocarcinoma increased sharply for the same time
period, (6.9, 17.0, 18.1, 29.0 and 33.9).

The change in never smokers is illustrated more clearly in a recent publication [68] which
examined how the proportion of adenocarcinoma in never smokers varied by time, sex and
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region, based on 219 sex- and period-specific blocks of data drawn from 157 publications.
Compared to the period 1950-1960, the ratio of adenocarcinoma to squamous cell carcinoma
was higher by factors of 1.67, 1.97, 2.35 and 3.93 for, respectively, 1970-1979, 1980-1989, 1990-
1999 and 2000 onwards. This publication presents arguments that the time trends could not be
explained by changes in ETS exposure, or misclassification of ever smokers as never smokers.

While the switch to lower tar filtered cigarettes may have affected the relative frequency of
adenocarcinoma to squamous cell carcinoma, the epidemiological evidence suggests that this
is because changes in cigarettes have reduced risk of squamous cell carcinoma, not because
they have increased risk of adenocarcinoma. The evidence also suggests that the differing
trends by histological type are due partly to changes in diagnosis and classification and partly
to other factors that have affected both non-smokers and smokers. What these factors are
requires further research.

5. Relationship of ETS exposure to lung cancer risk

As active smoking causes lung cancer, and as ETS contains many of the carcinogens in tobacco
smoke, one might expect there to be some increased risk from ETS exposure. However, expo-
sure to smoke constituents from ETS is very much less than exposure from active smoking,
with studies based on cotinine (the major metabolite of nicotine) suggesting relative exposure
factors of order 0.06% [71]-0.4% [72]. For particulate matter, a series of studies conducted
in different countries by Phillips et al.,, e.g. [73, 74], suggests a lower factor still, of about
0.005-0.02%. Given that the chemical compositions of ETS and of tobacco smoke are not iden-
tical, and given doubts about the shape of the dose response at low doses, it is not clear what
increase in risk one might expect to be associated with ETS exposure. However, two things are
evident. First, any increase in risk is likely to be quite low, if it exists at all, making it extremely
difficult to detect reliably using epidemiological methods. Second, any increase in risk is only
likely to be demonstrable in never smokers or in those with a smoking history that is very
limited or ceased a long time ago [75].

Since the first publications in the early 1980s [76-79], reports of studies of ETS and lung cancer
in never smokers have proliferated, and a recent meta-analysis [80] presented a systematic
review of 102 studies. Except where noted, the conclusions reached are based on this review.

5.1. Relative risk by source of exposure

The early studies were mainly conducted in women, comparing risk in never smokers mar-
ried to smokers and in never smokers married to non-smokers. There were good reasons for
this: a much larger proportion of women than men had, at that time, never smoked; whether
a spouse smoked or not could be determined quite reliably; and studies showed that cotinine
levels in never smokers married to smokers were clearly (about three times) higher than in
never smokers married to non-smokers [81]. However, over the years, evidence has been col-
lected on a wide range of markers of ETS exposure, with some studies collecting extremely
detailed histories of exposure.
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Based on the meta-analyses [80] using random-effects estimates to account for the substan-
tial between-study heterogeneity, significant (p < 0.05) positive associations were found
with all the most commonly studied indices of exposure. The estimated RRs were 1.22 (95%
CI 1.14-1.31) for smoking by the husband (or nearest equivalent exposure for which results
were available), 1.14 (1.01-1.29) for smoking by the wife, 1.22 (1.15-1.30) for workplace expo-
sure, 1.15 (1.02-1.29) for childhood exposure and 1.31 (1.10-1.45) for total exposure, each RR
being based on a substantial number of studies. Based on very much less evidence no signifi-
cant association was seen with ETS exposure in travel or in social situations, and interestingly
a significant negative relationship was seen for ETS exposure in childhood specifically from
the parents, with the relative risk of 0.78 (0.64-0.94). The RR for smoking by the husband
could also be expressed as 1.10 (1.07-1.14) per 10 cigarettes smoked, using available dose-
response data.

5.2. Factors affecting relative risk estimates

In order to study heterogeneity further the review [80] looked at the 119 relative risk estimates
for smoking by the husband or wife (or nearest equivalent), where the overall estimate was
1.21 (95% CI 1.14-1.29), and found evidence that the largest relative risks were seen in small
studies of fewer than 50 cases (1.47, 1.15-1.88), in the earliest studies, published before 1990
(1.38, 1.24-1.54), and in studies that did not adjust for age (1.42, 1.18-1.71). However, with one
minor exception, some increase was seen in all the subgroups studied (which included loca-
tion and study design).

There was also evidence of an increase, for spousal smoking, both for squamous cell carci-
noma and adenocarcinoma.

5.3. Difficulties in interpreting the association

Whereas the RR for active smoking is large and cannot plausibly be attributed to bias or con-
founding, that for ETS exposure is substantially smaller, making a causal conclusion difficult
to establish with any certainty. In the recent review [80], various potential sources of bias were
discussed. Some sources were dismissed as being unlikely to be very relevant. These include
publication bias, because large studies, which contribute most to the overall estimates, seem
likely to publish their findings regardless of the results; recall bias, because the overall esti-
mates varied little according to whether the study design was prospective (where recall bias
is not an issue) or case-control (where it is), or according to diagnostic inaccuracy, because
estimates were quite similar for studies that did or did not require full histological confir-
mation. Bias due to the reference group (never smokers married to never smokers) actually
having some ETS exposure was considered, with comments made in the review [80] on the
‘background correction” of Hackshaw et al. [81] aimed at converting an RR for marriage to
a smoker to an RR expressed relative to never smokers with no ETS exposure at all. It was
noted that this background correction only makes sense when the original association, with
marriage to a smoker, derives from a causal relationship, and only applies to the RRs for mar-
riage to a smoker, and does not affect the estimates of the increase in risk for amount smoked
by the husband.
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However, the review [80] did demonstrate clearly that confounding and misclassification of
active smoking were extremely important issues which had a profound effect on the interpre-
tation of the observed association of ETS exposure with lung cancer risk. The evidence that
confounding may be a material issue derived from observations made some years ago [82, 83]
strongly suggesting that, for a wide range of risk factors, exposure to the risk factor is higher
in non-smokers exposed to ETS than in those not exposed to ETS. For some of these risk
factors, available data are inadequate to provide any sort of reliable quantitative estimate
of their relationship to lung cancer risk in non-smokers, but for four, increased dietary fat
consumption, reduced fruit consumption, reduced vegetable consumption and fewer years of
education, it was established that they were associated both with increased lung cancer risk
and with increased ETS exposure in non-smokers. The review [80] found that adjustment for
confounding reduced the RR for husband smoking from 1.219 (95% CI 1.138-1.305) to 1.139
(1.062-1.221), and for 10 cigs/day smoked by the husband from 1.102 (1.065-1.140) to 1.062
(1.027-1.099). Taking into account that adjustment is only for some risk factors, this illustrates
the considerable potential for bias.

Bias from misclassification of active smoking arises partly because some current or former
smokers are known to deny having smoked, so being wrongly described as never smokers
[84, 85], and partly as smokers tend to marry smokers [75, 81]. Taken together, these two
tendencies, if ignored, will bias the observed association of smoking by the husband to lung
cancer risk in never smokers [81, 86, 87]. Based on what were regarded as reasonable esti-
mates of the extent to which misclassification occurs and of the magnitude of the concordance
between spouse's smoking habits it was found that correction for misclassification of smoking
habits further reduced the confounder-adjusted estimates to 1.077 (0.999-1.162) for husband
smoking and to 1.032 (0.994-1.071) for 10 cigs/day.

Given that adjustment for confounding and misclassification correction substantially weakens
the association of lung cancer with the index of ETS exposure that is most usually considered
(smoking by the husband) and renders it non-significant, and given that these adjustments
and corrections may be incomplete, it seems that one cannot reliably conclude that any true
causal effect of ETS exposure on lung cancer risk has been demonstrated. If there were any
true relationship, it would certainly be much weaker than suggested by meta-analyses that do
not adjust for confounding and misclassification.

6. Final comments

Some of the conclusions expressed here may disagree with those of other researchers. These
include the risks of smoking being similar in men and women; the modest benefits of the
switch to lower tar filter cigarettes; the inaccuracy of many diagnoses of lung cancer; the
lack of evidence that cigarettes made from blended tobaccos (as used in the USA) are more
harmful than cigarettes made from flue-cured tobacco (as used in the UK); the rise in the
relative frequency of adenocarcinoma to squamous cell carcinoma (seen in never smokers,
and affected by changes in diagnosis and classification) not being explained by changes in
cigarettes; and the observed association of ETS exposure to lung cancer risk being to a large
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extent due to bias and confounding. However, it should be emphasised that all the conclu-
sions arrived at from a detailed and careful study of the evidence, including as far as possible
all relevant papers that have been published on these subjects, with in some cases reference
back to the raw data.
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Abstract

A risk score for lung cancer derived from genetic and clinical data has been shown to
motivate smokers to quit. However, smokers with a relatively low (but not insignifi-
cant) risk score are more likely to carry on smoking. To understand this observation,
the balance between smoking cessation motivators and de-motivators must be under-
stood. A relatively low risk score can act as a de-motivator. Other de-motivators that
have been recorded and were observed by researchers involved in this project were:
nicotine addiction and fear of withdrawal symptoms, optimism bias, confirmation
bias, attentional bias, post-traumatic stress disorder (PTSD), anxieties about smoking
cessation and weight gain, side effects of smoking cessation therapy, fatalism, peer
pressure and lack of family cohesion. This long list of de-motivators serves to empha-
size the complexity of the psychological make-up of the individual smoker. This is
illustrated by a set of case histories (anonymised for confidentiality). The future use of
a risk score as a smoking cessation motivator is discussed and suggestions are made
as to how a risk score could be made more effective including inclusion of scoring for
cardiovascular risk.

Keywords: smoking cessation, genetic testing, lung neoplasms, primary health care

1. Introduction

The reasons why smokers either continue to smoke or stop smoking are diverse and every
case is probably unique. However, there is a basic truth in that there is a constant seesaw
between smoking cessation motivators and the rather less well understood de-motivators.
The importance of de-motivators is illustrated by the simple fact that over 60% of smok-
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ers say they would like to quit but most seem somehow unable to do so [1, 2]. The obvi-
ous explanation is that this is due to nicotine addiction but this may be only one of many
de-motivators.

In 2014, my colleagues and I at the University of Surrey, United Kingdom (UK), carried
out research into smoking cessation. We recruited 67 smokers who wanted to quit from
a primary care database of 32,000 (Table 1) and randomized them to either a control
group or a test group. The test group had an additional motivator to quit. This was the
Respiragene risk score for lung cancer derived from a genetic test (19 single-nucleotide
polymorphisms (SNPs) and one deletion mutation) and clinical criteria including history
of chronic obstructive pulmonary disease, family history of lung cancer, and age. Both
groups attended 8 weekly smoking cessation clinics which took place at the same primary
care venue but with test group and control group attended on different weekdays. We
published our protocol and outcome measures a priori [3]. Primary outcome was smoking
cessation after 6 months.

Demographic/smoking feature ~ Test group (n=36) Control group (n=31) p-Values (test)
Gender: female 55.6% 53.3% 0.747 (Chi-square)
Mean age (at start of study) 49.7 49.0 0.812 (Unpaired t)
Mean age at completion of 18.4 18.5 0.971 (Unpaired t)
education

Years in education (excluding 22.8 26.2 0.517 (Unpaired t)
interruptions)

Pack years 32.0 28.9 0.396 (Unpaired t)
Cigarettes/day at start 18.1 18.1 0.993 (Unpaired t)

Table 1. Demographic and baseline smoking data for Respiragene trial.

During our research, we found that 36% of smokers had stopped smoking and were still not
smoking after 6 months. Of the 64% who were still smoking at 6 months, all but two partici-
pants planned to stop smoking at some time in the future and 30% had cut down substantially
(by 10 or more cigarettes/day) [4].So why don't they just quit?

Our hypothesis was that when participants were told their lung cancer risk, this would tend
to outbalance any de-motivators such as issues around nicotine addiction (Figure 1) and give
a high 6-month quit rate. However, we were probably underestimating the potency of known
and unknown de-motivators. It certainly cannot be entirely due to nicotine addiction because
varenicline blocks the physical addiction and prevents most withdrawal symptoms and yet
50-75% of subjects taking varenicline will still be smoking 6 months later [5, 6]. There must,
therefore, be more to it than nicotine addiction.
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DE-MOTIVATOR
s0, still
smoking

MOTIVATOR
to quit
smoking

Figure 1. For smokers: the seesaw of destiny. The balance between motivators and de-motivators determines success or
failure for smokers trying to quit.

2. The Respiragene project

As already reported [4], the 6-month quit rate in our Respiragene trial was more dependent
on the risk score than we had expected. The laboratory reported the Respiragene risk score
as three categories: average risk of lung cancer, high risk of lung cancer, and very high risk of
lung cancer. Only non-smokers and ex-smokers can achieve the category “low risk”. We were
also able to estimate lifetime risk as a percentage (i.e., a 50% lifetime risk meant that the risk of
lung cancer was like tossing a life/death coin). The 6-month quit rate results are summarized
in Figure 2. However, assessing the balance of motivators and de-motivators was included in
secondary outcomes. The relative importance of ten smoking cessation motivators was esti-
mated using a feedback questionnaire at 8 weeks and again at 6 months. The results show the
perceived importance of these motivators (Figure 3).

From taking notes on comments from patients during counselling and from responses to open-
ended questions in feedback questionnaires that participants completed, we were able to clarify
the roles of some of these de-motivating factors. Most smokers have two main de-motivators:

1. Nicotine addiction and fear of withdrawal symptoms [7-9]. Nicotine has been shown to
be as addictive as illegal drugs such as morphine and cocaine.

2. Optimism bias [10-13].Tendency to underestimate the health risks of smoking and the
feeling “It'll never happen to me”.

We expected that our study would confirm the hypothesis that being told a risk score for lung
cancer would cancel out both nicotine addiction and optimism bias in at least 50% of partici-
pants. An earlier study (n=99) using the Respiragene risk score had shown that smokers were
more likely to quit compared with a control group whatever risk score they were given [14].
However, these participants were recruited from a hospital in New Zealand. We carried out a
similar trial in a UK primary care setting. A surprise finding from our trial was that although
all but one of the participants with a very high risk score had stopped smoking at 6 months,
participants with an average risk score were more likely to be smoking than controls (Figure 2).
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Respiragene: motivation
& de-motivation

Quit rate at 6 months compared with control group

89% quit at & months

TETTETTLE

sCore
9.5% quit at 6 months
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Figure 2. The blue “glass ceiling” represents the quit rate for the control group. Quit rate at 6 months for controls was
57%. Subjects with an average risk score for lung cancer (only non-smokers and ex-smokers are assessed as “low risk
score”) had a lower quit rate than controls, and a “moderately high” quit rate was no better but difficult to judge due
to small numbers (only 4). However, all but one of the nine subjects with a “very high” risk score (equivalent to 50%
lifetime risk of lung cancer) had quit at 6 months giving an 89% quit rate.
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Figure 3. Mean values for motivators and influences that have helped to reduce or stop smoking: “Please score each
of the items below according to how strong an influence they have been in helping you to quit smoking”. Scores for
motivators for individual participants were calculated as percentages of the sum of total scores of the individual and
mean values calculated from these percentage scores.
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The test subjects with an average risk score demonstrated a quit rate that was significantly
lower than the quit rate in the control group (p =0.03) which suggests that they had been de-
motivated and encouraged to think that it was safe to carry on smoking because their lifetime
risk was perceived as “not so bad”. Or to put it another way, their optimism bias has been
reinforced by their average risk score! Psychologists refer to this phenomenon as (No. (iii))
confirmation bias [15] and explain that when a subject has two conflicting ideas in their head
(i.e., smoking is too risky versus the risk of smoking is exaggerated), this is intolerable—a
phenomenon known as cognitive dissonance [16]. This mental discomfort can only be solved
by ditching one idea and giving undue prominence to the other. A classic example is the
smoker who responds to a challenge about the risks of his habit by saying: “Uncle Charlie
smoked like a trouper and lived to be 90”. Any evidence to the contrary, such as other smok-
ers in the family who died young, is conveniently ignored.

Other possible factors that make it difficult to quit that we noted in our participants and
which have been previously recognized by other researchers in this field were as follows:

1. Attentional bias [17, 18]. The smoker is plagued by recurrent thoughts about the pleasures
of smoking that serve to increase craving for the next cigarette.

2. Post-traumatic stress disorder (PTSD) [19-21]. This is a mental health condition caused
by a traumatic event such as rape, warfare experiences, and other near death experiences
such as road traffic accidents and industrial accidents. The subjects experience distressing
dreams and flashbacks, and they are more likely to become heavily addicted smokers.

3. Anxieties about smoking cessation and weight gain [22, 23]. This is an issue for many
female smokers who start smoking when they are relatively young to control their weight.
Later in life, they may try to quit but revert to smoking when they put on weight.

4. Side effects of smoking cessation therapy [24-26]. Patients using pharmaceuticals such as
nicotine replacement therapy (NRT) patches or nicotine blocking drugs frequently report
side effects. Once they have experienced a side effect, they usually revert to smoking.

5. Fatalism [27, 28]. This is the attitude that “What will be will be”. These smokers either feel
they have little or no control over outcomes such as lung cancer or they simply do not care
if they are destined to develop a smoking-related disease.

6. Peer pressure [29, 30]. The influence of fellow workers on smoking can be a decisive factor.
All the emphasis has been on peer pressure in adolescence and initiation of smoking, but
peer pressure can be equally important in the adult work force.

7. Lack of family cohesion [31, 32]. Research has shown that family cohesion is associated
with concerns about passive smoking and smoking cessation. Conversely, lack of family
cohesion is associated with a significantly higher incidence of persistent smoking.

8. Inadequacy of the risk score as a motivator. Our own research, as described above, sug-
gests that a risk score for a single disease (lung cancer in this case) is not a powerful enough
motivator to cancel out de-motivators in 64% of smokers, especially if the risk score is “low
average” when they may be falsely reassured and continue smoking.
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2.1. Case histories

To preserve confidentiality, the case histories I present here have been altered (age, gender,
and circumstantial details) so that the participants in our research project are unrecognizable.
However, basic clinical details have been preserved as far as possible. These cases help to
demonstrate why some smokers cannot quit, despite stating that they would like to.

2.1.1. Case no. 1.: lifetime risk of lung cancer=35%

This participant was a young housewife who was stressed by having to care for two mildly
hyperactive small boys aged 3 and 5 and was still smoking 15 cigarettes/day at 6 months. She
seemed falsely reassured by the 35% lifetime risk commenting: “only 35% that's not so bad”.
When I gave her an analogy: “What if I told you that if you carried on living in your present
house, you stood a 35% chance of being murdered in your bed, but if you moved to a house
in the next road the risk would drop to 1%”. She hesitated a moment then said: “But doctor,
that's completely different”.

2.1.1.1. Commentary

A 35% lifetime risk is less than the risk of tossing a life/death coin but close enough to be
worrying. So why wasn't this patient worried? Her hesitation suggests cognitive dissonance
[16]. That is two competing ideas buzzing around in your head. For stability and well-being,
one of the competing ideas must give way. Her most comforting solution was to accept that
the 35% risk of lung cancer was nothing like the risk of being murdered in your bed. Well, of
course, it is a different scenario but the risk of death is identical. This is also a good example
of confirmation bias [15]. She managed to confirm her feeling that a 35% risk was “not so bad”
by rejecting my analogy.

2.1.2. Case no. 2.: lifetime risk of lung cancer=10%

This participant had been a mature medical student who qualified in his mid 30s. Soon after
qualifying, he was at BMA House, Tavistock Square, in 2007, when the suicide bomber deto-
nated on the top deck of a bus in Tavistock Square, and he was the first doctor on the scene.
Although he was a non-smoker at the time, he found the only way to cope with flash backs
and other PTSD symptoms related to this horrific incident was to become a habitual smoker.
He is now a part-time psychiatrist near retirement and was still smoking 10 cigarettes/day at
the 6- month follow-up.

2.1.2.1. Commentary

This participant started smoking for the first time aged 40 years, which is unusual. However,
the circumstances were also unusual. Although this is obviously linked to post-traumatic
stress disorder (PTSD), there may be less dramatic and less obvious versions of PTSD that
fuel the smoking habit such as unreported domestic abuse.
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2.1.3. Case no. 3.: lifetime risk of lung cancer =19%

This participant was a 23-year-old woman who worked as a stable maid. She had quit at
8 weeks and she had always seemed highly motivated. However, she sustained a compound
fracture to her right tibia when she was kicked by a horse. As a result, she was stuck at home,
off sick, with the injury for some time. All the pain and worry and the boredom of being at
home all the time is what started her back on the cigarettes (10/day)—they made it all a bit
more bearable.

2.1.3.1. Commentary

Although this participant cites pain and boredom as the reasons for relapsing to smoking,
there were also features of PTSD. Her failure to quit was surprising as she was the “leading
light” of the test group. She was the first in her group to quit and gently encouraged other
participants. Perhaps this case illustrates how PTSD acts as a very powerful de-motivator.

2.1.4. Case no. 4.: control (no risk score)

This 58-year-old woman in the control group did not seem to have much of a problem quit-
ting after a lifetime as a smoker (started aged 14 year) but she told me, at the 6-month follow-
up that it was far from easy and described it as being like bereavement. It is, quite literally,
as difficult to deal with as the death of someone very close to you. On the other hand, her
lead motivator was concern about the affects of side-stream smoke on someone very dear to
her—her new baby grandson.

2.1.4.1. Commentary

This participant was remarkably open and honest about her feelings, and it is certainly sober-
ing to think that smoking cessation is as difficult to cope with as suffering a bereavement.
However, the fact that her main motivator was concern for her grandchild is very significant.
Researchers have shown that family cohesion is associated with a lower incidence of smoking
and lack of family cohesion with a very high incidence (70%) of smoking [32]. Family cohe-
sion and awareness and acceptance of the health hazards of side-stream smoke correlated
(p<0.01) in a paper from Texas in 2010 [31]. Two other participants mentioned the influence
of grandchildren in relation to passive smoking and their decision to quit. Altogether, 8/67
(12%) of our participants mentioned passive smoking and family as a key motivator without
prompting (in response to an open-ended question asking for “further comments”).

2.1.5. Case no. 5.: lifetime risk of lung cancer >50%

This 48-year-old woman, who had recently been through a stressful divorce, was unable to
work due to the debilitating effects of Crohn's disease. She was well aware that smoking ces-
sation would probably improve her Crohn's symptoms. She started on varenicline but had
to stop taking it after 3 days due to an acute exacerbation of Crohn's symptoms. She never
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returned to the clinic and was still smoking 12/day at the 6-month follow-up saying: “This is
my only way of coping with boredom”.

2.1.5.1. Commentary

The impression from this patient was that she had simply “given up”. There are varying
degrees of fatalism like this exhibited by smokers [27]. She might have been able to fight back
with the help of varenicline, unfortunately she had gastrointestinal side effects that she inter-
preted as an exacerbation of her Crohn's disease so stopped taking varenicline after 3 days. In
her case, the varenicline side effects seemed to a significant de-motivator.

2.1.6. Case no. 6.: lifetime risk of lung cancer 58%

This 35-year-old single man in a high-powered office job had managed to stop smoking for
5 years when his younger brother died of lung cancer. This was the third 1st degree relative to
die from lung cancer. However, his current work ethos was one in which “everyone smoked”
and now he was back on 15 cigarettes/day. Despite the family history and a high risk score
he was still smoking 15 cigarettes/day at the 6-month follow-up. He blamed “work stress and
peer pressure” for his inability to quit.

2.1.6.1. Commentary

This subject's inability to quit was really puzzling, and he himself was puzzled by it. There
may have been several de-motivating issues but peer pressure at work was certainly very
significant in his case.

3. Genetics and smoking behaviour

Nicotine, cannabinoids, and cocaine act as insecticides to protect plants from insect attack.
Mammals that eat plants have evolved to tolerate these chemicals but only humans have
developed the habit of burning and inhaling plants containing these toxic chemicals.
Archaeologists have found evidence for this habit going back into prehistory [33]. There is
even evidence of genetic adaptions to nicotine specific to humans [34]. Edward Hagan, pro-
fessor of Anthropology at Washington State University, argues that there is a balance of ben-
efits and costs to smoking tobacco. Nicotine must have some advantages that outweigh the
health costs in some circumstances. Our ancestors may have found the effects of nicotine on
the brain beneficial in times of stress and hunger but Hagan argues that nicotine's greatest
evolutionary advantage may have been efficacy as an anti-helminth drug, especially in con-
trolling those helminth parasites that migrate through the lungs [35].

It is no surprise, therefore, that there are human genes that relate to smoking behaviour. A recent
review estimated that, according to twin studies, 75% of behavioural variation (variation in smok-
ing initiation, persistence, and cessation rates) is genetically determined [36]. However, only about
5% of this variation can currently be explained by known gene variants, mainly single-nucleotide
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polymorphisms (SNPs) but 19% of the variation in smoking initiation can be explained by known
SNPs. Research is ongoing in this area with the hope that identification of further SNPs and other
gene variants will improve our understanding of smoking behaviour and smoking cessation de-
motivators leading to new effective treatments to aid smoking cessation [8, 36]. This research
includes increasing our understanding of epigenetic off/on gene switching in determining vari-
ous aspects of smoking behaviour and pathologies associated with smoking [8, 37].

An understanding of the genetics and epigenetics of PTSD is very relevant to helping smokers
to quit, especially those who seem to be hardened nicotine addicts. Twin studies have shown
that only 20-30% of subjects exposed to severe trauma develop PTSD [38]. Less than 50% of
women who experience violent rape develop overt PTSD. Genetic studies have shown that a
combination of four or more high-risk alleles (single gene variants) confer a sevenfold increase
in the risk of PTSD following trauma [38]. However, lesser degrees of PTSD associated with
cigarette smoking [19] may also have a genetic component. Further research in this area seems
likely to overlap with research focused on the genetics of smoking behaviour and is likely to
lead to new strategies in treatment of both PTSD and in helping to achieve smoking cessation.

4. Discussion

I'had been unaware of the possibility that PTSD could be a common barrier to smoking ces-
sation. Beckham et al. [20] showed that there is a significant difference between PTSD and
non-PTSD smokers during attempts to quit with the PTSD subjects being more likely to lapse
after 1 week (Figure 4). There is also a growing body of research that shows that we may only
recognize the more obvious instances such as PTSD in war veterans and rape victims. The
literature is unclear on the incidence of PTSD in the general population with reports ranging
from 1 to 5%. If we take 3% as a median value, it is likely that a sample of lifelong non-smok-
ers would exhibit a lower incidence (approx. 2%) so that the incidence of overt PTSD is 3
times higher in smokers. A paper by Matthews et al. [19] showed that 6.7% of smokers are
suffering from overt PTSD but also showed that another 73% of their study group of cur-
rent smokers (n=342) had symptom scores suggestive of some degree of stress or as they
termed it: “sub-threshold PTSD”. There was no correlation between smoking and anhedonia.
Only 20% of their sample was completely negative for their PTSD score. Perhaps sub-thresh-
old PTSD includes unreported domestic abuse and bullying at work. Domestic violence has
been recorded as a cause of PTSD-related smoking [39]. There is evidence from research by
neuropsychiatry that nicotine inhibits negative symptoms experienced in PTSD and that the
positive “feel good” effects of nicotine is relatively insignificant [19, 21]. Further research is
needed to clarify the differences in PTSD scoring between smokers and non-smokers and to
determine what can be done to help this category of refractory smokers.

Smokers who are concerned about weight gain will need special help but sometimes coun-
selling and dietary advice are ineffective. Hurt et al. at The Mayo Clinic, USA, are currently
researching the combined pharmacological approach of varenicline and lorcaserin (a new
anti-obesity drug) for overweight smokers who want to quit. Early results are encouraging
(personal communication from Hurt).
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Figure 4. Survival curves for smoking lapse in PTSD (n=>55) versus non-PTSD (n=52) in first week of a quit attempt
showing that PTSD is associated with a higher smoking relapse rate (from Beckham et al. [16]).

Do smokers who experience side effects from smoking cessation drugs tend to give up trying
to quit as seemed to be the case with case 5? The literature is unclear on this issue. However,
the Respiragene project certainly showed a significant difference between those that had
been able to persist with their original smoking cessation prescription (varenicline or nicotine
replacement therapy) and those who had stopped due to side effects (Table 2) with quit rates
at 6 months of 42.6 and 15.3%, respectively (p=0.01).

Stopped smoking at 6-month follow-up Total
Lost to follow-up Yes No
Prescription history unknown 2 0 5 7
Persisted with first prescription 3 20 24 47
Stopped first prescription 0 2 11 13
Total 5 22 40 67

X* =6.6,p=0.01.

Table 2. Smoking cessation outcome for subjects who stopped smoking cessation therapy due to side effects compared
with subjects who had persisted with smoking cessation therapy.

Studies linking work stress to smoking are equally balanced between those that do and do
not show a link. One of the best studies, however, from Finland shows an odds ratio of 1.28
(p <0.01) for smoking where there is a high imbalance between effort and reward consistent
with work stress [40]. Concerns about passive smoking in the family home have received a
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good deal of publicity recently despite attempts by the tobacco industry to play down the
risks [41]. Finding that 12% of our participants mentioned this as a key smoking cessation
motivator was not, therefore, unexpected. Just as family cohesion is a factor here, conversely
lack of family cohesion is emerging as a significant de-motivator [31, 32].

Fatalism and peer pressure are well known as factors that encourage smoking but the precise
role of adult peer pressure in the workplace needs further research. A review of smoking ces-
sation in the workplace has outlined strategies for influencing the workplace ethos to improve
attitudes and introducing workplace smoking cessation programmes and smoking cessation
inducements [42].

The efficacy of a risk score such as the Respiragene risk score as a smoking cessation moti-
vator could, perhaps, be improved if it included cardiovascular risk as well as lung cancer
risk. A recent paper estimated that smokers double the risk of an early death from car-
diovascular events but that risk reverts to normal after 2 years of smoking cessation [43].
Personalized data on cardiovascular risk could be included in the risk score in future. This
might include genetic risk factors such as the apolipoprotein E4 gene but clinical factors
such as family history, blood pressure, body mass index, lipid profile, and HbA1C would
be equally important.

5. Conclusions

Fear of lung cancer can certainly act as a powerful motivator as demonstrated by the high quit
rate for subjects with a very high Respiragene risk score. However, the problem with a per-
sonalized risk score is that if the risk is relatively low, it may act as a de-motivator. Including
a personalized risk score for life-threatening cardiovascular events (stroke and myocardial
infarction) might help to counter this problem, especially as most smokers will be given a risk
score round about the mean of 100% increase in risk of a fatal event. However, even the most
persuasive smoking cessation motivator is unlikely to overcome powerful de-motivators such
as PTSD or weight control issues in about 20% of smokers. If a smoker in this category who
may have attempted to quit 2 or 3 times already is still determined to quit, the de-motiva-
tor that is standing in the way of success must be addressed and this may need intense one
to one counselling and/or a pharmacological intervention. New and better pharmacological
approaches are likely to result from genetic studies on smoking behaviour.
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Abstract

In the landmark American National Lung Cancer Screening Trial (NLST), low-dose CT
(LDCT) screening produced a relative mortality reduction of 20%. These results have
not been replicated in any of the European studies, although these are of limited statisti-
cal power. Besides doubt about the general applicability of the NLST findings, if LDCT
screening is to be successfully implemented, a number of developments are still required,
including better characterisation of entry criteria and refinement of screening and nod-
ule management protocols. The high incidence of false-positive findings increases costs
and morbidity. Even when histologically malignant tumours are identified, frequently
these would not have manifested as disease, i.e. they are “overdiagnosed”. These patients
are liable to receive unnecessary treatment. LDCT screening is relatively expensive in
comparison with other cancer screening modalities. Whilst cost-effectiveness can be
improved by integration with smoking cessation programmes, how this would be done
in practice remains unclear. Furthermore, individuals at high-risk of lung cancer are vir-
tually by definition risk prone, raising concerns about how attractive participation in a
screening programme would be, especially given the very small reported absolute risk
reduction in the NLST.

Keywords: lung cancer, screening, low-dose computed tomography, early diagnosis,
cost-effectiveness, overdiagnosis

1. Introduction

Lung cancer is the commonest cause of cancer death in both men and women across the devel-
oped world, due to a combination of its high incidence and relatively short average survival
after diagnosis. Most lung cancer patients present symptomatically and most already have
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incurable disease at presentation. These considerations have resulted in attempts to improve
outcomes through screening.

Screening, though, is a challenging strategy for harm reduction. Screening programmes have
been introduced for many cancers, often as a result of political pressures rather than on sound
evidence. Indeed, the harms of many screening programmes have only become evident well
after widespread implementation, and their utility has often become more rather than less
controversial with time. Self-evidently, for screening to be effective, earlier disease identifica-
tion needs to lead to improved treatment outcomes. This calls into question what we know
about the natural history of early stage, asymptomatic tumours, which turns out to be sur-
prisingly little. It is now becoming increasingly certain though that, whilst some tumours will
progress and ultimately cause premature death, others may never cause harm. This leads to
a bias known as overdiagnosis [1]. The other way in which overdiagnosis can occur is when a
competing cause of death prevents clinical manifestations of a tumour that would otherwise
have proved lethal [2]. Screening is particularly liable to overdiagnosis, because more aggres-
sive tumours have short volume-doubling times and progress rapidly. Thus, the interval
between the onset of a radiological abnormality and the emergence of symptoms is relatively
short, and the opportunity for presymptomatic detection in a screening programme is small.
Conversely, tumours that grow slowly will have a long phase when they exist without symp-
toms and are particularly liable to be identified through screening.

There is now convincing evidence that overdiagnosis does occur as an inherent harm in most,
and probably all, cancer screening programmes, including mammography [3]. It is always
harmful because it is unknown which of the tumours identified are the ones overdiagnosed,
meaning that some patients will have treatment for a disease that would never have materi-
alised. The resulting costs include financial (unnecessary investigations/treatments), physical
(side effects and complications of treatments) and psychological and are all serious, irrespec-
tive of any benefits derived by those with “real” disease.

The other important bias of screening programmes is lead-time bias, which occurs when a
disease is diagnosed earlier than it would have been without screening. Even if the natural
history of the case is not improved, the patient appears to survive longer than otherwise they
would have but dies at the same date. Because of this it is vital that for proper evaluation of a
screening programme the endpoint taken should be mortality difference in comparison with
a control group.

2. Lung cancer screening trials

Several large studies were conducted in the 1960s and 1970s using plain chest radiography,
with or without sputum cytology [4-10]. These studies all had methodological weaknesses
[11], including possessing limited power and, rather remarkably, even the control group in sev-
eral having three-year radiographs. No study provided evidence that mortality was reduced.
Recently, the PLCO study has reported [12] and has finally and convincingly shown an absence
of any mortality benefit of plain chest radiography screening, compared to no screening.



Low-Dose Computed Tomography Screening for Lung Cancer
http://dx.doi.org/10.5772/66358

The advent of low-dose CT (LDCT) scanning provided a new modality applicable to lung
cancer screening. Initial studies indicated that LDCT was able to identify early lung cancers
with a high rate of resectability [13]. The landmark National Lung Screening Trial (NLST) was
a large and adequately powered, randomised, controlled trial of screening with LDCT against
plain chest radiography, undertaken in the USA. The headline result was a reduction in lung
cancer mortality, by the apparently impressive figure of 20% [14]. Does this mean that CT
screening immediately to be implemented for lung cancer or that lung cancer mortality could
be reduced by anything like this amount? I believe that the answer is no to both.

2.1. The National Lung Screening Trial (NLST)

Eligible participants were identified as current or former smokers between the ages of 55
and 75 years with no personal history of malignancy and at least a 30-pack-year smok-
ing history [14]. Former smokers had to have quit less than 15 years prior to participating
in the study. Volunteers who had previously received a diagnosis of lung cancer or who
had undergone a chest CT scan within 18 months before enrolment, and those who had
haemoptysis or unexplained weight loss of more than 6.8 kg in the preceding year were
excluded. An impressive total of 53,454 volunteers were enrolled; 26,722 were randomly
assigned to receive three annual screening examinations by either LDCT or chest radiog-
raphy. They were then followed for an additional 5 years after the screening examinations
were completed. No further screening was undertaken in subjects diagnosed with lung
cancer. In both groups, the screening test was deemed positive if it showed a non-calcified
pulmonary nodule 4 mm or larger in diameter or if there were other findings suspicious for
cancer. When comparing the two groups after the completion of the three annual screen-
ings, 24% of participants screened with LDCT had positive screening results compared with
6.9% of individuals who received chest radiography, confirming the superiority of LDCT
in identifying nodules over plain chest radiography [14]. More than 75% of the participants
with a positive screening result underwent further diagnostic evaluation, either with addi-
tional imaging or with invasive/surgical procedures. In this report, a “false positive” was
defined as any case requiring further evaluation, including just repeat CT imaging. Using
this definition, more than 90% of the positive findings were false positives, both in the con-
trols and in the LDCT group.

Of the 26,722 volunteers screened with LDCT, 1060 participants were found to have lung
cancer in comparison to 941 of the group screened with chest radiography. Overall, when
comparing the two groups, the detection rate of lung cancer was 13% greater in the group
screened with LDCT than with chest radiography. More early stage (IA and IB) cancers
were diagnosed with CT. Most importantly in the evaluation of a screening study, there
was evidence of reduced mortality: a total of 356 lung cancer deaths occurred in the LDCT
vs. 443 deaths in the plain radiography group, over a median of 6.5 years of follow-up (P
= 0.004). Whilst the relative reduction in mortality rate from lung cancer was 20% in indi-
viduals screened using LDCT, the absolute risk reduction in mortality was only 0.33% less
over the study period in the LDCT group (87 avoided deaths over 26,722 screened par-
ticipants), meaning 310 individuals needed to participate in screening for typically three
rounds to prevent one lung cancer death. Given the conclusion of the PLCO trial that plain
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radiography screening is ineffective, it can be assumed that this represents a similar benefit
to eligible participants in comparison with no screening. However this is evaluated in terms
of cost-effectiveness, this study does indicate that there exists a subgroup of patients with
lung cancer that can be cured if it is identified earlier and, conversely, who will die from
their disease if it is not. Despite the large number of participants who underwent further
diagnostic testing, the authors noted that the testing resulted in only a small number of
adverse events.

2.2. European studies

An important issue is to what extent the findings of the NSLT might hold for a non-US
population. There are important differences in epidemiology in Europe, including a differ-
ence in distribution of histological subtypes and a much lower frequency of non-calcified
pulmonary nodules arising from fungal pathogens. In the UK, squamous cancers represent
about 40% of cancers and adenocarcinomas 18%, whilst in the USA, squamous cancers only
represent 27% with adenocarcinoma being the most prevalent type at 31% [15]. As squa-
mous cancers tend to arise in proximal airways, they are less amenable to identification as a
lung nodule on CT, unlike adenocarcinomas, which more often present as intrapulmonary
nodules.

The DANTE and DLCST studies each compared five annual rounds of LDCT screening to
usual care and were both considerably smaller than the NLST. The DANTE study randomised
2811 and the DLCST randomised 4104 men and women who were healthy, heavy and current
or former smokers to LDCT screening or no screening. After medians of 34 and 58 months of
follow-up, respectively, not even a trend towards reduced mortality was found: (DANTE, rel-
ative risk [RR], 0.97; 95% CI, 0.71-1.32; P =0.84) (DLCST, RR, 1.15; 95% CI, 0.83-1.61; P = 0.430)
[16, 17]. The NELSON study is the largest European study so far performed, with 15,822 par-
ticipants, and has employed a volumetry-based LDCT screening protocol with longer inter-
vals between screening rounds [18, 19]. These investigators greatly reduced their reported
false-positive rate when compared with the figure reported in NLST (23.3% in NLST vs. 3.6%
in NELSON) by changing the definition of “false positive” to include only those nodules that
had a baseline appearance or interval growth that supported malignancy. This is probably
justified, given that whilst being recalled for a repeat CT may generate some anxiety and
distress, this would be anticipated to be much less than the need for urgent evaluation and is
likely to be short-lived.

A comparison of the larger European and LDCT screening trails with the NLST with the tri-
als of the plain chest X-ray in screening [4, 12] is shown in Table 1, particularly in respect of
their effects on mortality. It should be emphasised that the only trial producing a statistically
significant result was the NLST.

2.3. Downsides of LDCT screening

Any benefits of CT screening need to be weighed against the harms. Besides the relatively
small direct risk of cancers that are caused directly by the radiation exposure from the
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Trial Modality Recruits No.of lung No. at stage No. of deaths Relative Absolute
cancers 1 (%) from lung mortality mortality
detected (%) cancer (%)  reduction reduction

from from
screening screening

Negative figures denote
mortality increase

NLST (14)  ChestX-ray 26,035 941 (3.61)  131(0.5) 43 (1.70)  +20% +0.33%
LDCT 26,309 1060 (4.03) 400 (0.52) 356 (1.35)

DANTE (17) Clinical 1186 73 (6.07) 16 (1.35) 55 (4.64) -0.65% -0.03%
LDCT 1264 104(823)  47(372) 59 (4.67)

DLCST (16)  Usual 2052 24 (1.17) 5 (0.24) 11 (0.54) -35% -0.19%
LDCT 2052 70 (3.41) 47 (2.29) 15 (0.73)

PLCO(12)  Usual 77,456 1620 (2.09) 462 (0.6) 1230 (1.59)  +1.26% -0.02%
Chest X-ray 77,445 1696 (2.19) 374 (048) 1213 (1.57)

MLP (4) Usual 4593 160 (348)  31(0.67) 115 (2.50) 6% -0.14%
Chest X-ray 4618 206 (446) 68 (147) 122 (2.64)

Table 1. Comparison of lung cancer screening trials, showing rates of identification of early stage disease and effects on
mortality.

CT scans, CT screening suffers from all of the general limitations of screening in general.
These include:

* Opverdiagnosis—see above

¢ The costs—both psychological and financial arising particularly through the high rate of
false-positive diagnoses or indeterminate findings

* Uncertainty regarding how such a programme would work in practice including its poten-
tial to reach/capture a reasonable proportion of incident cases

In the NLST, the substantial excess of cancers diagnosed in the CT group (1060 vs. 941) implies
that overdiagnosis did occur. Patz and colleagues’ [20] analysis of the NLST study suggested
that up to 18% of the cancers identified in the NLST may have been indolent and likely to have
been overdiagnosed and indicated that for each cancer death avoided, 1.38 cases may have
been overdiagnosed. Moreover, the figures for overdiagnosis may have been even worse if the
control arm had received no chest radiographs, which can also be assumed to have resulted in
some overdiagnosis. The risk of overdiagnosis, as might be expected, depends on histological
subtype and is most striking in patients with a diagnosis of bronchoalveolar cell carcinoma
(now called minimally invasive adenocarcinoma), in whom the risk of overdiagnosis was esti-
mated to be 85% after 7 years of follow-up or 49% with lifetime follow-up [20]. These data also
raise the question as to the necessity and type of therapy required if a diagnosis of minimally
invasive adenocarcinoma is established.
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Because the major risk factor for lung cancer is the smoking of tobacco, in order to qualify for
entrance into a screening programme, individuals need to have smoked significantly, and
many will be current cigarette smokers. Consequently, the target population of a lung cancer
screening programme may be expected to have a relative disregard for its own health and a
tendency to accept of risk, potentially predisposing to poor acceptability of, and adherence to,
screening. This is likely to be much more evident in real life in comparison to a highly moti-
vated volunteer population. It has been shown that smokers in the USA are significantly more
likely than never smokers to be male, non-white and less educated; to report poor health sta-
tus; and to be less likely to be able to identify a usual source of healthcare [21]. This study also
indicated that current smokers were less likely than never smokers to believe that early detec-
tion would result in a good chance of survival and expressed relative reluctance to consider
computed tomography screening for lung cancer. Interestingly, only half of these smokers
stated that they would opt for surgery for a cancer diagnosed as a result of screening, further
calling into question the value of early diagnosis in this group.

Importantly, even if all subjects meeting the NLST criteria were to accept and adhere to screen-
ing, it has been estimated that only 27% of incident lung cancer patients would be included
[22]. This implies that the potential to limit lung cancer mortality could only at the very best
be 20 of 27% of cases, i.e. a 5.4% mortality reduction overall.

It can also be argued that a screening programme represents a collusion with self-harming
behaviour, particularly in relation to current smokers, and throws into focus the interrelation-
ship between smoking cessation and lung cancer screening, particularly as CT screening is
only designed to mitigate one of the many potential harms of smoking. This is all the more
relevant because recruitment into a lung cancer screening programme does not appear to
increase the likelihood of smoking cessation [23-25] and reduce it [19]. Offering smoking
cessation, which is one of the most cost-effective of all heath interventions, within a screening
programme has been shown to improve the cost-effectiveness of the screening—by 20-45%
[26, 27]. Is this “cheating”? It is only when expensive LDCT screening is combined with highly
cost-effective smoking cessation that cost-utility ratios become comparable with those of other
accepted cancer screening programmes!

No long-term psychological harm was found in the NELSON trial. In those with negative
results, anxiety and distress fell from baseline; following an abnormal result, anxiety and dis-
tress were transient and tended to have returned to baseline by the next screening round [28].
However, the harms—psychological, physical and financial —suffered by those with overdi-
agnosed tumours have not been quantified and are likely to be substantial.

In the NLST, a major complication occurred in almost five of every 10,000 persons screened
due to investigation of a benign lung nodule [14]. Whilst this is a low proportion, these were
“normal” subjects in whom any harm is seriously to be regretted.

Based on the NSLT's own size cut-offs, the average nodule detection rate per round of screen-
ing was very high at 20%. In most LDCT screening studies, more than 90% of nodules prove to
be benign. Whilst there is a tendency towards lower nodule detection rates in repeat screening
rounds, this appears only to be due to the discounting of nodules that had been present in the
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prior round, so screening, if embarked upon, should probably continue. Furthermore, from
the evidence of the fourth round of screening in the NELSON study, lengthening the duration
of intervals between rounds beyond 2 years does not appear to be an effective strategy.

In most screening study protocols, a detected nodule triggers further imaging, but the
approaches have been inconsistent between studies, and it has been suggested that follow-
up imaging rates may have been underestimated [29]. The frequency of further CT imaging
among screened individuals has ranged from 1% in the study by Veronesi et al. [30] to 44.6%
in the study by Sobue et al. [31]. The frequency of further positron emission tomography
(PET) imaging among screened individuals has exhibited less variation, ranging from 2.5% in
the study by Bastarrika et al. [32] to 5.5% in the NLST.

The frequency of invasive evaluation of detected nodules, although generally low, has shown
marked variation in reported studies. In the NLST, in the patients not found to have lung cancer,
1.2% underwent an invasive procedure such as needle biopsy or bronchoscopy, and 0.7% had
a thoracoscopy, mediastinoscopy or thoracotomy. In the NELSON study, these numbers were
very similar at 1.2% and 0.6%, respectively [18].

A workshop undertaken by the International Association for the Study of Lung Cancer
(IASLC) [33] identified a number of areas where improvements are needed to be made in
relation to future implementation of LDCT screening, indicating that, whilst LDCT screening
may have potential value, the science around the process remains preliminary. The specific
areas requiring clarification were identified as optimization of the identification of high-risk
individuals, development of radiological guidelines, development of guidelines for the clini-
cal workup of indeterminate nodules, development of guidelines for pathology reporting,
definition of criteria for surgical and therapeutic interventions of suspicious nodules identi-
fied through lung cancer CT screening programmes and development of recommendations
for the integration of smoking cessation practices into future national lung cancer CT screen-
ing programmes.

2.4. Cost-effectiveness

Incremental cost-effectiveness ratio (ICER) is defined as = (C1 - C2)/(E1 - E2) , where C1 and
E1 are the cost and effect in the intervention and where C2 and E2 are the cost and effect in the
control group. Costs are usually described in monetary units, whilst benefits/effect in health
status is measured in terms of quality-adjusted life years (QALYs).

Using such methodology, lung cancer LDCT screening was found to be considerably more
expensive than other US screening programmes with an ICER of between $126,000 and
$169,000/LY [34]. In comparison, colorectal cancer screening has an ICER of $13,000 to $32,000/
LY. When a basic smoking cessation intervention is included, which, as outlined above, sub-
sidises an expensive intervention with a cheap one, but which also adds to the total costs, an
ICER of $23,185 per QALY is gained, falling further to $16,198 to per QALY gained with a
more intensive regimen [26]. Given the huge benefits of smoking cessation for a wide range of
diseases, the case for offering smoking cessation to all anyway is strong. Setting up an LDCT
screening programme first and adding on smoking cessation to that seems to be putting the
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cart before the horse: if employed at all for smokers, it should be an add-on to a smoking ces-
sation intervention.

In the UKLST, the cost-effectiveness analyses used data from life tables and modelled data on
quality-adjusted life year (QALY) from the NLST, the validity of which is unclear. Given that
no effect on mortality could be shown, the reliability of cost-utility analysis is highly ques-
tionable, although was estimated at only £8466 (approximately $11,000 at today’s exchange
rate) per QALY gained. This figure is substantially less than that quoted in the NLST and is
well within the threshold deemed acceptable by the National Institute for Health and Care
Excellence.

2.5. Applicability of trial findings to routine clinical practice

Most of the NLST sites were designated National Cancer Institute centres, and more than 80%
were large, multidisciplinary academic centres with more than 400 beds [29]. It seems unlikely
that the results obtained by less specialised centres will be directly comparable. Furthermore,
screening trials are likely to attract, if not healthy volunteers, at least a group who may be
more likely than the average to adhere to the screening protocol. Indeed, adherence to the
three screening rounds in the NLST was 90%, which is highly unlikely to be achievable in
routine practice.

Great difficulty was experienced in recruiting participants to UKLS, given that a system com-
parable to that that may be used in a real-life screening programme was employed: of the
247,354 questionnaires sent out, response rates to the initial questionnaire were low, with an
initial positive response rate of only 15% in current smokers and about 40% in never or former
smokers. Even then, a high attrition rate occurred with potential participants being lost at
every stage of the recruitment process. Finally, only 4061 subjects (46.5% of all high-risk posi-
tive responders) consented and were recruited into the trial.

Another positive from the CT screening studies is that they have provided evidence under-
pinning the rational approach to the investigation of solitary pulmonary nodules, including
the very helpful algorithm developed by the BTS [35]. This includes appreciation that mini-
mally invasive adenocarcinomas may be benign in behaviour and may allow a less aggressive
approach to management in comorbid or frail patients.

3. Conclusions

The American NLST, in finding a 20% relative reduction in mortality from screening with
LDCT, in comparison to plain chest radiography, which itself is ineffective, suggests that
screening may be one strategy for improving lung cancer outcomes in a well-motivated
American population. This benefit was achieved at a cost comparable to those of other estab-
lished screening programmes but only when smoking cessation was included. However,
the absolute reduction in mortality achieved is small: 87 avoided deaths in 26,722 screened
participants, representing a 0.33% lower risk of dying from lung cancer for each individual
participant. Besides the harms resulting from the unnecessary treatment of overdiagnosed
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cases, 24% of participants were found to have a nodule over three rounds, leading to further
diagnostic workup. Even in these large academic institutions, a major complication occurred
in five of every 10,000 cases with a benign nodule. Many of the cancers diagnosed are small,
minimally invasive adenocarcinomas, and these contribute significantly to overdiagnosed
cases. Overall, for every cancer death avoided, 1.38 cases may have been overdiagnosed.

Disappointingly, none of the European studies (DANTE and DLCST and NELSON) have
found evidence of any significant, or indeed even a trend towards, reduction in mortality,
possibly reflecting different epidemiology of cancer subtypes. The use of volumetric tech-
niques employed in the NELSON study seems attractive, but the efficacy of this approach
remains completely unproven.

Concentration on harm reduction through screening potentially deflects attention from the
need to improve diagnosis and treatment for the majority of cases falling outwith current
screening eligibility criteria for smoking history and age. It is known that patients often toler-
ate lung cancer symptoms for long periods before presenting with them [36]. General prac-
titioners also find identifying lung cancer cases challenging, and patients will often attend
several times before the diagnosis is considered and a chest radiograph performed [37]. An
early study revealed that educating the public and primary healthcare teams on the impor-
tance of cough as a lung cancer symptom resulted in a large increase in chest radiographs
being performed and suggested earlier diagnosis [38]. This led on to the national “Be Clear on
Cancer” campaign in the UK, the results of which were positive, leading to state funding of
repeat programmes. Further work is taking place to look at the effects of lowering thresholds
for the obtaining of chest radiographs for chest symptoms in primary care [39]. Facilitating
earlier diagnosis of symptomatic disease should also minimise overdiagnosis.

I believe that screening in lung cancer is potentially able to improve lung cancer mortality,
but our understanding of how to apply this in real populations, including those outside the
USA, is in its infancy. Cost-effectiveness is much improved when screening is combined with
smoking cessation, but this is in effect subsidising an otherwise unaffordable screening pro-
gramme by combining it with another highly cost-effective intervention that could be pro-
vided anyway.

Besides the expense of screening, small but definite harms resulting from radiation exposure,
investigations of benign lesions and the more significant difficulty of finding of inconsequen-
tial disease (overdiagnosis) also reduce its attractiveness. Until we have better understanding
of these issues, I believe we should be concentrating more effort on the earlier diagnosis of
symptomatic disease, at least in Europe.

Whatever we think of the weaknesses of the current attempts to reduce mortality though
screening, the NLST does point to the potential for improving lung cancer outcomes
through expeditious diagnosis. For now, at least in Europe, this must be based on improved
identification of symptomatic disease. Initiatives to improve detection of early stage disease
will rely on improving public and primary care awareness of lung cancer symptoms and
reducing the impediments to diagnosis following recognition that lung cancer is a possible
diagnosis.
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Abstract

Lung cancer (LC) represents the leading cause of cancer-related mortality worldwide,
with most of the cases being still diagnosed in advanced stages. Recently published data
estimates an increase of LC deaths worldwide from 1.6 million in 2012 to 3 million in 2035.
In this context, ultrasonography (US) aspires to become the method of choice that can
offer essential information concerning subpleural LC. Therefore, it is an urgent need for
an objective evaluation of the role of US and US-guided biopsies as an accurate diagnosis
method, as until now large studies to assess this have been seldom performed. Our main
aim was to perform a review over the use of US and US-guided biopsy in the assessment
of LC, and our second aim was to illustrate how US is a valuable tool in the approach
of patients with LC. We also compared the advantages and disadvantages of different
types of biopsy needles. Other non-invasive applications of US (contrast-enhanced US
and elastography) and their usefulness for LC were also evaluated. Though transthoracic
US is today underused for lung cancer diagnosis, it offers multiple advantages that seem
extremely useful for the efficient management of such tumours.

Keywords: biopsy, lung cancer, transthoracic, ultrasonography

1. Introduction

Lung cancer (LC) represents the leading cause of cancer-related mortality worldwide [1-3],
with most of the cases being still diagnosed in advanced stages. Recently published data esti-
mates an increase of LC deaths worldwide from 1.6 million in 2012 to 3 million in 2035 [3]. The
5-year survival of LC patients is still very low —15% even in the wealthiest countries —so urgent
strategies are needed in order to facilitate early diagnosis or to improve current diagnosis tech-
niques. Ultrasonography (US), with its multiple advantages, has an already well-established
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role in the management of tumoral and non-tumoral abdominal pathology. Though a com-
mon technique, US was less used for some organs such as the lung. Ultrasonography can
assess peripheral lung tumours, offering valuable information related to the tumour structure,
vascularization, the stage of parietal invasion and sometimes lymph node invasion. Moreover,
US can guide the biopsy of the peripheral tumours with very good sensibility/specificity
and less complications and smaller costs than computed tomography (CT). More recently,
transthoracic US (TUS), US-guided biopsy and other applications (contrast-enhanced US and
elastography) have gained a larger field in the management of patients with peripheral pul-
monary nodules or masses. In this context, US aspires to become the method of choice that can
offer essential information concerning subpleural LC [4, 5]. Therefore, an objective evaluation
of the role of US and US-guided biopsies as accurate diagnosis method is necessary because
until now large studies to assess this have been seldom performed.

2. Transthoracic ultrasonography for the lung cancer

2.1. Standard ultrasonography and its applications for lung cancer

Ventilated lung reflects up to 99% of the sound waves, and, consequently, the peripheral lung
tumours abutting the visceral pleura can be visualized. When pleural effusions or condensate
lung are present, facilitation of the ultrasound beam can also allow examination of deeper lesions.

US examination of the lung is performed with convex transducers with frequencies of
3-6 MHz. For chest wall and lung surface assessment, a higher frequencies—10-13 MHz—and
linear transducers are needed. When TUS is recommended for evaluation of a lung tumour, it
follows usually a radiological examination of the chest—X-ray (Rx) or computed tomography
(CT)—which have detected a lesion. Otherwise, it is indicated for a localized pain or other
clinical signs, so it is a guided examination of an area of the chest. Sometimes, this ‘focused’
US can be followed by a global US chest examination, as we must search peripheral lung,
pleura or chest wall for metastasis. It is also important to scan cervical lymph nodes and at
least upper abdominal organs - adrenal glands [6] and the liver for metastasis.

Normal pleuropulmonary interface is visualized as a hyperechoic line situated beneath the
chest wall structure, followed by reverberation artefacts (A-lines), being mobile with respira-
tion in real-time examination which represent the ‘gliding sign’. The presence of a subpleural
pulmonary lesion interrupts this hyperechoic line, appearing as a hypoechoic image with dif-
ferent shapes, structures and contours according somehow to the type of the disease.

When a lung tumour is identified, TUS should try to solve several issues. One of the most
important problems is represented by differential diagnosis between benign and malignant
lesions [7]. TUS can describe certain characteristics of a peripheral lung lesion in order to sug-
gest benign or malignant characteristic:

—Contour of the lung surface may be irregular in LC and regular in benign lesions.

—The margins of the tumours are sharp, delineated from the ventilated lung (Figure 1). They
can be irregular or with finger-shaped ramification into the normal lung. Benign lesions are
usually less sharp delimited from normal ventilated lung.
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—Destruction of the adjacent lung. LC invades the adjacent parenchyma and either destroys
or displaces the bronchi and normal vessels which normally present a radial, centrifugal
distribution identifiable with colour Doppler US examination (Figure 2). Tumour neovas-
cularization can be seen as tortuous vessels usually situated in the periphery and calibre
variations [8, 9].

Figure 1. Ultrasonography aspect of a lung cancer abutting the pleura—hypoechoic mass, slight inhomogeneous, with
irregular surface but sharp delimited from ventilated lung.

The most difficult situations are represented by chronic pneumonia and cicatricial peripheral
lesion [10] which cannot be differentiated only by imagistic methods. In these cases, the his-
topathological exam is decisive.

If the diagnosis of malignancy is obvious, TUS can offer elements for staging of the lung can-
cer too. This information (assessment of resectability) can be critical for the decision of surgi-
cal treatment or other types of therapies. Contribution of TUS for staging LC should comprise
the evaluation for the invasion of the adjacent structures (T3/T4), the extension to the lymph
nodes which can be examined by US—supraclavicular, axillar, and sometimes intrathoracic—
and the metastases in the liver, adrenal glands (mostly left side) or other sites.

Concerning chest wall invasion US has been proven to be at least as accurate as magnetic
resonance imaging (MRI) and superior to CT by many studies (Table 1).

There are four criteria to be checked for the diagnosis of chest wall invasion: (a) absence of
the gliding sign of the tumour over the chest wall, (b) interruption of the pleuropulmonary
line, (c) direct invasion of the soft structures of the wall (Figure 3), and (d) direct invasion of
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the bony parts —mostly ribs by the tumour [14] (Figure 4). One of the last two criteria is diag-
nostic; the first two (respectively, a and b) are only suggesting invasion. A recent study also
proposed a cut-off value of 4.5 cm for diameters of the LC predicting invasion of the chest wall
[16]. Unfortunately, TUS is not used widely enough for these purposes, even though it has the
well-known advantages over CT—availability, cost, time of examination and lack of irradia-
tion. Invasion of the diaphragm and pericardium can be also assessed by TUS, considering
the possibility of real-time evaluation to prove direct extension of the tumour and not only the
contact between this and the structure of interest.

Figure 2. Colour Doppler US of a lung cancer showing hypovascularity without normal, radial distribution of vessels
and bronchi (destruction of normal structure of the lung).

Author Number of patients ~ TUS CT

Sugama et al. [11] 65 Acc=77% Acc=39%%

Suzuki et al. [12] 120 Se =100% Se =68%

Nakano et al. [13] 23 Se =76.9%, Sp = 68.8%, Se =69.2%, Sp = 75.0%, Acc =72.4%
Acc=72.4%

Bandi et al. [14] 90 Se =89%, Sp = 95% Se =42%, Sp =100%

Tahiri et al. [15] 28 Se =90.9%, Sp = 85.7%

Caroli et al. [16] 14 Se = 88.89%, Sp = 100%

Acc - accuracy; Se - sensibility; Sp - specificity.

Table 1. Studies comparing diagnostic performances for chest wall invasion of LC for TUS and CT.
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Figure 3. Peripheral hypoechoic and inhomogeneous LC with irregular contour, invading soft structures of the chest
wall (extension of the tumour in the neighbouring layers of the wall).

Figure 4. Peripheral hypoechoic LC invading the chest wall including ribs (three ovoid hyperechoic images with acoustic
shadows partially included in the superficial tumoral area).
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The presence of a pleural effusion signifies a T4 stage of the disease in an LC patient [17] or
Mla (according to the 7th American Joint Committee on Cancer LC classification) although in
rare cases it can have other causes (lymphatic drainage dysfunction, hypoproteinemia, atel-
ectasis) [18]. In such situation, aspiration of fluid guided by TUS followed by cytological and
biochemical analysis could solve the differential diagnosis of the effusions.

In the presence of atelectasis, TUS can delineate tumoral area from atelectatic lung even bet-
ter than CT scans [19] based on structure, contour and vessel disposition in targeted areas
(Figure 5). Also large LCs, usually more than 5 cm in diameter, demonstrate central necro-
sis. Those structural changes can be visualized as hypoechoic or transonic areas (Figure 6),
and when communication with the bronchial tree or infection occurs, they appear as aer-
ated hyperechoic irregular images surrounded by a thick wall hypoechoic masses (Figure 7).
Those necrotic changes should always be precisely identified if a transthoracic-guided biopsy
is taken into account. Thus, it is surprisingly how extended can be the necrosis inside larger
tumours. In these cases, the best delimitation is realized by contrast-enhanced US (CEUS)
where they appear as non-enhancing areas inside a late-enhancing tumoral tissue (see also
the section dedicated to CEUS).

When a central tumour becomes obstructive, it will be associated with atelectasis or recurrent
pneumonitis in the same region. Consolidation of the lung tissue allows better transmission
of the ultrasound beam and visualization of the tumour through the non-ventilated lung.
Other signs—as vascular distribution and fluid bronchogram —can be also seen inside the
consolidated non-tumoral areas.

Figure 5. Large hypovascular lung cancer with central excavation containing gas (hyperechoic intratumoral images) and
peritumoral atelectasis showing normal distribution of vessels (colour Doppler US examination).
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Figure 6. Large ovoid-shaped hypoechoic LC (squamous cell cancer) containing large central echo-free areas (necrosis).

Figure 7.Large round-shaped hypoechoic LC (squamous cell cancer) containing hyperechoic central images
corresponding to excavated necrotic core.
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Colour Doppler examination of the neoplastic lung lesions reveals a reduced vascularization
and disruption of normal vessel architecture [8, 9, 20]. In neoplastic lesions invasion of pul-
monary arteries occurs in 56-87% of cases [21, 22], and vascularization is based mainly on
neoangiogenesis originating in bronchial artery [23]. Moreover, central areas of the tumours
are hypovascular due to stenosis/occlusions of pulmonary arteries. Duplex Doppler evalua-
tion of impedance indices reveals monophasic low-resistance flow in the arterial vessels of
the tumours [9] compared to high resistivity indices in pulmonary arteries present in benign
lesions. Neoangiogenetic vessels can be suspected if they present a variable and convoluted/
irregular position (Figure 8), variable flow direction and near-constant flow with reduced sys-
tolic-diastolic variations. It is important to know that almost 50% of the Iung lesions present
more than one type of vascularization [24] underlining the complexity of vascular distribution.

Figure 8. Hypervascular peripheral round-shaped hypoechoic LC with neovascularization—tortuous vessels with
variable flow direction.

One of the most difficult diagnostic problems is represented by the peripheral adenocarci-
noma with lepidic growth, which looks similar to a benign consolidation. The tumour can also
preserve the normal bronchial tree and pseudo-normal distribution of vasculature (Figure 9)
mimicking almost perfect pneumonic areas [25]. Minimal changes suggesting malignancy
can be represented by irregular lung surface. In these cases, transthoracic US-guided biopsy
refines the diagnosis.

In some cases, TUS can prove the extension of LC to hilar or mediastinal vessel. The inva-
sion of pulmonary vessels can be visualized through the condensed or neoplastic lung
in advanced cases. In these cases, TUS can also visualize metastatic hilar or mediastinal
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lymph nodes, which are commonly impossible to assess by this method. The superior vena
cava should be examined in order to diagnose compression or thrombosis of the locally
advanced LC.

Figure 9. Adenocarcinoma with lepidic growth mimicking benign consolidation (pneumonia-like) with triangular-
shaped and pseudonormal distribution of vascularization.

Another important component of US evaluation of an LC patient should include screening
for the metastatic lymph nodes which cannot be clinically assessed with good accuracy —
mainly supraclavicular stations. Metastases in cervical and supraclavicular nodes are present
in 16-26% of cases, and US improves the identification of these affected stations with 31% [26,
27]. It surpasses three times the palpation performances and also CT scan with identification
of 18-36% more cases of metastasis.

For the next step—histopathological diagnosis—TUS offers the possibility of guiding the
percutaneous biopsy of the peripheral LC, with many advantages over radiological methods
which were classically used. US guidance for transthoracic biopsies was done firstly more
than four decades in the past, and since then, it has been successfully performed with vari-
ous needle types [28, 29]. Indications and contraindications for percutaneous lung biopsy
are according to the guidelines [30]. Most contraindications of transthoracic needle biopsy
(TNB) are relative (platelet count < 100.000/ml, activated partial thromboplastin time (APTT)
ratio or prothrombin time (PT) ratio > 1.4, contralateral pneumonectomy, Forced expiratory
volume in the first second (FEV,) < 35% or 1 1) and should be discussed in a multidisci-
plinary team [30]. Besides the contraindications, there are some limitations or particular sit-
uations such as the patients with pneumonectomy and nodule (either multiple or single) in
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the remaining lung [31]. Not seldom we encounter patients presenting multiple comorbidi-
ties that affect respiratory and/or circulatory systems such as chronic heart failure, chronic
respiratory failure or association of the two. In patients with such severe disease, oxygen
therapy during the procedure might be essential, since the approach of the lesions requires
the patient to lay down either in dorsal or even in ventral decubitus in order to perform the
biopsy.

Complications of TNB are theoretically numerous (chest wall haematoma, parietal pain,
pneumothorax, haemoptysis, intrapulmonary haemorrhage, haemothorax, air embolism,
empyema—mostly for infected lesions, tumour seeding along the needle tract, death (0.15%))
[30]. Among those two are more important: haemoptysis and pneumothorax. Haemoptysis
is most of the time self-limited (in less than 1% significant) and not life-threatening. It
appears seldom after US guidance—under 3% than under CT guidance, 5.3-15% [32]—also
due to deeper lung tumour approach by CT. The risk of pneumothorax after US-guided
TNB is significantly lower (1-3%) than after CT-guided biopsy (up to 20.5-25%), due to the
real time visualization and direct approach of the tumors abutting the pleura during the
US-guided biopsies. It is increased in the presence of emphysema and larger needle calibre
[32]. The presence of pneumothorax must be routinely checked after TNB, and the presence
of clinically significant pneumothorax must be followed by percutaneous drainage which
can be done also under US guidance [30].

An original study that compared CT-guided biopsy versus US-guided biopsy concluded that
US is a valuable option to CT for guidance of transthoracic biopsies [33]. Authors found that
US guidance provided diagnosis in 91% cases, while CT in 71%. In the same study analyzing
the average time for biopsy and the average time per passage, results indicated that they were
both statistically significantly shorter for US guidance than for CT guidance of the biopsy
(P <0.05) [33]. Results obtained by Sconfienza et al. [34] also favour US for biopsy guidance, the
authors reporting successful biopsies using US guidance in 97.1% versus the CT-guided biop-
sies in which technical success was obtained in 96.5%. Also, there was a statistically significant
lower rate of pneumothoraxes (P = 0.025) and a shorter median time per intervention for US
compared to the CT-guided biopsy [34]. A review published in 2015 [35] revealed important
aspects summarizing data regarding US, CT and electromagnetic navigational-transthoracic
needle aspiration. In this review data from 75 studies was analyzed with authors finding that
the rate of post procedure pneumothorax was higher in CT (20.5%) than in US-guided biopsy
(4.4%). The authors underline also the paucity of data regarding US-guided biopsy since they
have found just ten studies that assessed it and forty-eight that have performed CT-guided
biopsy. Authors have determined an overall pooled diagnostic accuracy for CT to be 92.1%
and for US 88.7% with similar sensitivities for the detection of malignancies—92.1% for CT
and, respectively, 91.5% for US [35].

Some authors did not found a statistically significant difference in the diagnostic yield of fine-
needle aspiration (FNA) versus core biopsy or FNA + core biopsy (P = 0.96) [36]. Other authors
found that cutting-needle biopsies are more sensitive than fine-needle aspiration for the diag-
nosis of malignancies including mesothelioma [37, 38]. It is considered now that there are
some advantages for the cutting needles over fine needle consisting in a superior diagnostic
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accuracy, a better differentiation of LC subtypes and a better sensibility for the diagnosis of
lung benign lesion [39].

An older study compared a cutting needle (Trucut) versus an aspiration needle (Surecut—a
modified Menghini) concluding that US-guided needle biopsy was accurate and safe while
providing an adequate histological specimen with a diagnostic yield comparable for both of
the needles [40]. An important study regarding the types of needle is the study performed
by Tombesi et al. [41]. The authors compared Trucut-type and a Menghini-modified needles.
They found that the Trucut needle was superior, as it achieved a correct diagnosis more than
the Menghini modified results that reached statistical significance (P = 0.0041). The authors
also compared the diagnostic yield and found that the Trucut improved the diagnostic yield
significantly statistic for smaller lesions <2 cm (P = 0.0139). Also, the Trucut needle provided
a lower number of inadequate specimens [41].

Comparison the data concerning biopsy needle diameter indicated that a larger diameter
does not have a significantly higher benefit [38, 42, 43].

The size of the lesion is not a problem for US guidance, even small tumour (less than 2 cm)
being amenable for this approach [36, 44].

For optimization of the biopsy accuracy, various strategies have been proposed regarding [45]
the approach and incidence of the needle, the orientation of the probe or the use of probes
which allow guidance by a central orifice [28, 46].

It is well known that US guidance of the transthoracic biopsy of neoplastic lesions improves
the overall performance, even in the presence of the necrosis [47]. Necrotic areas in larger
tumours can lower the accuracy of TNB with 9-26% [48, 49]. Contrast-enhanced US (CEUS)
can solve this issue, by revealing the non-enhancing areas corresponding to necrosis [50].

Regarding the factors that affect diagnostic yield in US-guided transthoracic biopsy, Jeon et
al. found that the only statistically significant factor was the lesion-pleura contact arc length
[51]. Some authors have not found statistically significant correlations between the size of the
pleural surface of the lesion and the outcome —an adequate biopsy specimen (P = 0.106) or the
incidence of complications (P = 0.23) [52].

Fontalvo et al. [52] analyzed the US-guided biopsy performed in children and found that this
technique is safe and adequate for sampling of lung tissue.

Though the rate of complications is low, constant efforts are made to optimize the US guid-
ance of biopsies [45] as well as for training specialists [53, 54]. Still, there are discrepancies
even when comparing data from studies; in some of the studies, biopsies were performed
using the free-hand technique which is more operator dependent and other studies using
automatized systems for guidance. Using a guidance system allows a more predictable path
of the needle, as well as a shorten time for performing the biopsy [55]. The free-hand approach
has also certain advantages, providing more freedom to the operator, and reduces the costs
associated with the use of various systems for various transducers. Those advantages have led
some authors and centres to prefer free-hand guidance [55]. Also, in our centre, we prefer and
perform the free-hand approach.

71



72 A Global Scientific Vision - Prevention, Diagnosis, and Treatment of Lung Cancer

After the complete diagnosis, the results of the chosen therapy (assessment of response and
recurrence) can be followed up precisely by TUS and can save a lot of resources and irradia-
tion for the patients with peripheral LC.

2.2. Newer ultrasonography techniques for lung diseases
2.2.1. Contrast-enhanced ultrasonography (CEUS)

The first results of the application of CEUS in lung tumours were represented by a better iden-
tification of necrotic areas in order to improve the performance of percutaneous US-guided
biopsy [50]. The authors reported a successful percutaneous biopsy after using a contrast
agent in a case with previous non-diagnostic US-guided biopsy. In recent studies, another
authors showed much more frequent identification of necrosis in patients with tumours when
they used CEUS (43.9%) compared with standard US (6.7%) and an improvement in diagnos-
tic performance of biopsies after CEUS (93.6% compared to 80%) [56, 57].

Benign lung lesions have dual arterial supply (pulmonary and bronchial) compared to LC that
usually has just a single arterial supply (bronchial). This peculiarity of LC perfusion can be
demonstrated with the use of intravascular contrast agents. CEUS has added diagnostic value
to standard US examination [58, 59] of the pleural-based lesions. The contrast substance com-
monly used is the second-generation agent hexafluoride sulphur (Sonovue®, Bracco Imaging
srl, Milano, Italy). One of the preliminary studies using CEUS for the diagnosis of peripheral
lung lesions (60 cases) has offered a sensitivity of for CEUS 95.0% compared with CT 96.66%,
B-mode ultrasound 83.33% and conventional radiology 86.66% [60]. They found three signs
suggesting neoplastic lesion (inhomogeneous enhancement, absence of pulmonary arteries
and wash-out within the first 120 s) in 88.8% of cases [60]. Other studies (95 cases) proved
that LC has a later enhancement—more than 2 s delay from normal lung or benign lung
lesions [61]—or synchronous with the chest wall and a variable extent of enhancement (non-
homogenous, with non-enhancing areas corresponding to necrosis). Also, these authors have
proposed an arbitrary score of enhancement and wash-out parameters after contrast adminis-
tration that has also offered significant sensibility (Se =98.1%, Sp = 95.1%) [61].

2.2.2. Ultrasonographic elastography in lung cancer

There are few studies published assessing US elastography for lung tumours. One of them used
colour-coded strain elastography on 95 patients, of which 61 have been diagnosed with lung
cancer and the other 34 with pneumonic condensations [62]. The authors found that LC has
a significantly statistic (P < 0.001) higher rigidity and high elastographic Itoh’s score (of 4-5)
[63] comparing it to pneumonia and lymphoma which demonstrated lower scores (<3) [62].
Considering score 4 as a cut-off value for colour-coded elastography (in a scale of 0-5), this
value has a sensibility of 87% and specificity of 99% for diagnosis of lung cancer. Also, squa-
mous LC had the highest score, almost 5. These possibilities of differentiation malignant from
benign lung lesions based on the elastography properties can be a useful adjunct for US method.

Another group tried to visualize through elastographic approach in pulmonary metastasis
without pleural contact (invisible otherwise by US), and they succeed in a preliminary study
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to identify all lesions situated within 2.5 cm from the pleural space [64] in 18 patients. This
new application tries to push further the borders of TUS application into a new area [65], and
data presented by Adamietz et al. [64] proved its tremendous potential. The time will prob-
ably show if the peripheral tumours without pleural contact will be investigated by elasto-
graphic methods, but further rigorous studies to assess a greater number of patients to prove
that the technique is reproducible are mandatory.

3. Advantages of transthoracic ultrasonography

Firstly, there are general advantages of US examination compared with other radiological
examinations, considering availability, cost, time, lack of irradiation and bedside exami-
nation in critical patients. Careful and complete examination of a lung lesion by TUS can
provide a lot of information for its benign or malignant character. For malignant lesions
TUS provides very important details concerning size, local extension, association of atelec-
tasis, necrosis, vascular invasion and sometimes intrathoracic lymph node metastasis. It can
also diagnose pleural effusions with the highest sensitivity compared to other radiological
methods. Also, for some information provided by TUS, accuracy is superior to that of CT
scans and at least comparable to MRI. For example, diagnosis of chest wall invasion of LC
by TUS has been already proven by many studies [14, 19, 66] to be more precise than those
provided by CT. Being a dynamic exploration, TUS has advantages over CT scans, allowing
a real-time examination of the pleuropulmonary interface during spontaneous respiration
or cough.

Introduction of second-generation contrast agents for US added the possibility of perfusion
analysis of lung lesion, with much less adverse reaction compared to other contrast agents
used with CT (especially allergic, nephrotoxicity, etc.). CEUS improves the differential diag-
nostic between benign and malignant lesions, provides a better delineation of necrotic areas
inside the tumours improving also the performance of US-guided lung biopsy. In the patients
with allergic reaction or contraindications for administration of contrast agents, elastography
can be used, and colour-coded information show a higher rigidity of the tumours compared
to benign lesion (pneumonia being most studied). Also, we mentioned that, among cancers,
squamous type showed the highest rigidity.

There are certain advantages for the US-guided biopsy over CT-guided biopsy:
—Comparable sensitivity and specificity with lower costs

—Less complications

—Less time

—No irradiation.

In patients with lung cancer US has to assess also extrathoracic lymph nodes, cervical, supra-
clavicular and eventually axillary, and at least the upper abdominal organ commonly affected
by metastatic disease, the liver, adrenal glands (mainly left) and lymph nodes.
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4. Limitations of transthoracic ultrasonography

TUS allows the assessment of pleural-based masses, providing information proportionally
with the dimension of the contact of the tumour with the chest wall. When the pleural abut-
ting is very small, only a part of the tumour can be seen even if it is large, but when the cancer
invades the parietal pleura or the chest wall on large front, it can be characterized completely
by TUS. Interposition of bony parts of the thorax and shoulder can also limit the visibility of
some peripheral lesions (paravertebral, retroscapular, some apical tumours) by TUS and, con-
secutively, also the possibility of US-guided biopsy. Another limitation of TUS is the presence
of chest wall pathology above the pulmonary region of interest—hematoma, fractures and pari-
etal tumours—or pleural disease like calcifying pleuritis or fibrothorax which doesn’t allow a
proper examination of subsidiary lung areas. But fortunately, those situations are uncommon.

Contact of a tumour with the heart can be a limitation for TNB due to movement of the lesion.
Limited pleural contact of an LC in patients with comorbidities and dyspnoea can increase the
risk of post-TNB complications.

A problem for all imagistic methods is the differential diagnosis of primary LC from metas-
tases. When metastases are abutting the visceral pleura, they can be visualized by TUS as
rounded or ovoid hypoechoic lesions without aeric alveolograms. Their surfaces are sharp
delineated from the surrounded lung with regular or irregular contours, and the vessels are
usually displaced into the periphery. Single metastasis cannot be differentiated from primary
LC, but when they are multiple or in a suggestive clinical context (other primary lesion diag-
nosed), they should be suspected.

5. Conclusions

Considering all advantages and limitations, TUS represents an essential investigation not
only for the characterization of lung tumours, mainly subpleural, but also for guidance of
various interventional procedures. It offers many advantages over CT including a better
accuracy for identification of tumour necrosis, atelectasis, chest wall invasion and fewer com-
plications after transthoracic US-guided biopsy with same accuracy as CT-guided biopsy.
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Abstract

As the promise of personalized medicine in the treatment of cancer begins to be realized,
the diagnostic techniques needed to drive that revolution have continued to evolve. What
started as optical imaging of banded chromosomes for karyotyping has progressed to
DNA sequencing and now next-generation sequencing capable of producing billions of
reads. There are currently a large number of techniques that are used in the clinical labo-
ratory for assessing the presence of mutations in lung tumors, all with their own strengths
and weaknesses. Here, we survey the technology that is available and take a closer look at
next-generation sequencing. We discuss the instruments that are currently on the market
and demonstrate the common workflow from patient to data. Additionally, the outside
factors that influence the use of these technologies, from government regulation to insur-
ance reimbursement, are presented.

Keywords: detection, lung cancer, mutations, next-generation sequencing

1. Introduction

Ultimately, cancer is a genetic disease of the DNA. Changes in chromosomal sequences result
in altered gene expression, protein structure, and enzyme activity, leading to increased cell
growth, motility, and the associated clinical symptoms. Every cancer is different, and under-
standing the mutations present in each case is crucial in choosing the proper treatment.

The field of molecular diagnostics, the detection of DNA abnormalities, has come a long way
since 1902 when Theodor Boveri first noted through microscopic observations that cancer
likely came from abnormal chromosomes [1]. From the discovery that DNA consists of nucle-
otides, to the ability to sequence those nucleotides and the technology to do it more and
more efficiently, our knowledge of cancerous mutations and their role in treating the disease
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has grown. We have progressed from manually generating one data point at a time to using
automation to create billions of them in a matter of hours.

DNA abnormalities may be present in a number of forms. These range from the gain or loss
of whole chromosomes to the substitution of one DNA nucleotide for another, leading to
a change in the resulting protein. Between these extremes are chromosomal translocations,
small or large deletions and insertions, amplifications, and inversions.

There are multiple generations of techniques currently being utilized in the clinical labora-
tory for the characterization of lung cancer. Each has its own inherent advantages and dis-
advantages that must be considered prior to ordering tests. The results of these diagnostics
have profound impacts on the treatment of individual patients. They are also being used for
research into better understanding the disease and have been responsible for the generation of
the International Cancer Genome Consortium and The Cancer Genome Atlas [2]. Their impact
on medicine will certainly only increase in the future.

2. Scope of mutation testing in lung cancer

The scope of mutation testing in lung cancer is determined by the mutation landscape described
in these tumors. Considering which mutations need to be detected during diagnostic workup,
two differentiations must be applied to mutations: driver mutations versus passenger muta-
tions and therapeutically accessible versus inaccessible mutations. Driver mutations directly
cause the development of cancer and allow it to grow and metastasize [3]. Other mutations
that may either enhance the driver mutation or have no functional role in cancer progression
are known as passenger mutations. As our knowledge of mutations is improving, the percent-
age of known driver mutations detected in lung cancer is increasing. The percentage of lung
adenocarcinomas with no detected driver mutation dropped from 40% in 2013 to 24% in 2016
[4], increasing the number of known driver genes from 10 to 15 in the same time span. Some
of the diver mutations are “actionable” in that they are therapeutically accessible and may be
targeted in treatment. It is such mutations that are primary candidates for mutation screening
assays. A nice summary of gene mutations, treatment options, and clinical trials in lung can-
cer is available from the mycancergenome.org website. Developing a lung cancer mutation
assay with full coverage of the genes listed in the mycancergenome database would comprise
a fairly comprehensive assay (Table 1). The absolute minimum of genes to be tested for muta-
tions in lung cancer can be determined from the National Comprehensive Cancer Network
(NCCN) Guidelines on Non-Small Cell Lung Cancer [5], which recommends at least EGFR
mutation and ALK translocation testing.

The molecular characterization of lung cancer has focused primarily on those of the ade-
nocarcinoma type for two main reasons. It is responsible for more deaths than any other
form of cancer [6], and adenocarcinomas tend to be under the strong influence of identifiable
driver mutations, making testing and treatment less nebulous than other cases. The three
most common such mutations are of the epidermal growth factor receptor (EGFR), KRAS,
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and anaplastic lymphoma kinase (ALK), with ERBB2 mutations also being quite common [7].
Less common mutations in lung cancer are reviewed in Ref. [8].

Gene Alteration Frequency in NSCLC (%)  Available drugs
AKT1 Mutation 1 Drugs in clinical development
ALK Rearrangement 3-7 Drugs approved in NSCLC
BRAF Mutation 1-3 Drugs approved in other cancer
DDR2 Mutation ~4 Drugs approved in other cancer
EGFR Mutation 10-35 Drugs approved in NSCLC
FGFR1 Amplification 20 Drugs in clinical development
ERBB2 Mutation 2-4 Drugs approved in other cancer
KRAS Mutation 15-25 Drugs in clinical development
MEK1 Mutation 1 Drugs approved in other cancer
MET Amplification 2-4 Drugs approved in NSCLC but for other
molecular subtype
NRAS Mutation 1 Drugs in clinical development
PIK3CA Mutation 1-3 Drugs in clinical development
PTEN Mutation 4-8 Drugs in clinical development
RET Rearrangement 1 Drugs approved in other cancer
ROS1 Rearrangement 1 Drugs approved in NSCLC

Table 1. Frequency of mutations and availability of targeted therapies in NSCLC. Drug availability for the most frequent
mutations detected in NSCLC is shown. Data are from mycancergenome.org.

EGFR-activating mutations represent a critical determinant for proper therapy selection in patients
with lung cancer. There is a significant association between EGFR mutations, especially exon 19
deletions and exon 21 (L858R, L861), exon 18 (G719X, G719), and exon 20 (S768I) mutations, and
sensitivity to EGFR inhibitors [9, 10]. A secondary mutation, T790M, is present in approximately
60% of tumors with acquired resistance to EGFR inhibitors [11] and confers resistance through
steric interactions in the inhibitor binding site [12]. Primary resistance to EGFR-targeted therapy
is associated with KRAS mutations. That is why some laboratories choose to add KRAS mutation
testing to their assays, as concurrent EGFR and KRAS mutations occur in <1% of patients with
lung cancer, and KRAS mutations are associated with intrinsic EGFR inhibitor resistance.

KRAS undergoes mutations resulting in single amino acid changes. In lung cancer, those
mutations are most commonly present at the 12th amino acid position [13]. While KRAS muta-
tions are the second most common mutation in lung cancer [7] and are especially prevalent in
adenocarcinoma of the lung [13], their use as a prognostic marker or therapeutic guide in lung
cancer has been limited. Studies have shown both a correlation between a KRAS mutation
and a worse prognosis [14], but also no association with outcome [15]. ALK rearrangements
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represent the fusion between ALK and various partner genes, including echinoderm micro-
tubule-associated protein-like 4 (EML4) [16]. ALK fusions have been identified in a subset
of patients with NSCLC and represent a unique subset of NSCLC patients for whom ALK
inhibitors may represent a very effective therapeutic strategy. That is the reason why ALK
translocation testing should be included in any basic lung cancer mutation panel. For the
most part, ALK translocations and EGFR mutations are mutually exclusive.

The parameters of tests employed in mutation analysis should fulfill the criteria suggested
by professional organizations like the College of American Pathologists, International
Association for the Study of Lung Cancer, and the Association for Molecular Pathology that
have recently offered guidance on the use of molecular pathology in the screening of lung can-
cer patients. Their recommendations focus largely on the importance of EGFR mutations and
ALK rearrangements. While they encourage testing for these abnormalities in patients with
early stage lung adenocarcinoma, leaving the decision to the physician and laboratory, they
require testing in advanced lung adenocarcinoma. Additionally, these tests may be performed
on lung tumors other than adenocarcinoma if there is reason to believe an oncogenic driver is
likely to be found.

3. Current technologies to detect mutations

There are multiple techniques that are currently used to detect mutations in clinical tumor
samples. The specific technique used for each case is dependent on a number of factors
including fundamental requirements such as the type of analysis to be performed (structural/
copy number changes vs sequence mutations), the length of sequence required, and the type
of nucleic acid being sequenced (DNA or RNA), as well as practical considerations including
amount and quality of the sample, turnaround time (TAT), and cost to carry out the analysis.
While the ability exists to sequence a patient's entire genome, most clinical assays are more
targeted, focusing on one specific nucleotide, a chosen gene, or a number of genes due to the
cost and labor involved.

3.1. Analysis of gross chromosomal changes
3.1.1. Cytogenetics

Still widely used today, karyotyping was the first clinical mutation assay and was responsible
for the identification of the Philadelphia chromosome in 1960, which is the result of a trans-
location and is the defining aberration in chronic myeloid leukemia. When stained, generally
with Giemsa stain, chromosomes develop a characteristic appearance of alternating light and
dark “bands.” This allows for the documentation of gross changes in chromosome number
or structure. Structural changes able to be identified include large insertions or deletions,
sequence inversions, and translocations. The technique has been considerably improved
over the years, including the ability to digitally photograph the chromosomes; however, the
preparatory work-up is still very labor intensive, and the analysis requires highly trained
individuals. This limits the number of cells that can be analyzed for each sample, increas-
ing the risk of false-negative results in samples that are highly heterogeneous. Additionally,
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as cells must be cultured to generate the necessary metaphase spreads, genotyping is mostly
limited to rapidly dividing hematological malignancies and is only used sparingly in solid
tumors such as lung cancer.

3.1.2. Fluorescence in situ hybridization

Rather than using a generic dye, fluorescence in situ hybridization (FISH) uses single-
stranded, fluorophore-labeled DNA probes that hybridize to complementary regions in the
genome and can be visualized as fluorescent spots on a metaphase spread or in an interphase
nucleus. Due to the paired nature of human chromosomes, a FISH probe would be expected
to identify two instances of the target sequence in each cell. Any numeric deviance from that
indicates a loss or amplification of that locus (Figure 1A). Abnormal distances between probes
targeting neighboring regions on the same chromosome can also indicate a translocation or
an inversion has occurred.
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Figure 1. Techniques for measuring gross changes in chromosomes. (A) Fluorescent in situ hybridization (FISH) probes
are applied to metaphase spreads or interphase cells. Complementary locations on the target chromosomes are identified
as fluorescent spots due to the binding of the probe. Anything other than one locus on each of the sister chromosomes,
represented by one fluorescent spot, is abnormal. This is shown at the chromosomal (top panel) and cellular (bottom
panel) levels. (B) Array-comparative genomic hybridization binds fluorescently dyed and fragmented genomic DNA
to immobilized probes. As tumor and normal DNA are dyed different colors, when both are applied to the array, it
will be visualized as yellow if there are equal quantities of DNA from each source. Overrepresentation of green or red
indicates overrepresentation of the corresponding DNA source. The fluorescence is then plotted as a graph of copy
number versus chromosome position. (C) The single-strand conformation polymorphism utilizes the fact that wild-type
(WT) and mutant (M) DNA strands will adopt different conformations due to differing intramolecular forces. This will
lead them to migrate at different rates during polyacrylamide gel electrophoresis. If a sample of tumor DNA contains
a band that migrates at a different rate than a control sample, it is indicative of a mutation. A “normal” band is also
expected from the tumor sample due to the likely heterogeneity of the sample. (D) As mutations will alter the forces
holding complementary strands of DNA together, a melting curve analysis measures the fluorescence emitted by DNA
with increasing temperature. Since the DNA dye only fluoresces when bound to double-stranded DNA, as the DNA
denatures the fluorescence decreases.
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In lung cancer, FISH is the current FDA-approved gold standard method for detecting trans-
locations involving the ALK gene. ALK translocations were the second driver mutation
described in NSCLC [16]. ALK partners in the translocation can vary, but the most frequently
involved is the EML4 gene. The FISH test based on the Vysis ALK Break-Apart FISH Probe
by Abbott detects the translocation of ALK, but does not identify the fusion partner. This test
consists of two probes that bind on either side of the common 2p23 break point. In the absence
of a translocation, the probes will be seen as adjacent or overlapping. After a translation, the
probes will be visualized with distinct separation. The test results are not always clear cut,
and there is a large gray zone area of inconclusive results which can be influenced by subjec-
tive judgment. The test is thus highly dependent on optimal sample quality and experienced
medical technologist staff.

With appropriate setup, FISH can be used for detection of other less frequent translocations
or copy number changes in lung cancer. The technique has a fast TAT and is widely used. The
largest drawback of FISH is throughput. Generally, one sample/set of probes is used per slide,
making analysis of multiple samples/targets labor intensive.

3.1.3. Comparative genomic hybridization

The sensitivity of karyotyping and FISH is limited by the magnification of the microscope
since the results are visualized by the human eye. Comparative genomic hybridization (CGH)
is an extension of karyotyping that utilizes fluorescent dyes and microscopy to improve the
ability to detect smaller changes in chromosome structure. In this method, chromosomal
material from the tumor is dyed with a fluorescent dye, such as red, while chromosomal
material from a normal sample is labeled with a different fluorophore, such as green. The two
samples are combined, denatured, and allowed to hybridize to a reference metaphase spread
in classical CGH. Differential fluorescence (i.e., greater red than green) indicates more or less
of that chromosomal segment in the tumor.

This technique has now evolved into an array-based assay. Array-CGH utilizes the same prin-
ciples, except the labeled input DNA is fragmented and hybridized to an array consisting of
small probes rather than a metaphase spread. Where FISH hybridizes fluorescent probes to
immobilized chromosomes, array-CGH hybridizes fluorescent genomic DNA to immobilized
probes. If the target locus is neither under- or over-represented in the tumor sample, there
will be equal numbers of normal and tumor fragments binding to the designated location on
the array, and the equal mixture of red and green fluorescence will yield a yellow light. An
imbalance of the target DNA in the tumor will lead to a shift in the observed fluorescence to
red or green (Figure 1B).

While a novel technique, array-CGH has a number of limitations that have prevented it from
widespread use in cancer diagnostics. The fundamental principles of the assay allow it to only
detect quantitative differences in the amount of the target sequence. Chromosomal abnor-
malities that involve only the rearrangement of DNA, such as translocations and inversions,
cannot be detected. Additionally, the presence of non-tumor cells in the tumor sample will
dilute the mutation signal with normal background making the method less sensitive. For
this reason, array-CGH is commonly used in oncologic hematology for chronic lymphocytic
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leukemia (CLL) [17], where a highly pure tumor sample can be obtained, but is rarely used
in solid tumors such as lung cancer, which are generally very heterogeneous. Array-CGH
is slowly being phased out of the cancer field entirely due to the emergence of next-genera-
tion sequencing (NGS), which is discussed in-depth below. The long TAT of NGS currently
requires some samples to be analyzed with array-CGH instead, but that will surely improve
as the technology evolves. Outside of oncology, array-CGH is routinely used for postnatal
diagnostics where a homogeneous sample is readily available [18].

3.2. Analysis of sequence mutations
3.2.1. Sequence mutation screening

Prior to analyzing samples for specific mutations, it is possible to screen samples for the pres-
ence of mutations using a qualitative assay yielding a yes or no answer. This is particularly
useful when carrying out a large sequencing study as it allows the targeted use of more labor
intensive and expensive techniques for only those samples most likely to contain the targeted
mutation. These methods can be efficiently scaled to high throughput assays and are based on
the chemical and physical principles of DNA structure.

The conformation of single-stranded DNA is a direct function of its nucleotide sequence; there-
fore, mutant and wild-type DNA adopt different conformations that result in differing migra-
tion rates in polyacrylamide gel electrophoresis which can be detected using the single-strand
conformation polymorphism technique (Figure 1C). Similarly, denaturing high pressure liq-
uid chromatography hybridizes potentially mutant DNA to wild-type DNA. Subsequent ion
pair, reverse phase chromatography, can then detect heterodimers as additional peaks due
to differences in retention time [19]. Another common technique is melting curve analysis.
Changes in sequence will alter the forces holding the double-stranded DNA together, result-
ing in differences in the temperature required to denature various loci [20]. By staining DNA
with intercalating dyes that fluoresce only when bound to double-stranded DNA, the loss of
this signal can be monitored with increasing temperature, generating a graph of fluorescence
versus temperature (Figure 1D). While unique fingerprints are sometimes seen for specific
mutations, analysis generally consists of simply looking for the presence of any differences
compared to the wild-type DNA. If they are identified, other methods may be used to find the
exact mutation present.

3.2.2. Allele-specific PCR

Techniques for analyzing single nucleotide mutations can be divided into those that give a
direct yes/no readout as to the presence of a specific mutation and those that provide the exact
DNA sequence, allowing the user to examine it for various mutations. Allele-specific PCR is
an example of the first type of assay. The original allele-specific PCR utilized the fact that Taq
polymerase is inefficient when there is a mismatch at the 3’ end of a primer hybridized to the
target DNA. Therefore, if the primer is designed such that the final nucleotide will line up
exactly with the genomic nucleotide in question, and its sequence is complimentary to the
suspected mutation, a much larger quantity of PCR product will be yielded by a sample that
contains the target mutation than by a sample that does not (Figure 2A). Output can be quan-

89



90 A Global Scientific Vision - Prevention, Diagnosis, and Treatment of Lung Cancer

titated in a number of ways including electrophoresis or a follow-up round of qPCR. Due to
the exponential nature of PCR, this method is very sensitive, allowing for the detection of
mutations in a sample diluted by a large number of normal cells.
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Figure 2. Allele-specific PCR (A) In the original assay, a primer with a 3’ end that aligns perfectly with the nucleotide
in question is designed such that it is complementary to the mutant allele and has a mismatch with the wild-type
allele. During PCR, elongation will only occur if the mutant allele is present. (B) The TagMan approach to allele-specific
PCR utilizes a probe that will bind only to the mutant allele. The probe contains both fluorescent (F) and quencher
(Q) epitopes and does not fluoresce when it is intact. A mutually complementary primer is used to initiate elongation
upstream of the probe in both wild-type and mutant alleles. If the elongation encounters the probe, it will release the
fluorescent moiety, emitting a detectable signal.

Since its introduction, this method has been simplified, allowing the user to quantitate dur-
ing the initial PCR step. This is typified by the TagMan probe system from ThermoFisher
Scientific. In this technique, a probe that is complimentary to a mutant, but not wild-type,
allele contains a fluorochrome reporter attached to its 5’ end and a quencher moiety on the 3’
end that prevents a fluorescent signal from the reporter being detected. An unlabeled primer
upstream of the targeted sequence is used to initiate PCR. As the DNA polymerase elon-
gates the strand starting from the primer, it degrades the oligonucleotide backbone of the
TagMan probe. The fluorochrome reporter emits fluorescence which can now be detected due
to this spatial separation from the quencher [21] (Figure 2B). This method is highly efficient
as it is one step, can easily be done in a 386-well format with multiple probes and samples,
and can be automated, resulting in a fast TAT. The assay itself requires only a gPCR instru-
ment, and the reagents are relatively inexpensive. This ease and low cost have resulted in
many labs creating their own laboratory-developed tests using this technology, and there are
a number of FDA-approved kits available for purchase. As the TagMan probe assay requires
a large amount of genomic DNA per reaction, the number of different probes tested or other
diagnostic procedures possible for the sample may be limited.
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Having the lowest limit of detection and highest specificity, the Therascreen system from
Qiagen combines both of the above methods. A mutation-specific primer is used to amplify
the mutated region, and then a Scorpion probe, containing fluorescent and quencher moi-
eties, again binds to this same site. As elongation occurs, the epitopes are separated, and
fluorescence occurs. FDA-approved Therascreen kits are available for both EGFR and KRAS
genes. However, these assays look only at a limited number of mutations. The EGFR assay
can detect 5 point mutations, exon 19 deletions, and exon 20 insertions; the KRAS kit can
detect 7 point mutations. The largest flaw of these allele-specific PCR assays is their pro-
pensity for false-negatives due to large mutations. The primers and probes are designed to
detect single nucleotide mutations and anything greater than that will cause a mismatch and
prevent hybridization. A 1% rate of false negatives has been reported for the FDA-approved
Therascreen KRAS assay [22]. These assays are promoted as companion assays for therapeu-
tics, such as the BRAF assay from Roche, which is the companion diagnostic assay for therapy
with BRAF inhibitor vemurafenib. The test only detects the ¢.1799T>A p.V600E mutation,
though up to 20% of BRAF mutations are non-V600E mutations [23].

3.2.3. Sanger sequencing

The first widely used sequencing method, Sanger sequencing employs PCR in the presence of
unlabeled nucleotides and labeled (i.e., radio- or fluorescent labels) chain terminating nucleo-
tides [24]. Since each form of nucleotide (A, T, C, G) is differentially labeled, incorporation of
chain terminating nucleotides stops the elongation step and labels the product, indicating the
identity of the final nucleotide added (Figure 3A). The sample is then subjected to electropho-
resis, either gel or capillary, which separates the amplicons by size, allowing the sequence to
be read from smallest to largest simply by the label present.

3.2.4. Pyrosequencing

Where Sanger sequencing uses chain termination followed by electrophoresis, pyrose-
quencing uses a real-time process of sequencing by synthesis [25]. Here, the four possible
nucleotides are added and removed sequentially. When the proper nucleotide is added, elon-
gation occurs, releasing pyrophosphate that is converted to light through bioluminescence
(Figure 3B). The template DNA is immobilized through binding to a biotinylated primer
bound to sepharose beads. The technique provides semiquantitative data in regard to preva-
lence of the mutant allele in the sample [26]. As each template strand is elongated to comple-
tion, smaller sample quantities are needed, generally only requiring 10 ng of DNA. For a
number of reasons, read lengths obtained with pyrosequencing are not as long as those from
Sanger sequencing, generally being well below one hundred bases [27]. This prevents its use
for sequencing large-scale mutations. Due to the fact that the technique requires a pre-PCR
step and manual analysis of the results, it is time intensive. However, the method is routinely
used clinically, both as laboratory-developed tests [28] and commercial kits [29] for analysis of
anumber of forms of cancer, including lung cancer. Its much lower limit of detection of 5-10%
sets it apart from Sanger sequencing and makes it an optimal assay to confirm NGS variants
occurring at low variant allele frequency.
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Figure 3. Sequencing technologies. (A) Sanger sequencing consists of PCR of template DNA in the presence of standard
and fluorescently labeled chain terminating nucleotides. If a chain terminating nucleotide is incorporated into the strand,
it is permanently labeled with a tag that identifies the final nucleotide added. Following PCR, fragments are separated
by size, and the sequence is read from smallest to largest strand. (B) Pyrosequencing utilizes a sequencing-by-synthesis
approach during PCR. Nucleotides (A, T, C, G) are added sequentially and then removed. When the correct nucleotide
is added, elongation occurs, and pyrophosphate is released, resulting in a luciferase reaction and the emission of light.

3.2.5. Next-generation sequencing

If one focuses on detection of only small mutations in a limited number of genes, single-ana-
lyte assays will deliver reliable and informative results. However, running mutation assays
aiming to capture mutations in all 15 driver mutation-prone genes requires a multianalyte
assay, which is why the current direction of the sequencing field is to multiplex. While differ-
ent technologies that would all be considered next-generation sequencing (NGS) utilize very
different sequencing methods, the similarity is that they are able to sequence incredibly large
numbers of DNA strands at the same time. This massively parallel sequencing is capable of
providing millions or billions of short reads. This ability lends NGS to a wide range of appli-
cations including untargeted sequencing of entire genomes, exomes, or transcriptomes, as
well as targeted sequencing of large numbers of cancer mutation locations at the same time.
The NGS instrument market space is currently occupied by four competitors utilizing slightly
different approaches. By far, the largest player is currently Illumina, who offers a wide range
of instruments ranging, among others, from the miniSeq to the HiSeq X Ten, the latter of
which is capable of producing up to six billion reads. A small range instrument, the MiSeqDx,
is FDA approved for in vitro diagnostic use. These instruments use chemistry that is a million-
wise multiplexed variant of Sanger sequencing with clonal amplification and sequencing by
synthesis chemistry. The color of the signal detected when a nucleotide is added indicates
the identity of the base added and thus the sequence. Currently, the only other company
with a significant market share is ThermoFisher with their Ion Torrent instruments. Similar
to traditional pyrosequencing, the Ion Torrent technology sequentially adds and removes
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nucleotides looking for elongation. Instead of converting pyrophosphate to fluorescence, Ion
Torrent measures small-scale changes in pH caused by the release of H" during the polym-
erization of nucleotides [30]. Similarly, their lon PGM™ Dx System is FDA approved. While
both Pacific Biosciences and Qiagen have offerings for NGS, they are not currently widely
used. The Pacific Biosciences instruments suffer from low throughput and high cost, while
Qiagen only recently entered the market.

3.2.5.1. Clinical NGS workflow

Most NGS runs are conducted on either genomic DNA or mRNA. While formalin-fixed
and paraffin-embedded tumor blocks contain suitable quality genomic DNA, the quality of
mRNA obtained from these samples will be variable and yield unsatisfactory results in up to
15% of cases. Fresh tissue is required to ensure high-quality mRNA for RNASeq experiments.
Prior to beginning the workup, the tumor cell content of the sample must be determined. This
requires an experienced and knowledgeable set of eyes. Between 5 and 20% tumor cell content
is generally sufficient for NGS [31]. After isolation, DNA is sheared to produce uniform frag-
ments which then undergo multiplex PCR or are hybridized to immobilized probes. The labor
required for NGS is dependent on the level of automation available in the lab carrying out the
sequencing. [llumina requires 1-2 days of workup, while Ion Torrent requires up to 3 days,
although the Ion Torrent instrument has shorter run times. This means that individual labs
need to identify their rate-limiting step in order to choose the instrument that will provide the
highest throughput and shortest TAT.

3.2.5.2. Targeted sequencing

While NGS has great potential, its cost and massive data generation currently limit its clinical
use to targeted sequencing of mutation hotspots rather than genome, exome, or transcrip-
tome sequencing. Disease-specific gene panels are routinely used. The genes are chosen based
on their immediate impact on patient care, either due to their use in determining prognosis
or in selecting the proper treatment regimen. Sequencing of genes beyond the minimum is
determined on a case-by-case basis according to the capability and throughput capacity of
the laboratory as well as insurance coverage of the patient. Library preparation kits for NGS
generally fall into two categories: those that use PCR amplification or hybridization probes.
The first class is typified by Illumina's TruSeq Amplicon Cancer Panel, the Ion AmpliSeq
panel from Ion Torrent, and HaloPlex kits from Agilent. The second group contains kits avail-
able from sequencing instrument manufactures and also from Agilent, Roche, and Integrated
DNA Technologies, along with other third parties. Direct hybridization gives more reliable
quantitative data since the possibility of bias introduced by the pre-PCR step is eliminated.
These reagents can include probes for intronic regions rearranged in translocations which are
detectable in this way [32], though larger rearrangements may lead to poor hybridization and
false negatives [33] or misleading copy number data. The internal tandem duplications in the
FLT3 gene in acute myeloid leukemia [34] are an excellent example of mutations that require
a special reagent and bioinformatics approach. Generally, with adequate expertise, wet lab
and bioinformatics support labs are capable of developing their own lab-developed assays
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as evidenced by cancer panels developed by Foundation Medicine (Foundation One Assay)
[35], Memorial Sloan Kettering (Integrated Mutation Profiling of Actionable Cancer Targets)
[36, 37], and many others.

3.2.5.3. Whole exome sequencing

While assays for sequencing the entire exome are available, they are not widely used in the
clinical setting. As each run is capable of producing a set number of reads, sequencing a
greater number of loci reduces the number of reads for each locus. Mutations in a highly het-
erogeneous sample may not be detected. Exome sequencing may identify rare or previously
unidentified mutations, though clinicians would likely not have the knowledge on how to use
that information to better care for their patient, so it would have no impact on patient care.
Therefore, large-scale exome sequencing has found a better home in the research laboratory
than the clinical lab setting.

3.2.5.4. Bioinformatics

Perhaps the largest hurdle to the adoption of NGS is data analysis. When an instrument is
providing billions of reads, it can be a challenge not only to store the data, but also to utilize
them. Instrument manufacturers have greatly improved their software offerings, making it
easier to view the data. However, the challenge still remains of how to use the data. With so
much information at your fingertips, how do you best utilize it to better care for the patient?
Without a meaningful approach, substantial time may be devoted to analyzing irrelevant
data. The significance of identified mutations must be denoted, and their impact on treat-
ment must be delineated. A number of companies have begun offering services that would
annotate a mutation report with clinically relevant content, including N-of-One, Genome
Oncology, and PireanDx. Once the report is generated, commonly outdated electronic medi-
cal records systems often make the sharing of the results difficult. Due to file incompat-
ibilities, highly complex documents are all too often printed, scanned, and uploaded as PDF
documents. This has prompted data to be stored in third-party systems that greatly enhance
the user experience [37].

3.2.5.5. Reimbursement and government regulation

In addition to the difficult science, the advancement of NGS in the United States has been
hampered by reduced reimbursement rates for molecular pathology testing. Reimbursement
is now only available for the test itself, not the interpretation of the results. Additionally, the
testing classification has been greatly simplified, failing to differentiate between similar tests
that may have very disparate costs while not being redundant [38]. Diagnostic procedures
that are conducted in clinical laboratories are regulated by the federal Clinical Laboratory
Improvement Amendments (CLIA) that were established in the 1970s. These regulations
are administered by federal agencies and by the states, which require laboratories to be
properly licensed. Additionally, the College of American Pathologists [39], Association for
Molecular Pathology [40], and the American College of Medical Genetics [41] all help to draft
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technique-specific regulations and offer certification programs of their own and require pro-
ficiency testing.

To date, most NGS tests have been developed by individual laboratories, over which the Food
and Drug Administration (FDA) has no explicit regulatory oversight. The FDA has warned
that NGS technologies, as with older technologies, will be subject to FDA regulation if they
advance toward marketable in vitro diagnostic status, over which the FDA exerts considerable
control. This is generally established on a case-by-case basis. Regulation by all of these bodies
is complicated by the fact that NGS is continually evolving and improving. Guidelines must
either be routinely revisited or generalized such that their interpretation may change to match
the current technology. A fine line must be walked in order to protect the patients for whom
the assays are being used, while at the same time not stifling the development of a technology
that promises to usher in the era of personalized medicine.

4. Emerging technologies

4.1. Single-analyte vs multianalyte assays

While NGS will likely become the dominant technique for evaluating mutations in cancer
moving forward, the other methods discussed here are hardly headed toward imminent
obsolescence. Clinical labs must focus not only on the future, but also providing the best diag-
nostics for current patients. Today's limitations of NGS, including substantial labor require-
ments and a long TAT, mean that single-analyte methods are still widely used. While NGS
may be able to provide a greater quantity of data and increased sample throughput, it has not
been found to be qualitatively better than other technologies including allele-specific PCR and
Sanger sequencing, among others, with all providing around 96% agreement [42, 43].

4.2. Liquid biopsy

Direct testing of tumor biopsies is preferred; however, circulating tumor DNA may be used
to test for mutations after a lung adenocarcinoma diagnosis through direct biopsy has been
established. For solid tumors, mutation detection has traditionally required a direct biopsy.
In recent years, research has been conducted on the presence of circulating tumor cells,
excreted miRNAs, and even tumor genomic DNA floating freely in the bloodstream. The ease
of obtaining a blood sample makes sequencing these samples an appealing future technique
not only for tumor characterization, but also screening and evaluation of therapeutic efficacy
during treatment. The ratio of mutant DNA to normal DNA or tumor to normal cells collected
is often very low and seems to be partially dependent on the tumor type, being detectable in
greater than 75% of patients with breast, colorectal, and hepatocellular cancers, among others,
butin less than half of patients with cancer of the brain, kidney, or prostate [44, 45]. Circulating
tumor cells were detected in 78% of small-cell lung cancer patients [46], and both circulating
DNA [47] and tumor cells [48] have been successfully used to screen for EGFR mutations in
lung cancer. These technologies have not progressed to the point of widespread clinical use
and are currently at the research stage. They are more thoroughly reviewed in Ref. [49].
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4.3. Future sequencing technologies

Even with NGS technologies still not up to full speed, even better techniques are already
being developed. A number of these sequencing instruments are able to decipher the
sequence of single, existing DNA strands directly, rather than being based on PCR syn-
thesis [50]. Perhaps showing the most promise, Oxford nanopore technologies has devel-
oped a new instrument, the MinION. By passing individual strands through nanopores
containing ionic currents, the instrument is able to detect minute changes in current that
differ depending on which nucleotide is passing by. The device is small enough to easily
hold in the palm of the hand. It is capable of 60 kb read lengths, with 16,000 reads per run
[51, 52]. While the portability and capabilities offer amazing promise, the accuracy is cur-
rently not sufficient for clinical use. It is gaining significant traction in the research space,
however [53].

5. Conclusions

Clinical mutation testing in lung cancer is driven by the available therapies. Currently, there
is only a limited armoire of targeted therapy options available which can be employed. If
there is not a drug targeting a specific mutated gene available, the fact that the gene shows
a mutation is not very meaningful. EGFR-targeted therapeutics may not be used without
the presence of EGFR mutations. If the tumor continues to progress after treatment with
an EGFR inhibitor, the presence of a resistance-conferring EGFR T790M mutation must be
determined prior to giving a third-generation EGFR inhibitor to overcome the resistance.
Similarly, ALK inhibitors are only to be given to patients showing ALK rearrangements;
however, if treatment fails, there is no need to re-evaluate mutational status. ROS1 inhibi-
tors receive a similar recommendation, while BRAF, RET, ERBB2, KRAS, and MET screen-
ings are only recommended if included as a larger panel or if EGFR, ALK, and ROS1 tests
come back negative.

Physicians and laboratories currently have a large number of techniques at their disposal for
the interrogation of mutations present in lung cancer. The tests to be performed can be tailored
to each patient based on a number of factors including type and number of data points needed,
TAT, cost, and availability of quality biopsy material. The absolutely minimal mutation workup
includes detection of SNVs and indels in EGFR by Sanger sequencing, pyrosequencing, allele-
specific PCR or any other method, and detection of ALK translocations by FISH. However,
NGS has the potential to replace many, if not all, of these techniques, but must first continue to
improve. Its use in the clinic is currently limited by the fact that it is still quite expensive and
has a relatively long TAT, and the results require special skills and reference databases in order
to be fully utilized. In the future, it is the hope that every lung cancer patient may have their
entire tumor genome sequenced cheaply and efficiently, allowing an in-depth understanding of
all mutations driving the tumor and providing information to tailor the best possible treatment
for that patient.
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Abstract

Recent genomic research has ranked sphingolipid metabolism as the top dysregulated
pathways in lung cancer, demonstrating that these lipids and their metabolic enzymes
play key roles in lung cancer pathogenesis. Hence, sphingolipid metabolism has become
a forefront in lung cancer research. However, the function of the diverse sphingolipids
and their metabolic enzymes and the underlying mechanism in lung cancer are still
unclear. In this chapter, we will focus on ceramide and sphingosine-1-phosphate (S1P),
the best characterized sphingolipids so far, to summarize the most recent studies and
highlight the essential role of sphingolipids in lung cancer pathology, diagnosis, and
treatment.

Keywords: lung cancer, NSCLC, sphingolipid, ceramide, sphingosine, sphingosine-1-
phosphate (S1P), Spns2

1. Introduction

Lung (pulmonary) cancer is the leading cause of cancer-related death in the United States
and worldwide. Its two major types are non-small cell lung cancer (NSCLC) and small-cell
lung cancer, among which NSCLC is the most common form accounting for 85-90% of newly
diagnosed cases [1, 2]. NSCLC can be further categorized into three major subtypes: large-cell
lung cancer, squamous cell carcinoma, and adenocarcinoma.

Most lung cancer is diagnosed at a late stage; thus, chemotherapy is the most common approach
for management [3]. However, the effectiveness of conventional chemotherapy for lung cancer
has reached its plateau [3]. Multiple genes and signaling pathways have been associated with
NSCLC, including the epidermal growth factor receptor (EGFR) family, mitogen-activated
protein kinase (MAPK), mesenchymal-epithelial transition factor (c-MET), phosphatidylinosit-
ide 3-kinases (PI3K)-Protein Kinase B (PKB/Akt)-mammalian target of rapamycin (mTOR),
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and vascular endothelial growth factor (VEGF) pathways [1, 2, 4]. Precision therapies have
been designed to use inhibitors of these pathways such as gefitinib for EGFR mutations [5].
However, these drugs work for certain patients/for a while and the patients develop drug resis-
tance, and the tumor develops to more aggressive metastatic cancer [2, 6].

Sphingolipid metabolism is among the pathways that show the highest abundance of dys-
regulation in lung cancer [7]. Yet the function of sphingolipids and underlying mechanism in
lung cancer are still not clear, due in part to a lack of suitable in vivo models [8, 9]. Bioactive
sphingolipids, including ceramide, ceramide-1-phosphate, sphingosine, and sphingosine-
1-phosphate (S1P), regulate a wide range of cell signaling pathways that control cell pro-
liferation, apoptosis, senescence, angiogenesis, and migration, key components of cancer
pathology and progression. The roles of sphingolipids in general tumorigenesis have been
reviewed extensively, and the readers are encouraged to resort to these resources [10-13]. In
this chapter, we will focus on ceramide and S1P to discuss the essential functions of sphingo-
lipids in lung cancer pathology, diagnosis, and treatment. Many enzymes in the sphingolipid
metabolism are closely related to lung tumorigenesis. For the ease of discussion, we will first
briefly introduce the sphingolipid metabolism pathways.

2. Sphingolipid metabolism

Sphingolipids are acyl derivatives of the amino alcohols sphingosine and dihydrosphingosine.
They encompass sphingosine, ceramide, and ceramide derivatives such as ceramide-1-phos-
phate, S1P, sphingomyelin, and glycosphingolipids (Figure 1). These lipids are synthesized
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Figure 1. Schematics of ceramide synthesis.
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in an interconnected network of enzymes, which is centered on ceramide (Figure 1). There
are three pathways that produce ceramide, de novo, sphingomyelin cycle, and the salvage
pathways [14-16]. In the de novo pathway, ceramide synthesis is initiated by serine palmi-
toyltransferase which condenses serine and palmitate to form ketosphinganine, followed by
reduction of the ketone group to dihydrosphingosine. Dihydrosphingosine is then acylated
by ceramide synthase (CerS) to generate dihydroceramides. A desaturation step, which is cat-
alyzed by dihydroceramide desaturase, completes ceramide biosynthesis [14, 16]. In addition,
ceramide can be generated by the salvage pathway in which CerS uses sphingosine as an acyl
acceptor (Figure 1) [14, 16]. In a third pathway, ceramide is generated from sphingomyelin
by sphingomyelinase (SMase) (Figure 1). The CerS enzymes, which currently encompass six
enzymes (CerS1-6, also known as Lass1-6), and neutral SMase2 (nSMase2) are particularly
interesting in lung cancer which will be discussed more in detail later. CerS enzymes use dif-
ferent chain lengths of acyl-CoAs and generate ceramide of varying lengths ranging from C14
to C32, while nSmase?2 catalyzes sphingomyelin to generate ceramide.

S1P is synthesized intracellularly from sphingosine by the sphingosine kinases SphK1 and
SphK2 (Figure 2). SphK1 is mainly cytoplasmic and can acutely translocate to the plasma
membrane, whereas SphK2 is present predominately in the nucleus but also can be found
in the cytoplasm [17]. Once formed, S1P is tightly regulated by three pathways to main-
tain intracellular homeostasis (Figure 2). Firstly, SIP is recycled to ceramide through CerS
after dephosphorylation by S1P-specific ER phosphatases, SIP phosphatases 1 (SPP1) and
S1P phosphatases 2 (SPP2) [18, 19], or lipid phosphatases. Secondly, S1P can be irreversibly
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Figure 2. Schematics of S1P metabolism and function.
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degraded by SIP lyase (SPL) into phosphoethanolamine (PEA) and hexadecenal [20]. In the
third pathway, S1P is released to the extracellular space through transporter proteins, a pro-
cess that is highly efficient in blood cells and endothelial cells [21, 22]. Several ATP-binding
cassette (ABC) transporters are reported to transport S1P in blood cells. However, this notion
is still being debated because knockout of the corresponding ABC transporters does not alter
serum S1P level. A specific S1P transporter, Spns2, is responsible for S1P secretion in endo-
thelial cells [23-26]. Spns2 gene deficiency in zebrafish and mice leads to significantly reduced
extracellular S1P level and impaired egress of lymphocytes and migration of cardiomyocyte
precursors [23-25, 27].

3. Ceramide in lung cancer

3.1. Ceramide and related enzymes in lung cancer pathology

Ceramide is generally believed to induce cell death and senescence. However, recent evi-
dence has demonstrated that the roles of ceramide are concentration, cell context, and subcel-
lular localization specific [8, 9, 28-30]. For example, C16 ceramide is shown to favor cancer
cell proliferation and promote metastasis in lung cancer patients with CerS6 elevation [28,
29, 31-33]. On the other hand, C18 ceramide mediates cell death [28, 29, 31, 32]. These results
emphasize the significance of concentration and cellular context in ceramide-mediated lung
cancer cell death.

Most recently, CerS6, the enzyme that catalyzes C16:0 ceramide, was found to be overex-
pressed in advanced NSCLC patients and inversely correlated with clinical outcome [33].
C16:0 ceramide promotes NSCLC cell migration in vitro through formation of a RAC1-
positive lamellipodia/ruffling structure in cells that escape C16 ceramide-induced apoptosis
[33]. This notion is supported by data showing that CerS6 knockdown alters the ceramide
profile, leading to decreased cell migration/invasion, reduced RAC1-positive lamellipodia
formation in vitro, and attenuated lung metastasis in transplanted NSCLC cells in vivo [33].

Ceramide has been linked to cigarette smoking, the number one risk factor for lung cancer
[8, 9, 34, 35]. Higher ceramide levels are reported in emphysema patients who are smokers, a
subpopulation of patients greatly susceptible to lung cancer [34]. Just like ionizing radiation
and chemotherapy drugs, cigarette smoking induces ceramide production which is mediated
by nSMase2, an enzyme that hydrolyzes sphingomyelin to ceramide (Figure 1) [35]. Further
evidence shows that during cigarette smoking, EGFR is favorably co-localized in ceramide-
enriched regions of the plasma membrane, suggesting that nSMase2/ceramide plays a role in
the aberrant EGFR activation, leading to augmented tumorigenic signaling and drug resis-
tance [36]. Increased ceramide also triggers multidrug-resistant gene expression and synthe-
sis of the pro-survival S1P and cell surface glycosphingolipids Gb3, which provide additional
mechanisms for acquired drug resistance [8, 28, 37-39].

3.2. Ceramide as potential lung cancer treatment strategy and monitoring

Ceramide and related signaling is a promising target for lung cancer therapy. Based
on the discovery that CerS6 is overexpressed in NSCLC, a combined treatment with
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l-a-dimyristoylphosphatidylcholine (DMPC) liposome and the glucosylceramide synthase
inhibitor d-threo-1-pheny-2-decanoylamino-3-morpholino-1-propanol (D-PDMP) is used to
induce cell apoptosis [33]. The combined treatment induced cell death in association with C16
ceramide accumulation and promoted cancer cell apoptosis and tumor regression in murine
models.

Based on the observation that the C18 ceramide level is reduced and I2PP2A overexpressed
in lung tumors, a study took advantage of FTY-720, an US Food and Drug Administration
(FDA)-approved multiple sclerosis drug, which is a sphingosine analog of myriocin [40]. FTY-
720 mimics C18 ceramide and binds to I2PP2A, leading to PP2A reactivation, lung cancer cell
death, and tumor suppression in vivo [41].

To overcome the cisplatin resistance caused by the increased cell surface glycosphingolipid Gb3,
the glucosylceramide synthase inhibitor DL-threo-1-phenyl-2-palmitoylamino-3-morpholino-
1-propanol (PPMP) has been tested. PPMP treatment substantially sensitizes cells to cisplatin
cytotoxicity [39]. These data suggest that therapies targeting glucosylceramide synthase activ-
ity or Gb3 receptors may ameliorate acquired cisplatin drug resistance in lung cancer cells.

An additional exciting advance is that ceramide is a potential indicator of positive response
after radiation therapy. Early biomarkers of lung tumor response are urgently needed to dis-
tinguish between responders and nonresponders to radiotherapy. A recent study shows that
the plasma levels of total ceramide and four main subspecies are significantly higher in objec-
tive responders than in nonresponders of lung oligometastases [42]. In patients with increased
total plasma ceramide levels, almost complete tumor control is achieved after 1 year, whereas
the tumors continue to grow in half of the patients with lower ceramide levels [42]. This is
intriguing since plasma ceramide is easily measurable and would enable early segregation of
nonresponders so that additional more effective treatment options can be applied.

4. S1P and related signaling in lung cancer

Our understanding of the function of S1P and its signaling in lung cancer pathology is rather
limited and fragmented when compared to other cancer types. SphK1, a major enzyme that
generates S1P, was found to be overexpressed in lung patient samples [43]. The SphK/S1P
pathway was shown to mediate the E2-induced transactivation of EGFR, which is associated
with carcinogenesis in lung cancer cells [44]. It has also been reported that expression of the
oncogenic K-Ras leads to plasma membrane localization of SphK1 and increased S1P level [45].

In a longitudinal study of 100 cases, plasma S1P level was found to be greater in lung cancer
patients, implying that the level of extracellular S1P might contribute to the etiology of lung
cancer or be a biomarker [46]. On the other hand, intracellular S1P was found to be increased
in lung cancer cells going through epithelial mesenchymal transition, suggesting that intracel-
lular S1P contributes to pathological epithelial mesenchymal transition, which is essential for
lung cancer metastasis [47].

Consistent with this, knocking down the S1P transporter Spns2 enhanced migration in
NSCLC cells partly due to increased intracellular S1P [26]. Pharmacological inhibition of
S1P synthesis in Spns2 knockdown cells abolished the augmented cell migration mediated
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by Spns2 knockdown, indicating that intracellular S1P plays a key role in migration. Cell
signaling studies indicated that Spns2 knockdown increased GSK-3f and Stat3-mediated pro-
migration pathways [26]. More importantly, genetic studies showed that the Spns2 mRNA
level was reduced in advanced lung cancer patients as quantified by using a small-scale
Quantitative PCR (qQPCR) array [26]. These data show that Spns2 plays key roles in regulating
S1P homeostasis and the cellular functions in NSCLC cells and that Spns2 downregulation is
a potential risk factor for lung cancer metastasis and drug resistance [26].

4.1. Targeting S1P for potential lung cancer therapy

S1P functions to enhance survival, proliferation, and angiogenesis; thus, removal of extracel-
lular S1P and the use of SphK inhibitors to reduce S1P biosynthesis are major approaches for
lung cancer therapy targeting S1P [48-50].

To remove S1P, an antibody was developed to physically sequester extracellular S1P. In animal
models, the S1P-specific monoclonal antibody reduced lung tumor growth [51]. Sequestering
extracellular S1P by using this antibody also attenuates lung metastasis of tumor cells from
multiple other organs [50, 52].

Although SphK1 is elevated in lung cancer patients suggesting a potentially important role for
this enzyme in lung tumor cell proliferation and survival [43, 53], results with novel, highly
potent, and selective inhibitors to SphK1 in tumor cells did not affect their growth in vitro or
in vivo, suggesting that tumor SphK1 may not be an efficacious therapeutic target for cancer
[54, 55]. Hence, inhibitors of SphK2 are developed and tested for inducing lung cancer cell
death, among which ABC294640 is a first-in-class drug [56]. One recent study demonstrates
that ABC294640 suppressed growth of primary and A549 human lung cancer cells but sparing
SphK2-low lung epithelial cells [56]. Inhibition of SphK2 by ABC294640 increased ceramide
and decreased S1P levels, leading to lung cancer cell apoptosis. Another study shows that
ABC294640 sensitized NSCLC cells to cell death induced by TNF-related apoptosis-inducing
ligand (TRAIL) [56]. Compared with TRAIL alone, the combination therapy enhanced the apop-
tosis induced by TRAIL, and knockdown of SphK2 by siRNA presented a similar effect [57].

5. Concluding remarks

Exciting advances have been made regarding the roles of ceramide and its signaling in lung
cancer in the past few years. Excess ceramide clearly has a critical function in inducing cell
death in lung cancer cells, although those that escape this verdict are more prone to metas-
tasis, as one important study shows [33]. Further increasing ceramide levels in these cells
using combined drug treatment successfully induced apoptosis and reduced tumor size in
vitro and in vivo [33]. This kinetic response opens new avenues to treat lung cancer by using
ceramide-based therapies, the efficiency of which depends on the successful fine-tuning of
ceramide metabolism, by using ceramide-inducing drugs such as fenretinide, and D-PDMP.
Another exciting approach is to use ceramide mimics and short-chain ceramide or to increase
the sensitizer proteins of ceramide, such as I2PP2A and Par-4, which are found to be reduced
in lung cancer patients [41, 58, 59].
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In terms of targeting S1P in lung cancer, aside from the antibody, using SphK2 inhibitors and
its combination with SphK1 inhibitors seem to be promising approaches that merit further
discovery [60]. In addition, agents such as transporter Spns2 [26] have shed new insights
into the biology of S1P signaling. Such mechanistic insights have revealed additional control
points for potential lung cancer therapeutic intervention. Even though receptor modulators
have become the mainstream of current drug discovery [61], only one drug that targets the
SphK/S1P axis (FTY-720, Fingolimod) is approved by FDA. And, the precise function of FTY-
720 is very complicated and context/concentration dependent [41].

One important way that lung cancer cells overcome ceramide-induced cell death and senes-
cence is to generate S1P, the pro-survival sphingolipid. Therefore, compounds that prevent
S1P conversion from ceramide or further metabolize S1P to other derivatives which poten-
tially sensitize cells to chemotherapy-induced tumor cell death are becoming an important
approach for treating patients with lung cancer [62, 63].

In summary, growing evidence suggests that targeting sphingolipid metabolism is essen-
tial in improving lung cancer therapy and overcoming drug resistance. Due to the complex-
ity and ubiquity of the sphingolipid metabolism and signaling, it is likely that a combined
therapy employing conventional or novel targeted drugs and strategies based on chemical
compounds or genetic approaches to modulate ceramide and S1P metabolism can be more
beneficial than monotherapy. However, some important caveats should be considered in
order to allow the development of more specific drug targets and inhibitors, in particular, the
complexity of biological events that involve sphingolipids and the redundancy of the func-
tions of the different enzymes.
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Abstract

Improved understanding of the molecular mechanisms has led to identification of check-
point signalling and development of checkpoint inhibitors in the treatment of many
cancers, including lung cancer. To be able to select the patients who benefit most from
checkpoint inhibitors, predictive biomarkers are needed. Currently, the only predictive
biomarker that has been approved in clinical use is PD-L1, the ligand of the inhibitory
T-cell checkpoint PD-1. The use of PD-L1 as a predictive biomarker is confounded by
multiple unresolved issues, from testing issues (e.g., cut-off values for positivity) to clini-
cal use (e.g., the response to anti-PD-1 and anti-PD-L1 antibodies in patients without
any expression of PD-L1). Even more open questions exist in the evaluation of PD-L1
as a prognostic biomarker. In the future, we expect that an improved understanding of
immune system, tumor microenvironment, mechanism of action of immunotherapeutic
drugs, and PD-L1 testing methods will elucidate the value of PD-L1 as a prognostic and
predictive biomarker in detail.

Keywords: immunotherapy, PD-L1, prognostic factor, predictive factor, lung cancer

1. Introduction

Immunotherapy represents an important step forward in the management of patients with
lung cancer. Careful selection of patients, who benefit most from any new treatment includ-
ing immunotherapy, is essential. To be able to select the patients, prognostic and predictive
markers are needed. Prognostic biomarkers provide information about the patient’s overall
cancer outcome, regardless of the therapy. Predictive biomarkers give information about the
effect of a therapeutic intervention [1-3].

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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PD-11is a T cell immune checkpoint involved in dampening autoimmunity in the peripheral
effector phase of T-cell activation, leading to immune tolerance of cells expressing its ligands
PD-L1 and PD-L2. Activation of PD-1-PD-L1 leads to peripheral immunological tolerance in
T cells. Multiple solid tumors (melanoma, RCC, and lung cancer) express PD-L1 to gener-
ate immunosuppressive tumor microenvironment and avoid destruction of their cells by T
lymphocytes. In healthy tissues, PD-1 is thought to limit the activity of antigen-specific T
cells to prevent collateral tissue damage during infection. In cancer, the PD-1 pathway can be
exploited by some tumor cells to inactivate T cells [4].

The importance of the PD-L1 together with the development of drugs that inhibit its action
suggest a candidate for a prognostic and/or predictive biomarker: PD-L1 expression in
tumor or inflammatory cells. The (few) trials that evaluated PD-L1 as a prognostic biomarker
yielded inconclusive results. Some of them showed that patients with PD-L1 or PD-1 positive
expression have significantly shorter overall survival, while in others, no correlation between
biomarker expression and outcome was seen. Many questions remain open even when consid-
ering PD-L1 as a predictive biomarker, for example, what cut-off percentage of expression can
be considered as positive or can PD-L1 testing be performed only on fresh or archival tissues
also. Above all, the most important question whether PD-L1 can really be considered as a pre-
dictive biomarker still has to be answered. In the lack of definitive answers, currently research-
ers propose other biomarkers as supplemental (e.g., pre-existing CD8+ T, cytokines, ...) [4].

In this chapter, the value of PD-L1 as a prognostic and predictive biomarker will be presented
together with all open questions and possible answers.

2. Change in the insight of lung cancer

Lung cancer was first described a century ago, and since then every year, around 1.6 million
of new cases are diagnosed [4]. Nonsmall cell lung cancer (NSCLC) remains the main cause
of death due to cancer worldwide. About 60% of lung cancers are diagnosed at Stage IV, and
these patients have a very poor prognosis, since 5-year survival is only 1-4% [5]. New treat-
ments, developed in the last years, lead to improved survival in the different groups of NSCLC
patients with advanced disease. Patients who benefit most are those with adenocarcinomas
and specific mutations, such as EGFR activating mutations and ALK translocations. A median
survival of 20 months has been reached with EGFR tyrosine kinase inhibitors (EGFR-TKI),
which can be considered a milestone in the treatment of advanced lung cancer. Despite prom-
ising results, many patients with advanced lung cancer still have a poor prognosis. Patients
with squamous carcinomas, patients with adenocarcinomas not harboring specific mutations,
and patients with small cell lung cancers still have a poor prognosis, with survival often less
than a year. To be able to improve survival in lung cancer in general, the next step should be
to focus on the treatment of those patients. Inmunotherapy nowadays seems a step forward
in reaching this goal [1].

Changes in lung cancer have became evident in recent years. A strong connection between
lung cancer and smoking is supposed to be one of the main reasons [4]. Main changes observed
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are the increase of adenocarcinomas at the expense of squamous tumors and a change in
the position of cancers. Previously centrally located, they now arise mainly at the periphery
of the lung. Possible explanations are changes in the smoking patterns. Nicotine is known
to be one of the most addictive substances in the world. To be able to get enough nicotine
with new sorts of cigarettes (light and ultra light low-nicotine, and low-tar), smokers have to
inhale deeper and for a longer time. This leads to the change of locations of tumors, since the
smoke now enters deeply in the lungs and stays there for a longer time [6-8]. The increased
incidence of adenocarcinomas is also suspected to be related to new forms of cigarettes and a
higher amount of nitrosamines in them. Nitrosamines are known to cause adenocarcinomas
in experimental animal models, and it is supposed that the same carcinogenic process occurs
also in smokers [4, 9].

In recent years, changes at the “macroscopic level” are supplemented by the insight in the
microscopic world of the lung cancer such as discovery of EGFR mutations and more and
more important knowledge about complex immunologic interactions between tumors and
the host environment [1].

3. Immune system and cancer

When cells transform to be malignant, activation of innate and adaptive immune responses
occurs. The purpose of this activation is control of early cancer growth by elimination of can-
cer cells. Cancer cells have different genetic and epigenetic alterations leading to an expres-
sion of different antigens that can be recognized and eliminated by the immune system [10].

The process starts at the cancer site, where tumor cells disintegrate and tumor antigens become
available to the immune system. Antigen presenting cells (APC) uptake these antigens and
under maturation, signals, activate, and migrate to the lymph nodes or tertiary lymphoid
structures [11]. Maturation signals are necessary, since without them immune tolerance rather
than activation occurs. Examples of maturation signals are intracellular proteins, heat-shock
proteins, DNA, ATP, uric acid, etc. Activated APCs migrate to lymph nodes, where they pres-
ent as antigens in the context of mayor histocompatibility complex Classes I and Il molecules to
the T lymphocytes. Antigen-specific CD 4 and CD 8 T lymphocytes recognize the antigens and
become activated. Costimulatory and coinhibitory signals are essential for this activation to
regulate and balance a proper immunological response. CD 28 complex represents a costimu-
latory signal and acts together with other stimulatory and inhibitory signals on T lymphocytes.
They regulate T-cell activation, differentiation, survival, and effector function. Examples of
costimulatory receptors are GITR, OX 40, CD 30, and CD 40, while coinhibitory signals, beside
LAG, TIM, BTLA, VISTA, etc., include also CTLA-4 and PD-1 with its ligand PD-L1 currently
implemented as important targets of cancer immunotherapy. After activation, T lymphocytes
migrate to the tumors trough and the systemic vasculature by following a chemokine gradi-
ent. T cells then go through the process of extravasation, migrate into the tumor, and recognize
the tumor targets that lead finally to tumor cell destruction [11]. Lymphocytic infiltration of
tumors is frequently observed in a variety of human cancers and in numerous trials tumor-
infiltrating lymphocytes have been correlated with a more favorable prognosis [10].
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When tumors develop, tumor cells acquire several mutations that lead to tumor “immortality.”
The results of these mutations are abnormal proteins on the cell surface that can be recognized
by the immune system. A higher number of mutations, commonly called mutation burden, is
connected to higher immunogenicity of tumors. NSCLC and melanomas are cancers with the
highest burden among several solid tumors and because of that they are believed to be good
targets for immunotherapy [1]. The problem of immune recognition and cancer is that cancers
have the ability to evade the immune system, and this is one of the hallmarks of cancer [5].
Several mechanisms of immune evasion exist, but one of the most important is that tumor-
infiltrating lymphocytes become inactivated by the effect of PD-L1 expression on tumor cells
[10, 12].

4. Why do we need prognostic and predictive biomarkers

Prognostic and predictive biomarkers have become important in recent years with the devel-
opment of new highly selective therapies. A prognostic biomarker offers insight into the pos-
sible natural evolvement of the disease and most likely outcome like duration of survival of
the patients. It is not related to treatment, but rather to tumor biology. It helps physicians and
patients to predict the course of the disease [1, 13-15]. Before a marker is labelled predictive,
the effect of a marker as a prognostic marker must be taken into account [16].

A predictive biomarker, on the other hand, predicts the effect of the treatment that should be
different in patients with the biomarker compared to those without it [1, 7]. In lung cancer,
examples of predictive biomarkers include the presence of EGFR-activating mutations and
response to EGFR-TKIs. Predictive biomarkers are important in treatment decisions because
they can improve the treatment effectiveness and at the same time, reduce costs and poten-
tial harm to the patients by avoiding treatment when the biomarker is not present [1]. In a
trial presented by Lopes et al., the use of biomarkers to select proper patients in clinical trials
resulted in a sixfold increase in clinical trial success [17].

Regarding immunotherapy, the median duration of response, once the response is achieved,
is often longer than response to classical chemotherapy and even some targeted agents.
However, response rates in nonselected populations are still low; they are achieved in only
15-20% of the patients. This fact, together with the high expenses of immunotherapy, leads
to the necessity of finding reliable predictive biomarkers to identify which patients are most
likely to benefit from it [16].

5. PD-L1 as a prognostic and predictive biomarker

Programmed cell death protein 1 (PD-1) is a cell surface protein that has two ligands PD-L1
and PD-L2. PD-1 and PD-L1 negatively regulate immune responses. The PD-1/PD-L1 path-
way mediates one of the mechanisms of cancer “escape” from the immune system. Cancer
microenvironment induces PD-L1 expression on tumor cells that results in inhibition of the
immune response, permitting cancer growth, progression, and metastases [5, 18].
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PD-L1 expression has been studied widely in different trials as a prognostic and predictive
biomarker. Poor responses and high expression of PD-L1 have been found in several cancers
including melanoma, breast, bladder, ovary, pancreas, kidney, esophagus, and hematologic
malignancies [1, 18, 19]. Results are not constant; some authors report no correlation or even
improved survival of patients with tumors highly expressing PD-L1 [18, 20].

Regarding expression of PD-L1 as a prognostic biomarker in lung cancer, several contradictive
data have been published. Many authors suggest that high expression is connected to better
prognosis, while others found just the opposite [19]. Cha et al. evaluated the prognostic signifi-
cance of PD-L1 expression in 323 surgically resected lung adenocarcinomas Stages I-III. PD-L1
expression in tumor cells was positive in 60 of the cases (18.6%). PD-L1 positivity was more
frequent in male patients (p = 0.001), tumors greater than 3 cm (p = 0.03), higher-stage tumors
(p < 0.001), solid, predominant tumors (p < 0.001), and EGFR wild-type tumors (p = 0.022).
Higher expression (over 50%) was more prevalent in former or current smokers compared to
nonsmokers (p = 0.026) and was associated with more pack-years of smoking (p = 0.016) [19].
Survival analysis was performed on 316 patients who underwent complete surgical resection
(Stages I-1IIA disease). Poor, recurrence-free, and overall survival in patients with high PD-L1
expression assessed with univariate analysis were reported (both p < 0.001), exact median PFS
and overall survival (OS) were not reported in numbers (e.g., months). Authors conclude that
high PD-L1 expression is associated with poor prognosis of patients [19].

Aguiar et al. recently published a meta-analysis aiming to answer the question about PD-L1 as
a predictive biomarker. The analysis included 13 studies with 1979 patients who were treated
with checkpoint inhibitors. Five different checkpoint inhibitors were used: nivolumab in six
trials, atezolizumab in three trials, pembrolizumab in one trial, MEDI4736 in two, and ave-
lumab in one trial. The most frequent histology was nonsquamous NSCLC (67%). Majority of
the patients were previously treated (84%), male (58%), current or previous smokers (64%),
and with ECOG performance status 1 (62%). All included trials reported overall response rate
(ORR). The ORR in 652 PD-L1-positive patients was 29%, and 13% among 915 PD-L1-nega-
tive patients. Difference was statistically significant (relative risk (RR) 2.08, 95% confidence
interval (CI) 1.49-2.91, p < 0.01). The ORR increased proportionally with increase in PD-L1
expression, regardless of tumor histology or line of treatment (Pearson’s correlation r = 0.43).
Regarding PFS, authors evaluated 24 weeks PFS rate. Data were available for 767 patients. In
PD-L1-positive patients 24 weeks PFS was 35% (358 patients), while in 409 PD-L1-negative
patients, it was 26% (RR 0.79, 95% CI 0.71-0.89, p < 0.01). One-year overall survival (OS) was
reported in nine trials with 1396 patients. OS did not differ between the PD-L1-positive and
PD-L1-negative groups. Among the 617 positive patients the rate was 28%, while among 779
PD-L1-negative, it was 27% (RR 0, 96, 95% CI 0.87-1.06, p = 0.39). Authors also evaluated the
response to immune checkpoint inhibitors compared to docetaxel in PD-L1 negative patients
(PD-L1 expression below 1%). Two Phase III and one Phase 1II trials compared nivolumab
or atezolizumab with docetaxel in the second-line setting. Among the 407 PD-L1-negative
patients, ORR was 12% in both arms (RR 1, 95% CI 0.59-1.7, p = 1). PFS was also similar
between the two arms (hazard ratio (HR) 0.98, p = 0.93 for PFS). Regarding OS even if not sta-
tistically significant, there was even a trend toward better survival among patients receiving
checkpoint inhibitors (HR 0.83, p = 0.12). Authors conclude that even if tumor PD-L1
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expression is related to improved survival and better outcome of patients with advanced
NSCLC, PD-L1 currently cannot be considered as a biomarker for selection of patients who
benefit from immune checkpoint inhibitors treatment since many PD-L1-negative patients
also benefit from them, and the response is not inferior to the response to chemotherapy [1].

Other authors like Schmidt ef al. also evaluated prognostic and predictive values of PD-L1
expression. Three hundred and twenty-one curatively resected NSCLC patients who had
available tumor material and clinical data from the Thoracic Departments in Ostrcapepeln,
Germany, were included. Median age of patients was 66 years and all NSCLC histology
included, except NSCLC non-other specified. Cut-off for positivity was >5% of tumor cells
PD-L1-positive. Twenty-four percent of cells expressed PD-L1 in NSCLC samples. For the
whole group, PD-L1 expression was not the prognostic factor for OS (p = 0.256). The better
survival in the patients with PD-L1-positive tumors compared to patients with no PD-L1
expression was observed only in some subgroups: squamous histology (HR 0.45, 95% CI 0.25-
0.83, p = 0.005), patients that received adjuvant therapy (HR 0.35, CI 0.14-0.86, p = 0.01), had
positive lymph nodes reviled by surgery (HR 0.47, CI 0.26-0.85, p = 0.005), and had greater
tumor size (HR 0.55, CI 0.36-0.84, p = 0.004. According to the authors, these findings suggest
that PD-L1 expression might be prognostic in these subgroups of patients, but because of the
small sample size, firm conclusions cannot be done [21].

Cooper retrospectively analyzed 681 Australian patients who underwent surgical resection
for Stages I-IIIl NSCLC between 1990 and 2008 for PD-L1 expression. Tumors with >50% of the
cells showing positive membrane staining were considered to have high expression of PD-L1.
Several clinicopathological factors were compared regarding PD-L1 expression. Associations
were encountered comparing patient’s age, tumor size, and grade. High PD-L1 expression
was associated with younger patient’s age (p = 0.07). Median age in the “younger” group was
67 and “older” group 69 years. High PD-L1 expression was statistically significantly higher
in bigger tumors (median size 45 mm vs. 40 mm, p = 0.02) and tumors with higher histologi-
cal grade (p <0.01). Even if not statistically significant, squamous and large cell tumors had
more “high” expression compared with adenocarcinomas (8.1 and 12.5 vs. 5.1% of samples,
p = 0.13). High PD-L1 expression was not associated with factors such as gender, tumor size,
stage, nodal involvement, EGFR, k-ras, or ALK mutations. Authors also compared patients’
outcome between the two PD-L1 groups. Patients with high expression had longer median
survival compared to patients with low (113.2 months vs. 85.5 months, p = 0.023). High PD-L1
as the prognostic factor for better survival was confirmed in Cox model (HR 0.59, 95% CI
0.4-0.8, p > 0.01). Even if high PD-L1 expression was a prognostic factor in this trial, authors
conclude that the evidence was still not firm enough to claim its prognostic value, and they
state that any prognostic significance relates not on single marker of immune signals, but to
the overall balance of the host-tumor immune response [22].

6. Immune checkpoint inhibitors in lung cancer and PD-L1 as predictive
biomarker

The aim of cancer immunotherapies is to change the adoptive immune system toward tumor
rejection. One of the possible approaches is immune checkpoint blockade, which aims to
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relieve inhibition of immune checkpoints [5, 23]. NSCLC was considered to be an immuno-
therapy nonresponsive tumor type, when the earliest clinical trials with interleukins, vac-
cines, and interferon failed to show clinical benefit. More recently, good treatment responses
and improved overall survival have been observed with the use of immune checkpoint inhibi-
tors. Patients that respond to these treatments have durable responses that are usually longer
than responses to chemotherapy or targeted therapies. However, some drawbacks exist in
nonselected patients’ response and can be seen only in 15-20% of the patients, and the cost of
these drugs is extremely high [12, 16].

Currently, two checkpoint inhibitors (PD-L1 inhibitors) pembrolizumab and nivolumab are
being used in everyday clinical practice, but it is supposed that soon others such as atezoli-
zumab, durvalumab, and avalumab will enter into everyday clinical use [24]. Quick develop-
ment of new immunotherapeutic drugs is not followed by proper development in optimal
biomarkers for patient selection. In clinical trials, anti-PD-1 and anti-PD-L1 antibodies
produce 20% of response in nonselected population [25]. This can be well seen in the inter-
pretation of clinical trials with nivolumab and pembrolizumab. General conclusions from
nivolumab trials is that patient selections should not be done on the PD-L1 expression, while
pembrolizumab trials suggest the opposite [16].

6.1. Nivolumab

CheckMate 017, a Phase IIl trial, compared treatment with docetaxel in one arm and nivolumab
in second arm in patients with Stage IIIB or Stage IV squamous NSCLC that progressed on
the first-line therapy with platinum-containing regimen. From October 2012-December 2013,
272 eligible patients were included. Patients were randomized to receive either nivolumab at
dose 3 mg/kg or docetaxel 75 mg/m? every 3 weeks. The primary endpoint was OS. Median
age was 63, most were men (76%), had ECOG performance status score 1 (76%), and were
current or former smokers (92%). The nivolumab group had longer overall survival (9.2 vs.
6 months, HR 0.59, p < 0.001) and longer progression-free survival (3.5 vs. 2.8 months,
HR = 0.62, p < 0.001). Response was 20% in nivolumab and 9% in docetaxel arm (p = 0.008).
PD-L1 expression was assessed retrospectively in 83% (225 of 272) of the patients who under-
went randomization. Patients were categorized as positive if the expression was 1, 5, or 10%.
No differences in overall survival was found between different expression groups in patients
that received nivolumab or docetaxel regardless of the percentage (%) of positivity (>1% HR
0.96, CI 0.45-1.05; >5% HR 0.53, CI 0.3-0.89; >10% HR 0.70, CI 0.47-1.01). Authors concluded
that the expression of PD-L1 was not a prognostic or a predictive factor for treatment with
nivolumab [16, 26].

CheckMate 057 was a second Phase III trial comparing nivolumab with docetaxel for patients
with previously treated nonsquamous NSCLC Stage IIIB or Stage IV that progressed on pre-
vious therapy. From November 2012 to December 2013, 582 patients were randomized to
receive either 3 mg/kg of nivolumab every 3 weeks or docetaxel 75 mg/m? every 3 weeks.
Patients treated with nivolumab had longer overall survival (12.2 vs. 9.4 months, HR 0.73,
p = 0.002) and a higher response rate (19% vs. 12%, p = 0,02) compared to patients receiv-
ing docetaxel. Differences in PFS were not established (2.3 months for nivolumab vs. 4.2 for
docetaxel, HR 0.92, CI 0.77-1.11, p = 0.39). PD-L1 expression was evaluated in the same way
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as in CheckMate 017 with cut-offs at 1, 5, and 10%. PD-L1 testing was performed in 78% (455
of 582) of the patients. Objective response rate was 9% (CI 5-16) in patients with less than
1% PD-L1 expression, 36% (CI 26-46) in patients with >5%, and 37 (CI 7-48) in patients with
more than 10% expression. Similarly, differences were seen in OS, with patients who have
expression more than 5% (median OS 19.4 months), having longer survival with nivolumab
treatment compared to patients with expression less than 1% (median OS 10.5 months)
(p < 0.01). The study showed a predictive association between PD-L1 expression and benefit
from anti-PD-1 treatment. Although the benefit of nivolumab was observed in the overall
population, the magnitude of benefit across all the efficacy endpoints appeared to be greater
among patients whose tumors expressed PD-L1 than among those whose tumors did not
express PD-L1 [16, 27].

6.2. Pembrolizumab

Keynote 001 was a Phase I trial in which patients received three different schedules of treat-
ment with pembrolizumab (2 mg/kg every 2 weeks, 10 mg/kg every two or every 3 weeks).
From May 2012 to February 2014, 495 patients with Stage IIIB or Stage IV of NSCLC were
included. ORR with pembrolizumab treatment was 19.4%, and PFS and OS were 3.7 and 12.5
months, respectively. PD-L 1 was assessed and cut-off defined at 50% of tumor cells expres-
sion. In defining PD-L1 positivity, authors used received-data-characteristic curves (ROC).
Prevalence of PD-L1 positivity (>50%) was 23.2, 1-49, 37.6, and 39.2% less than 1%. Among
patients with the score of at least 50%, the progression-free survival was 6.3 (95% CI 2.9-12.5)
months, and overall survival was not reached. Progression-free and overall survival were
shorter among patients with a proportion score of 1-49% or a score of less than 1% than
among those with a score of at least 50%. Median PFS was 6.1 months (CI 4.2-not reached)
in positive group and 4 months (CI 2.1-2.4) in <1% group. Median OS was not reached in a
positive group and 10.4 (CI 5.8-not reached) in <1% group. Authors conclude that a propor-
tion score of at least 50% may represent a new biomarker for the treatment of nonsmall-cell
lung cancer [16, 25].

Keynote 010 was a Phase II/III trial comparing two schedules of pembrolizumab (2 mg/kg
every 3 weeks, 10 mg/kg every 3 weeks) with docetaxel 75 mg/m? for patients with PD-L1
expression (>1% of tumor cells) that progressed on previous chemotherapy. Between August
2013 and February 2015, 1034 patients were included. Median overall survival was 10.4
months with pembrolizumab 2 mg/kg, 12.7 months with pembrolizumab 10 mg/kg, and 8.5
months with docetaxel. Overall survival was significantly longer for both doses of pembro-
lizumab vs. docetaxel (pembrolizumab 2 mg/kg vs. docetaxel: HR 0.71, 95% CI 0.58-0.88,
p=0-0008), and (pembrolizumab 10 mg/kg vs. docetaxel: HR 0.61, 95% CI 0.49-0.75, p <0-0001).
Median progression-free survival was 3.9 months with pembrolizumab 2 mg/kg, 4.0 months
with pembrolizumab 10 mg/kg, and 4.0 months with docetaxel, with no significant difference
for pembrolizumab 2 mg/kg or for pembrolizumab 10 mg/kg. As expected, patients with at
least 50% of tumor cells expressing PD-L1 had overall survival significantly longer with pem-
brolizumab 2 mg/kg than with docetaxel (median 14.9 months vs. 8.2 months; HR 0-54, 95% CI
0.38-0.77, p =0.0002), and with pembrolizumab 10 mg/kg than with docetaxel (17.3 months vs.
8.2 months; 0.50, 0.36-0.70; p < 0.0001). For this patient population, progression-free survival
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was also significantly longer with pembrolizumab 2 mg/kg than with docetaxel (median 5.0
months vs.4.1 months, HR 0.59, 95% CI10.44-0.78, p=0.0001), and with pembrolizumab 10 mg/kg
than with docetaxel (5.2 months vs. 4.1 months, 95%, HR 0.59, 95% CI 0.45-0.78, p < 0.0001).
This trial confirmed the results of Keynote 001 and added additional data to the assumed pre-
dictive value of PD-L1 positivity [16, 28].

6.3. Atezolizumab

PD-L1 expression in trials with atezolizumab is reported somehow differently. First expres-
sion is reported in tumor cells (TC) and immune cells infiltrating tumor (IC) separately.
Tumors are categorized into four different groups:

* TC3/IC3: at least 10% of cells expressing PD-L1.
o TC2/IC2: at least 5% of cells expressing PD-L1.
¢ TC1/ICI: at least 1% of cells expressing PD-L1.
¢ TCO0/ICO: less than 1% of cells expressing PD-L1.

The association between the response to atezolizumab and PD-L1 expression was first
assessed in a Phase I trial of Herbst et al. Two hundred and seventy-seven patients with
advanced incurable cancer received MPDL-3280A (atezolizumab) intravenously every 3
weeks. Responses (complete and partial responses) were observed in 32 of 175 (18%) with all
tumor types including NSCLC, melanoma, renal cell carcinoma, and other tumors (including
colorectal cancer, gastric cancer, and head and neck squamous cell carcinoma). Authors found
the association between response and the expression of PD-L1. The association of response
to atezolizumab treatment and tumor-infiltrating immune cell PD-L1 expression was statisti-
cally significant (p = 0.007), while the association with tumor cell PD-L1 expression was not
(p=0.920) [29].

POPLAR was a Phase II trial comparing treatment with atezolizumab with docetaxel in
patients progressing on previous chemotherapy treatments. One hundred forty-four patients
between August 2013 and March 2014 randomly received either atezolizumab 1200 mg or
docetaxel 75 mg/m? once every 3 weeks. Patients on atezolizumab had longer overall survival
(12.6 vs. 9.7 months, HR = 0.73, p = 0.04), although no differences in response rate or progres-
sion-free survival were encountered. Higher PD-L1 expression in TC/IC was associated with
improved overall survival (TC3/IC3 HR 0.49, 95% CI 0.22-1.07, p = 0.068; TC2/3 or IC2/3 HR
0.54, 95% CI 0.33-0.89. p = 0.014, TC1/2/3 or IC1/2/3 HR 0.59, 95%CI 0.40-0.85, p = 0.005; TCO
and ICO HR 1.04. 95% CI 0.62-1.75, p = 0.871). Authors believe PD-L1 expression is predictive
for atezolizumab’s benefits [16, 30].

BIRCH trial was a Phase II trial in which patients with locally advanced or metastatic
NSCLC were divided into three cohorts. All the patients received atezolizumab at the dose
of 1200 mg every 3 weeks. Patients were included if they had TC2-3/IC 2-3 PD-L1 expres-
sion. One hundred thirty-nine patients in Cohort I received atezolizumab as first-line treat-
ment, 267 patients in Cohort II as second, and 253 in Cohort III as third or more line of
treatment. Higher PD-L1 expression was associated with higher response rate in all cohorts.
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PD-L1 expression and OS PD-L1 expression and

PD-L1 expression

Name of the (HR compared to control PFS (HR compared to  and RR (%)
trial (phase) Compound arm or months) control arm or months)
Checkmate 017  Nivolumab versus <1% (0.58) <1% (0.66) <1% (17)
(Phase 3) docetaxel 1% (0.69) >1% (0.67) >1% (17)
<5% (0.70) <5% (0.75) <5% (15)
>5% (0.53) >5% (0.54) >5% (21)
<10% (0.70) <10% (0.70) <10% (16)
210% (0.50) >10% (0.58) >10% (19)
Checkmate 057  Nivolumab versus <1% (0.90) <1% (1.19) <1% (9)
(Phase III) docetaxel >1% (0.59) >1% (0.70) >1% (31)
<5% (1.01) <5% (1.31) <5% (10)
25% (0.43) >5% (0.54) >5% (36)
<10% (1.00) <10% (1.24) <10% (11)
210% (0.40) >10% (0.52) >10% (37)
Keynote 001 Pembrolizumab <1% 10.4 months <1% 4.0 months <1% (10.7)
(Phase I) 1-49% 10.6 months 1-49% 4.1 months 1-49% (16.5)
250% not repoted >50% 6.4 months >50% (45.2)
Keynote 010 Pembrolizumab 2 mg/kg  >1% (0.71) >1% (0.88) >1% (18)
(Phase III) versus docetaxel 250% (0.54) >50% (0.59) >50% (30)
Keynote 010 Pembrolizumab 10 mg/kg >1% (0.61) >1% (0.79) >1% (18)
(Phase III) versus docetaxel >50% (0.50) >50% (0.59) >50% (29)
Atezolizumab  Atezolizumab TC0-2/IC0-2 16 months TCO0-2/1C0-2 TC0-2/1C0-2 (16)
(Phase I) TC3/IC3 4 months TC3/1C3
18 months TC3/IC3 (48)
4 months
POPLAR Atezolizumab versus TCO/IC (1.04) TCO/IC (1.12) TCO/IC (8)
(Phase 2) docetaxel TC0-2/IC 0-2 (0.59) TC0-2/1C 0-2 (0.85) TC0-2/1C 0-2 (18)
TC2-3/IC 2-3 (0.54) TC2-3/IC 2-3 (0.72) TC2-3/IC 2-3 (22)
TC3/IC3 (0.49) TC3/IC3 (0.60) TC3/IC3 (38)
BIRCH (Phase  Atezolizumab TC2-3/IC2-3 (82%) TC2-3/1C2-3 TC2-3/1C2-3 (19)
11, Cohort I) TC3/IC3 (79%)" 5.5 months TC3/IC3 (26)
TC3/1C3
5.5 months
BIRCH (Phase  Atezolizumab TC2-3/IC2-3 (76%)" TC2-3/1C2-3 TC2-3/1C2-3 (17)
11, Cohort II) TC3/IC3 (80%)" 2.8 months TC3/IC3 (24)
TC3/IC3
4.1 months
BIRCH (Phase  Atezolizumab TC2-3/IC2-3 (71%) TC2-3/1C2-3 TC2-3/1C2-3 (17)
11, Cohort III) TC3/IC3 (75%)" 2.8 months TC3/IC3 (27)
TC3/1C3
4.2 months
Avelumab Avelumab >1% (4.6 months) >1% (5.9 weeks) >1% (10)
(Phase Ib) <1% (8.9 months) <1% (12.0 weeks) <1% (15)
Durvalumab Durvalumab <25% not reported <25% not reported <25% (5)
(Phase I/II) 225% not reported >25% not reported >25% (27)

*Six-month overall survival.

Table 1. Response to checkpoint inhibitors according to PD-L1 expression.
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In Cohort I, ORR was 26% (95% CI 16-39) in patients with TC3/IC2 vs. 19% (95% CI 13-27)
in patients with TC2-3/IC 2-3. In Cohort II, ORR was 24% (95% CI 17-32) in patients with
TC3/IC2 vs. 17% (95% CI 13-22) in patients with TC2-3/IC 2-3. In Cohort III ORR was 27%
(95% CI 19-36) in patients with TC3/IC2 vs. 17% (95% CI 13-23) in patients with TC2-3/
IC 2-3. These results also suggest that PD-L1 is a possible biomarker for treatment with
atezolizumab [31].

6.4. Avelumab and durvalumab

Patients received avelumab in a Phase Ib trial. The response rate, median progression-free
survival, and median overall survival were 13.6%, 11.6 weeks and 8.4 months. PD-L1 cut-off
for positivity was 1% of the expression and was associated with higher response rate, longer
progression-free, and overall survival [16]. Response rate of 16% was achieved in Phase I/II
trial of durvalumab treatment. PD-L1 positivity was defined as an expression of more than
25% of cells and was correlated with higher response rate [16].

Trials with checkpoint inhibitors are summarized in Table 1.

7. The problems of PD-L1 as a biomarker

The assessment of PD-L1 tumor expression is currently a controversial issue with more open
questions than known facts. PD-L1 expression is a dynamic rather than static process that var-
ies according to different tumor and host factors (15-30). Several data show that anti-PD-L1
drugs are more effective in patients whose tumors express PD-L1, but responses in the popu-
lation of patients without the expression lead to the conclusion that these patients also benefit
from this treatment. How to select right patients for anti-PD-L1 treatment remains an open
question in these circumstances [5].

7.1. Tests

Currently, several different monoclonal antibodies for testing PD-L1 positivity exist. In
a meta-analysis of Aguiar ef al. among 13 included trials, 5 different antibodies were used
(DAKO 28-8, DAKO 22C3, VENTANA SP 142, and two nonspecified), and 3 different thresh-
old values for immunohistochemical positivity selected (1, 5, and 50%). Authors conclude that
standardized approach to PD-L1 status assessment is lacking [1]. For the details of Aguiar’s
meta-analysis, please see the Section 5 of this chapter.

Today several differences exist between tests:
1. Every test uses it own antibody.

2. Some tests evaluate the percentage of tumor cells stained, while others evaluate not only
tumor cells but also tumor infiltrating immune cells.

3. Cut-off points and scoring systems differ between tests.

4. Different staining techniques (manual vs. automated).

123



124 A Global Scientific Vision - Prevention, Diagnosis, and Treatment of Lung Cancer

All these differences make the comparison between results of different tests difficult if not
impossible [16, 23].

7.2. Positivity and response to treatment

The threshold of immunohistochemical PD-L1 expression positivity is not well established
today. Thresholds of 1, 5, or 50% of positive cells are being used in different trials. It is esti-
mated that any expression of PD-L1 can be found in 45-50% of NSCLC biopsies [18]. In a
trial of Cha et al., the threshold of 5% showed the most significant p value regarding overall
survival predictions [19]. For details of Cha et al. trial, please see the Section 5 of this chapter.
Even if considered positive (regardless of the positivity cut-off), not all patients respond to the
treatment with immunotherapy. Response is seen only in 15-45% of “positive” patients and
on the other end, many “negative” patients also respond [16].

7.3. Concordance

Checkpoint inhibitors recently demonstrated efficacy in the treatments of metastatic NSCLC
that are being used more and more in clinical trials and everyday clinical practice. Despite
their benefits, the association of responses with a predictive biomarker PD-L1 remains uncer-
tain. Today, several PD-L1 IHC tests exist, and concordance between them is not very clear.
Sheffield et al. compared multiple methods of testing. Tissue microarrays of matched primary
and metastatic NSCLCs were used to compare four different PD-L1 IHC techniques. Tissues
from 80 patients were included. Multiple IHC methodologies showed a high rate of agreement
(Kappa = 0.67). Concordance between PD-L1 positivity among different tests (antibodies)
was from 73.4 to 76%. Determination of which test is the best one is challenging due to the lack
of a reference standard [32].

Significant discordance between the PD-L1 status of primary tumors and metastases was
observed. PD-L1 status of primary and metastatic tumors was discordant in 17 (22%) cases.
Because of the variability of the biomarker, also changes in positivity during immunotherapy
treatment have been studied. Discordance between primary tumor and metastatic sites is sup-
posed to be because of the intratumoral heterogeneity and sampling bias [32]. Variability
seems to be even more substantial, since immunohistochemical status changes during treat-
ment in 12-35% of the patients [16].

7.4. Tissue

Keynote 001 trial revealed another unanswered issue in the PD-L1 expression testing.
Deterioration in the PD-L1 expression in archival tissue samples that had been sectioned 6
months or more before testing was encountered. Researches decided to evaluate only the
samples taken in the 6-months period before testing. Of the 1143 screened patients, only 824
had eligible tumor samples. Why this deterioration in expression occurs, and how to treat
patients with pembrolizumab that do not have tissue available for testing are another of the
two questions to be solved [25].
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7.5. Open questions
To be able to continue the story of the PD-L1 as a predictive biomarker, these open questions
will have to be answered [33]:
1. Is a predictive biomarker in immunotherapy necessary?

2. Is localization of the biomarker important (expression of PD-L1 in tumor and/or tumor-
infiltrating lymphocytes)?

3. What is/are the optimal detection test/tests?

4. Does PD-L1 expression change over time (after different treatments such as chemotherapy
and irradiation) and space (primary tumor vs. metastases)?

8. Conclusion

Immune checkpoint inhibitors are new and very promising treatment options in patients with
several solid malignancies including lung cancer. For an optimal selection of patients who bene-
fit most, predictive biomarkers are needed. PD-L1 has been suggested as a potential biomarker,
but due to many open questions, today, it is not considered the only reliable immunotherapy
biomarker since responses can be encountered even in patients considered PD-L1 negative. A
possible solution to this issue is finding new and maybe more reliable predictive biomarkers
that will for sure evolve in the next years of immunotherapy treatment development.
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Abstract

Lung cancer remains the leading cause of cancer-related deaths worldwide. The majority
of NSCLC patients present with advanced stage disease. Lung cancer was once thought
of as a low antigenicity cancer unlikely to benefit from immunotherapy, but has recently
been found to have a high level of antigenicity. Moreover, a large body of research now
exists to support both the safety and efficacy of immunotherapy in advanced stage
NSCLC. The checkpoint inhibitors nivolumab, pembrolizumab, and atezolizumab are
now approved by the U.S. Federal Drug Administration for second-line treatment in
advanced stage NSCLC. In addition to being efficacious, checkpoint inhibitors have a
superior safety profile compared to previous standard of care, chemotherapy. Further
trials are needed to investigate the checkpoint inhibitors’ role in combination treatment,
first-line treatment, and early stage disease.

Keywords: PD-1, PD-L1, checkpoint inhibitors, NSCLC, nivolumab, pembrolizumab,
atezolizumab, mutational load, PD-L1 expression, immunotherapy

1. Introduction

Lung cancer is the second most common cancer in both men and women; approximately
14% of all new cancers diagnosed are lung cancer. Lung cancer is the leading cause of cancer
death among both men and women; one in four cancer deaths in the Unites States is due to
lung cancer and worldwide it accounts for 1.59 million deaths annually [1, 2]. The survival
rates for nonsmall cell lung cancer (NSCLC) remain low with 49% of Stage IA patients, 14%
of Stage IIIA, and 1% of Stage IV patients alive at 5 years. The majority of NSCLC patients
present with advanced stage disease [3]. Despite years of research in treatment strategies for
NSCLC, few significant improvements on outcomes with available cytotoxic chemotherapy
have been made. In addition, a large portion of patients with advanced disease are not treated
with aggressive cytotoxic therapy due to performance status or other comorbidities [4]. Major
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inroads have been made for patients with targetable driver mutations who make up a minor-
ity of NSCLC patients but for the vast majority of patients further innovative treatments are
needed. In the last half decade, there has been an explosion of evidence demonstrating lung
cancer's antigenicity and clinical response to immune therapy.

2. Lung cancer and the immune system

One of the primary functions of our immune system is the ability to detect and destroy abnor-
mal cells, which includes malignant cells. In lymphoid tissue, T cells are activated by the anti-
gen presenting cells (APCs) carrying antigen from the tumor. T cells are then activated by the
APCs and migrate to the peripheral tissues where they search and destroy antigen-expressing
tumor cells. The human immune system maintains regulatory mechanisms to prevent auto-
immunity or more specifically the immune system from attacking self.

In lymphatic tissue, expression of cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) neg-
atively regulates the early stages of T-cell activation by competing with the T-cell costimula-
tory receptor CD28 for binding with CD80 and CD86 expressed on the APC (Figure 1) [3, 5].
Antibody blockade of CTLA-4 has been shown to increase antitumor immunity in clinical
settings, and this has been well described in the melanoma therapy [6, 7].

Dendritic cell
: 4
CDBO— «
MHE 8 H
CTLA-&
.9 Competing
Inhibition

Figure 1. Inmune system activation and inhibition in the lymphoid tissue. MHC, major histocompatibility complex;
CTLA-4, cytotoxic T-lymphocyte-associated antigen 4; TCR, T-cell receptor.

In the peripheral tissues, the adaptive immune system is negatively regulated in part through
binding of the programmed cell death protein 1 (PD-1) expressed on activated T cells with the
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programmed death ligand 1 (PD-L1) and/or programmed death ligand 2 (PD-L2). Tumor cells
can evade the immune response through upregulation of expression of PD-L1, resulting in
decreased T-cell response and immune resistance (Figure 2). PD-1 and PD-L1 inhibitors can
take the breaks off the T-cell activity in peripheral tissues by blocking PD-1 binding to PD-L1.

Fo:l
mhibarien

<

Figure 2. Immune system activation and inhibition in the peripheral tissue. MHC, major histocompatibility complex;
TCR, T-cell receptor; PD-1, programmed cell death protein 1; PD-L1, programmed death ligand.

It has been a previously accepted belief that lung tumors have a very low antigenicity and
approaching lung cancer with immunotherapy would have little hope of causing any significant
benefit. However, through thoughtful translational research, immunotherapy is now being seen
as promising therapeutic agents with a significant potential to affect NSCLC. Smokers’ tumors
are now understood to have some of the most complex and extensive genetic mutations seen in
solid malignancies, and consequentially they have some of the highest antigenicity [8, 9].

In 2015, the benefits of checkpoint inhibition in the treatment of NSCLC went from theo-
retical to breaking news with new agents such as pembrolizumab, nivolumab, and atezoli-
zumab receiving breakthrough drug designation and later approval by the U.S. Federal
Drug Administration (FDA) for treatment of advanced stage NSCLC in the second-line set-
ting after progression on or after platinum containing chemotherapy [10-12]. In the case of
pembrolizumab, treatment was indicated only for patients with tumors expressing PD-L1
greater than 50% by the Dako assay. Nivolumab was approved without the need for PD-L1
testing. Here is a review of the key trials that brought immunotherapy into standard of care
treatment for NSCLC. Summarization of key clinical trials in checkpoint inhibition is pre-
sented in Table 1.
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3. Key trials in checkpoint inhibition therapy of NSCLC

3.1. Checkpoint inhibitor trials: pembrolizumab second line and beyond
3.1.1. Keynote-001

Keynote-001 was a phase I study assessing safety and efficacy of treatment with pembroli-
zumab of advanced NSCLC [13]. The primary objectives were to investigate safety, side effect
profile, and efficacy of pembrolizumab. Treatment-related adverse events were 70.9% and
grade 3 or higher severe adverse events were 9.5%. With regards to efficacy, overall response
rate was 19.4%: 18% in previously treated patients and 24.8% in treatment naive patients.
There was no significant difference noted between treatment dose and dose interval. Current
smokers had an increased response rate at 22.3% and never smokers had a 10.3% response
rate. Median duration of response was 12.5 months and median progression-free survival was
3.7 months with an overall median survival of 12 months. Additionally, the study sought to
evaluate PD-L1 as a biomarker and evaluated tissue obtained within 6 months of treatment
for PD-L1 expression. They concluded that a percentage of 50% PD-L1 tumor cell expression
was associated with a higher response rate and longer progression-free survival (PFS) and
overall survival (OS).

Keynote-001 was a phase I study that established safety and efficacy of pembrolizumab in
heavily treated patients with NSCLC. Furthermore, it used the DAKO PD-L1 expression
assay with 22C3 antibody clone for patient selection to solidify this as the chosen PD-L1
assay [13].

3.1.2. Keynote-010

Keynote-010 was a randomized phase II/IIl study assessing pembrolizumab versus
docetaxel in PD-L1 positive advanced NSCLC [14]. Eligible patients had advanced NSCLC
that had progressed despite two or more cycles of platinum doublet chemotherapy or
appropriate tyrosine kinase inhibitor (TKI) therapy, a fresh tumor sample showing PD-
L1 expression of at least 1% was required. The primary endpoints were overall survival
and progression-free survival both in the total population and in patients with PD-L1
expression >50%. Secondary endpoints were safety/toxicity, response rate, and duration
of response.

In patients with a PD-L1 tumor proportion score of 50% or greater, median overall survival
was 14.9 months for pembrolizumab 2 mg/kg, 17.3 months for pembrolizumab 10 mg/kg,
and 8.2 months for the docetaxel group. In the total population, median overall survival was
10.4 months for pembrolizumab 2 mg/kg, 12.7 months for pembrolizumab 10 mg/kg, and
8.5 months for the docetaxel group. Pembrolizumab demonstrated improvement in progres-
sion-free survival in patients with tumor proportion score of 250% but progression-free sur-
vival was not significantly different in the total population. Neither pembrolizumab dosage
reached the median duration of response for patients with tumor proportion score of 250% or
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all patients. The docetaxel group duration of response was 8 months in the tumor proportion
score of 250% or all patients and 6 months in all patients.

With regards to toxicity, treatment-related adverse events were 13% for pembrolizumab 2 mg/
kg, 16% for pembrolizumab 10 mg/kg, and 35% for docetaxel. Severe adverse events, grade 3
or higher, were reported as 63% for pembrolizumab 2 mg/kg, 66% for pembrolizumab 10 mg/
kg, and 81% for docetaxel.

Based on these two landmark clinical trials, pembrolizumab was approved by the FDA for
metastatic NSCLC in patients with PD-L1 expressing tumors who have progression on plati-
num doublet chemotherapy and tyrosine kinase inhibitor therapy for EGFR or ALK mutant
tumors [12-14].

3.2. Checkpoint inhibitor trials: nivolumab second line and beyond
3.2.1. CheckMate 017

Previous phase I and II studies, CheckMate 003 and CheckMate 063, respectively, dem-
onstrated both safety and efficacy of nivolumab in heavily pretreated NSCLC patients.
CheckMate 003 defined treatment dose at 3 mg/kg every 2 weeks. CheckMate 063 demon-
strated efficacy endpoints of OS of 8.2 months and overall response rate (ORR) of 14.5% with
an adverse event rate of 74% with 17% grade 34 [15, 16].

Checkmate 017 was a phase 3, randomized, study investigating nivolumab as compared to
docetaxel in the second-line setting for treatment of advanced squamous cell NSCLC in 272
patients [17]. Eligible patients had advanced squamous cell NSCLC and progression after one
prior platinum containing regimen, prior treatment with EGFR TKI therapy was allowed.
The primary endpoint was overall survival. Secondary endpoints were ORR, PFS, patient-
reported outcomes, efficacy by PD-L1 expression, and safety.

The median overall survival was 9.2 months in the nivolumab group, which is significantly
higher compared to 6 months in the docetaxel treatment group. The ORR was 20% with
nivolumab and 9% with docetaxel. The median duration of response was not reached in the
nivolumab treatment group (2.9-20.5+ months) compared to the docetaxel treatment group
8.4 months (1.4-15.2). The median PFS for nivolumab and docetaxel treatment groups was
3.5 and 2.8 months, respectively. PD-L1 expression in this study was neither predictive nor
prognostic of any efficacy endpoints.

With regards to toxicity, treatment-related adverse events were less frequent in the nivolumab
treatment group. The nivolumab and docetaxel treatment groups demonstrated 58% and 86%
of patients with any adverse event (AE), respectively. Furthermore, only 7% of the nivolumab
treatment group demonstrated grade 3 or 4 events and no grade 5 events. Docetaxel had a
55% grade 3 or 4 event rate and 2% of patients had events of grade 5. Docetaxel demonstrated
higher rates of treatment-related serious adverse events mainly attributable to hematologic
toxic events and infections.
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This study demonstrated improved overall survival and safety profile with nivolumab treat-
ment over standard of care second-line therapy in squamous-cell NSCLC. Additionally, PD-
L1 expression was not found to be predictive or prognostic of any efficacy endpoints.

3.2.2. CheckMate 057

Checkmate 057 expanded on the results of checkmate 017 and evaluated nivolumab versus
docetaxel in advanced nonsquamous NSCLC. This study was a randomized phase 3 trial spe-
cifically looking at nivolumab versus docetaxel in the second-line setting for nonsquamous
histology NSCLC [18]. A total of 582 patients with advanced nonsquamous cell NSCLC, pro-
gression after one prior platinum containing regimen, prior treatment with EGFR TKI therapy
were enrolled. Patients were treated until disease progression or discontinuation of treat-
ment due to toxic side effects or other reasons. The primary endpoint was overall survival.
Secondary endpoints included safety, confirmed objective response, PFS, patient-reported
outcomes, and efficacy by PD-L1 expression.

With regards to efficacy, the median overall survival was 12.2 months in the nivolumab group
and was significantly higher compared to 9.4 months in the docetaxel treatment group. The
ORR was 19% with nivolumab and 12% with docetaxel. The median duration of response in
the nivolumab treatment group was 17.2 months compared to the docetaxel treatment group
5.6 months. The median PFS was for nivolumab and docetaxel treatment groups were 2.3 and
4.2 months, respectively.

Treatment-related adverse events were less frequent in the nivolumab treatment group. The
nivolumab and docetaxel treatment groups demonstrated 69% and 88% of patients with any
AE. Furthermore, only 10% of the nivolumab treatment group demonstrated grade 3 or 4
events compared to docetaxel, which had a 54% grade 3 or 4 event rate. Docetaxel demon-
strated higher rates of treatment-related serious adverse events as seen in prior study.

PD-L1 expression demonstrated a strong predictive association between increased PD-L1
expression and clinical outcomes. Improved clinical outcomes was noted in this study but the
magnitude of improvement across all efficacy endpoints was greater with tumors express-
ing PD-L1 compared to those who did not. Patients whose tumors expressed PD-L1 dem-
onstrated a nearly doubled median overall survival compared to docetaxel. Patients whose
tumors did not demonstrate PD-L1 expression, defined as <1%, demonstrated similar overall
survival. This finding differed compared to Checkmate 017 where PD-L1 expression was not
predictive or prognostic for all comers.

This study demonstrated improved overall survival and safety profile with nivolumab treat-
ment over standard of care second-line therapy in nonsquamous cell NSCLC. It also found
no significant difference in overall survival in patients whose tumors did not express PD-L1
although safety profile and durability of response remain compelling arguments of the use of
checkpoint inhibitors over chemotherapy.

These two studies resulted in the FDA approving nivolumab for the treatment of NSCLC in
both squamous and nonsquamous after progression on a platinum containing doublet and
TKI if applicable [11]. Nivolumab's approval and indication are not contingent on PD-L1
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expression. This difference has greatly impacted medical oncology's use of both drugs as
pembrolizumab requires the tissue be assessed for PD-L1 expression with varying costs and
the availability of testing available in addition to the wait time for testing results, whereas
nivolumab is approved regardless of expression level.

3.3. Checkpoint inhibitor clinical trials of nivolumab first line
3.3.1. CheckMate 012: nivolumab as monotherapy in first-line advanced NSCLC

The purpose of Checkmate 012 was to determine if in a phase I, multicohort study, there was
clinical benefit of nivolumab as monotherapy or combined with current standard therapies in
first-line advanced NSCLC [19]. Eligibility criteria for this study was Stage IIIB or IV NSCLC
of any histology who had no prior chemotherapy for advanced disease. Prior adjuvant or neo-
adjuvant chemotherapy was allowed. Additionally, prior radiotherapy or TKI therapy was
permitted if completed at least 2 weeks before treatment on study. Patients were treated with
nivolumab until disease progression, discontinuation due to toxicity, withdrawal of consent,
or loss to follow up. The primary objective of this study was to investigate safety and toler-
ability of nivolumab monotherapy. Secondary study objectives were ORR and PFS with OS
included as an exploratory efficacy endpoint.

The study found an ORR of 23% with four patients with ongoing complete responses. Stable
disease was seen in 27% of patients with a median DOR was not reached, range 4.2-25.8
months+, and 75% was achieved by the first tumor assessment at week 11. Median OS was
19.4 months, 16.8 months for squamous and not reached for nonsquamous histology. Median
PFS was 3.6 months. The primary endpoint was to assess safety and tolerability, and the study
demonstrated a 71% AE rate and 19% of grade 3 and 4 with treatment-related adverse events
led to discontinuation in 12% of patients.

Additionally, Checkmate 012 investigated several variables for correlation with clinical
response to include PD-L1 expression, KRAS, and EGFR mutation status. Tumors specimens
were evaluable in 88% of the patients for PD-L1 expression, finding 70% of patients had
>1% and 30% <1%. Clinical activity was observed regardless of PD-L1 expression across all
expression levels although higher response rates correlated with higher expression levels.
Confirmed ORR was 28 and 14% in tumors with >1% or <1%. This study did not demonstrate
a relationship between PFS and OS and baseline PD-L1 expression. ORRs and disease control
rates were higher among patients with a history of smoking. Additionally, median PFS was
longer in current smokers compared to former smokers although the study was not powered
to assess this. Median PFS was lower for patients with EGFR-mutant tumors vs. EGFR-wild-
type. In contrast, median PFS was longer in KRAS mutant tumors compared to wild-type.

This study demonstrated good tolerance compared to standard first-line therapy in addition to
demonstrating promising DOR and survival. It is important to note that this trial was not ran-
domized, had a selected patient population with good performance status, and no standard of
care comparison arm. Of note, four patients had durable complete clinical responses which are
unlikely in chemotherapy treatment of NSCLC. Two phase III clinical trials will further assist
answering the question is nivolumab monotherapy superior to current standard of care or is
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indicated first line in a select patient population? CheckMate 026, NCT02041533, is investigat-
ing nivolumab in the first-line setting compared to standard of care therapy, platinum doublet
chemotherapy, in advanced NSCLC patients with PD-L1 expressing tumors [20]. CheckMate
227, NCT02477826, is a multiarm study comparing nivolumab vs. nivolumab+ipilimumab vs.
standard of care therapy platinum doublet chemotherapy + nivolumab [21].

Checkmate 012 established safety and efficacy of nivolumab monotherapy in the first-line
setting of NSCLC. There are ongoing clinical trials comparing nivolumab to standard of care
and in combination.

3.3.2. CheckMate 012: nivolumab in combination with platinum-based doublet

Another cohort of Checkpoint 012 was released studying nivolumab in combination
with platinum-based doublet chemotherapy for first-line treatment of advanced NSCLC.
Patients were assigned by histology to receive nivolumab 10 mg/kg plus gemcitabine-cis-
platin (squamous) or pemetrexed-cisplatin (nonsquamous) or nivolumab 5 or 10 mg/k
plus paclitaxel-carboplatin (all histologies) followed by nivolumab monotherapy [22].
In this study, nivolumab was administered every 3 weeks to coincide with chemother-
apy administration. Eligibility criteria included patients with newly diagnosed advanced
NSCLC with no prior treatment. The primary objective of this study was to assess safety
and tolerability of immunotherapy and platinum doublet chemotherapy. Secondary objec-
tive was antitumor activity measured by PES and ORR. A total of 56 patients were enrolled
in this study.

For patients treated with 10 mg/kg nivolumab plus platinum based chemotherapy adverse
events of any grade occurred at 93% and grade 3 or 4 occurred in 50%. In the overall popula-
tion, 95% of patients experienced any grade adverse event and 45% of patients experienced
graded 3 or 4 treatment-related events. Median PFS time ranging from 4.8 to 7.1 months and
median OS in the 10 mg/kg nivolumab plus platinum-based chemotherapy ranged from 11.6
to 19.2 but was not reached in the nivolumab 5 mg/kg plus paclitaxel/carboplatin arm. PD-L1
expression was able to be quantified for 79% of patients in the study, no association was found
between PD-L1 expression and PFS or OS. No difference in ORR or PFS was noted between
histologies although median DOR was longer in the squamous histology subset. Median OS
was longer with nonsquamous versus squamous NSCLC.

Treatment-related adverse events resulted in 21% of patients discontinuing the clinical trial.
No treatment related deaths were reported in this study.

Based on these results, it is not clear if there is an OS benefit to combination therapy of
nivolumab plus platinum-based chemotherapy. There was an increase in adverse events
although no patient-related deaths were reported with combination therapy.

3.3.3. CheckMate 012: safety and efficacy of first-line nivolumab and ipilimumab in advanced NSCLC

CheckMate 012 recently presented an abstract at ASCO 2016 on another cohort-investigating
nivolumab and ipilimumab in advanced NSCLC in their phase I clinical trial [23]. This study
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extrapolated from efficacy in nivolumab and ipilimumab combination therapy in melanoma
and monotherapy efficacy and safety in NSCLC. The trial enrolled 148 patients with all NSCLC
histologies and distributed patients between four cohorts varying in nivolumab and ipili-
mumab drug dosing. Primary endpoints investigated were safety and secondary endpoints
were ORR and PFS. Exploratory endpoints included overall survival and efficacy by tumor
PD-L1 expression. The primary endpoint demonstrated adverse events in 69—77% of patients
across cohorts and 28-35% grade 3—4 toxicities. Treatment-related adverse events resulting
in discontinuation of therapy was reported at 10% similar to nivolumab monotherapy trials.
Efficacy endpoints, ORR, and PFS were improved at the higher dosing of nivolumab 3 mg/kg
compared to 1 mg/kg. Recommended dosing for further testing is nivolumab 3 mg/kg q2
weeks and ipilimumab 1 mg/kg q6 weeks. PD-L1 expression corresponded with higher effi-
cacy response rates.

This data helped to establish safety of dual complimentary checkpoint inhibition although
final publication is pending. CheckMate 227 trial, NCT02477826, will further evaluate dual
checkpoint inhibition with nivolumab 3 mg/kg and ipilimumab 1 mg/kg compared to stan-
dard of care therapy [21].

3.4. Checkpoint inhibitor clinical trials of pembrolizumab first line
3.4.1. KEYNOTE 024

KEYNOTE 024 was an open-lab phase 3 randomized controlled trial investigating pembro-
lizumab versus platinum-based doublet chemotherapy in first-line setting. Inclusion criteria
included patients with stage IV NSCLC, no sensitizing EGFR mutations or ALK transloca-
tions, no previous chemotherapy for metastatic disease, and PD-L1 expression of 50% of
greater. The patients were assigned either pembrolizumab 200 mg every 3 weeks for 35 cycles
or the investigators choice of one of five platinum-based chemotherapy regimens for 4-6
cycles. The primary endpoint was progression-free survival. Secondary endpoints include
overall survival, objective response rate, and safety. A total of 305 patients were enrolled in
this study [24].

The estimated percentage of patients alive at 6 months was 80.2% in the pembrolizumab
group and 72.4% in the chemotherapy group. The ORR was 44.8% with pembrolizumab and
27.8% in the chemotherapy group. The median duration of response was not reached in the
pembrolizumab treatment group (1.9 to 14.5+ months) compared to the chemotherapy treat-
ment group of 6.3 months (2.1-12.6). The median PFS for pembrolizumab and docetaxel treat-
ment groups was 10.3 and 6.0 months, respectively.

The pembrolizumab and chemotherapy treatment groups demonstrated 73.4% and 90% of
patients with any adverse event (AE), respectively. The pembrolizumab treatment group
demonstrated 26.6% of patients with grade 3 or 4 events and no grade 5 events. The chemo-
therapy arm had twice the incidence of grade 3, 4, or 5 events at 53.3%.

This trial was a landmark for demonstrating superiority of checkpoint inhibition therapy with
pembrolizumab over that of standard of care platinum-based chemotherapy. An important
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feature is that this population was selected for patients with at least 50% PD-L1 expression.
Also of recurring significance, checkpoint inhibition therapy was better tolerated with less
overall adverse events and significantly decreased severe adverse events.

3.5. Checkpoint inhibitor clinical trials with PD-L1 inhibitors
3.5.1. POPLAR study

POPLAR was an open label phase 2 randomized controlled trial investigation of atezoli-
zumab vs. docetaxel in 287 patients with advanced NSCLC with progression on platinum-
based therapies [25]. Atezolizumab is currently the only approved anti-PD-L1 inhibitor
approved by the U.S. FDA for the second-line treatment of bladder cancer. It is not approved
for the treatment of lung cancer. The primary endpoint for the POPLAR trial was overall
survival and secondary endpoints were ORR, PFS, and DOR. Of note, in addition to testing
PD-L1 expression on tumor cells it also investigated PD-L1 expression on tumor-infiltrating
lymphocytes.

Atezolizumab demonstrated a trend toward improvement in overall survival of 12.6 months
compared to the 9.7 months with docetaxel. PFS was similar between groups, 2.7 months with
atezolizumab vs. 3.0 months with docetaxel. Median DOR for atezolizumab and docetaxel
respectively was 14.3 months compared with 7.2 months. The survival benefit with atezoli-
zumab correlated with increasing PD-L1 expression on tumor cells and tumor infiltrating
cells. Survival in patients with minimal PD-L1 expression was similar to that of the docetaxel
treatment group.

Treatment-related adverse events were less frequent in the atezolizumab treatment group.
The atezolizumab and docetaxel treatment groups demonstrated 67% and 88% of patients
with any AE. Atezolizumab treatment group demonstrated a 40% grade 3 or 4 events rate and
docetaxel had a 53% grade 3 or 4 event rate. Docetaxel demonstrated higher rates of treat-
ment-related serious adverse events as previously demonstrated in PD-1 checkpoint inhibitor
second-line trials.

POPLAR was the first study of a PD-L1 checkpoint inhibitor in a randomized clinical trial
of patients with previously treated NSCLC. Atezolizumab showed a superior overall sur-
vival compared with docetaxel in patients with advanced NSCLC similar to those findings in
CheckMate 017 and 057. A trend toward increased efficacy was appreciated with increased
PD-L1 tumor expression. Patients with the lowest PD-L1 expression group demonstrated
similar overall survival to the docetaxel treatment group.

At the European Society for Medical Oncology Conference held on October 2016, the OAK,
NCT02008227, phase 3 randomized clinical trial comparing atezolizumab to docetaxel in
locally advanced disease or metastatic NSCLC who have failed platinum therapy was pre-
sented. OAK demonstrated increased overall survival with atezolizumab, 13.8 months, vs.
docetaxel, 9.6 months [26]. On October 18, 2016, the FDA approved atezolizumab for the
treatment of patients with metastatic NSCLC in the second-line setting based on the findings
of the POPLAR and OAK clinical trials [10].
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4. Adverse events in checkpoint inhibition

Checkpoint inhibitors confer a unique toxicity profile compared to chemotherapy as a result
of activation of the patient's immune system. Immune-related adverse events (irAEs) are
a direct result of immune system's stimulation resulting in both activation against tumor
and against self. irAEs include but are not limited to colitis, pneumonitis, hepatitis, derma-
titis, neuropathies, nephritis, and endocrinopathies [4, 27]. Of note, these irAEs were first
appreciated with a different checkpoint inhibitor, ipilimumab, designed to affect CTLA-4.
Additionally, irAEs from anti-PD-1 and anti-PD-L1 treatment occur at a lower rate than from
anti-CTLA-4 [28].

Ipilimumab's side effect profile is well studied in the treatment of melanoma. Gastrointestinal
and dermatologic immune-mediated toxicities were the most common. Moreover, they fre-
quently appear in predictable time courses with dermatologic toxicities typically appearing
in the first 2 weeks of therapy and gastrointestinal manifestations emerging after week 6 of
therapy. Endocrinopathies are typically seen after longer duration of therapy although it is
important to note that toxicities can occur at any time and even after cessation of therapy [29].

Anti-PD-1 and anti-PD-L1 treatment as mentioned above has a superior side effect profile
compared to CTLA-4 inhibitions. The most common irAEs are rash, diarrhea, and coli-
tis. These typically present at grade 1 or 2 and do not require discontinuation of therapy.
Endocrinopathies include hypothyroidism as the most common, thyroiditis, hyperthyroid-
ism, hypophysitis, and adrenal insufficiency [4, 13, 16]. Pneumonitis is a rare irAE but can be
life threatening and occurs more often in lung cancer patients [3, 28].

PD-L1 inhibition was previously theorized to result in fewer irAEs as a result of targeting
the tumor cell ligand and sparing PD-L2 which is more prevalent in healthy tissue, notably
lung cells. Unfortunately, the POPLAR study did not demonstrate reduced irAE with PD-L1
inhibition compared to other trials that reported adverse event rates of PD-1 inhibitors [25].

The first and foremost purpose of checkpoint inhibitors is to determine efficacy either in mono-
therapy or in a combination regimen. One common thread in the clinical trials reviewed and
markedly apparent in clinical trials comparing checkpoint inhibitors to docetaxel is that in sub-
populations with the lowest rate of response to checkpoint inhibitors treatment efficacy is simi-
lar but adverse events are reduced compared to chemotherapy as well as grade 3 or 4 severe
adverse events (Table 2) [18]. Therefore, if in the case of CheckMate 017, CheckMate 057, and
POPLAR, we review the results for patients with minimal PD-L1 expression, EGFR mutants,
and never smokers and observe similar efficacy but reduced adverse events. This argues in
favor of checkpoint inhibition therapy secondary to its improved safety profile [17, 18, 25].

Treatment of grade 3 or 4 irAE typically requires discontinuation of therapy and systemic
immunosuppression with high dose corticosteroids as the first-line therapy. Immune modu-
lators such as infliximab can be used for patients that are steroid refractory. Grade 1 and 2
toxicities can be managed with supportive care alone and may not require discontinuation of
checkpoint inhibition [30].
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Clinical trial Line of treatment Treatment All adverse Grade 3 or 4 AE %
events (AE) %

CheckMate 017 3 Nivolumab 3 mg/kg every 2 58 7
weeks 86 55
Docetaxel 75 mg/m?2 every 3
weeks

CheckMate 057 3 Nivolumab 3 mg/kg every 2 69 10
weeks 88 54
Docetaxel 75 mg/m?2 every 3
weeks

Keynote-010 2/3 Pembrolizumab 2 mg/kg 63 13*
every 3 weeks 66 16*
Pembrolizumab 10 mg/kg 81 35*

every 3 weeks
Docetaxel 75 mg/m?2 every 3

weeks

POPLAR 2 Atezolizumab 1200 mg every 67 40
3 weeks 88 53
Docetaxel 75 mg/m?2 every 3
weeks

AE, adverse events.
"Annotates data including grade 3, 4, and 5.

Table 2. Summary of adverse events in trials for checkpoint therapy in second line setting compared to docetaxel therapy.

5. PD-L1 expression

PD-L1 expression has been looked at extensively to identify patients who will confer benefit
from checkpoint inhibitor therapy. Most studies to date have demonstrated increased PD-L1
expression as a positive prognostic indicator of response but there is substantial debate in its
appropriateness for patient selection for therapy. In KEYNOTE 001 and KEYNOTE 010, PD-
L1 expression was utilized as inclusion criteria for enrollment where patients demonstrating
at least 1% expression were eligible for the trial and divided into cohorts of 1-49% expression
and >50% expression [13, 14]. The FDA-approved pembrolizumab for second-line therapy of
advanced NSCLC for PD-L1 expressing patients only, defined as patients with >50% PD-L1
expression on tumor cells. In CHECKMATE 017, PD-L1 was neither significantly prognostic
nor predictive of efficacy although this study was not powered for this subset analysis [17].
In CHECKMATE 057, PD-L1 expression was strongly correlated with ORR and predictive
of OS [18]. POPLAR interestingly investigated both tumor cell and immune cell expression
of PD-L1 and found both were prognostic of response to PD-L1 inhibition with significant
improvement in OS with increased expression. OS in patient with TCO and IC0 was consistent
with that of the docetaxel treatment group (Table 3 for comparison of studies) [25].

While several studies have supported the finding of PD-L1 as a prognostic and predictive fac-
tor there is debate on how to use this information if at all. First, PD-L1 expression assays have
varied across studies to include usage of Dako 28-8, Dako 22C3, Ventana SP142, and Ventana
SP263 [31]. Second, the cut-off expression percentage has varied throughout published trials
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and includes exclusion of a small proportion of responders. Finally, PD-L1's expression is
dynamic calling into question the reliability in its use as a biomarker if expression varies by
time accessioned, recent treatment, and variability in expression between sites biopsied [31-33].
To answer some of these questions, the “Blueprint Project” was established to formulate the
cross-platform standards for PD-L1 positivity [34]. Ultimately, we hope to either validate one
assay or demonstrate consistent reliability between assays of PD-L1 expression. As we continue
to learn the complex symphony of the tumor microenvironment it is likely PD-L1 expression
will be one of many prognostic tests utilized to tailor individual treatment.

6. Genomics and predicting clinical efficacy to checkpoint inhibition

While checkpoint inhibition appears promising at this time, it confers improvement of overall
survival in only a minority of patients. Yet, many patients that do respond to checkpoint inhibi-
tion demonstrate durable response to therapy making patient selection and identifying predic-
tive and prognostic factors necessary for future clinical decision-making. Despite the numerous
studies that have found PD-L1 expression to correspond with disease response, PD-L1 expres-
sion is not without its own shortcomings with the most significant being its validity and its nega-
tive predictive value. There is a large variability in mutation burden within tumor types ranging
from tens to thousands of mutations. This heterogeneity is appreciated in NSCLC secondary to
the variability within the disease compared to smokers, nonsmokers, and patients with driver
mutations such as EGFR-mutant [35]. In the studies reviewed here, smoking has been found to
correspond to clinical efficacy while decreased clinical efficacy was found in checkpoint inhibi-
tor therapy with EGFR-mutant patients and nonsmokers [3]. Significant research is currently
underway evaluating molecular determinants of clinical benefit to include evaluating for muta-
tional load, mismatch-repair deficiency, and isolating specific somatic neoepitopes [36, 37]. Rizvi
et al. [35] found using whole-exome sequencing of NSCLC patients treated with pembrolizumab
that higher nonsynonymous mutation burden in tumors was associated with improved objec-
tive response, durable clinical benefit, and PFS. In a recently published genetic analysis of clinical
response to anti-CTLA-4 in melanoma tumors, evaluating neoantigens was assessed in patients
with clinical response. They found the presence of the neoepitope signature peptides correlated
strongly with survival. They also found a correlation with high mutational load. Although this
was not statistically significant in their study to support clinical benefit, the mutational load seen
in many lung cancer patients make this an interesting topic for future research [36].

7. Conclusion

Lung cancer remains the leading cause of cancer-related mortality worldwide with the
majority of NSCLC patients presenting with advanced stage disease. We now have robust
literature demonstrating both efficacy and increased safety using checkpoint inhibition com-
pared to standard of care chemotherapy in advanced stage disease. Still, immunotherapy and
its efficacy in treatment of NSCLC as well as our understanding of how to best utilize this
therapy remains in its infancy. We currently have data to support improved efficacy with



Checkpoint Inhibitors in Nonsmall Cell Lung Cancer
http://dx.doi.org/10.5772/64611

advanced stage disease with checkpoint inhibition in the first and second line. CheckMate
026, NCT02041533, is investigating nivolumab in the first-line setting compared to standard
of care therapy, platinum doublet chemotherapy, in advanced NSCLC patients with PD-
L1 expressing tumors [20]. CheckMate 227, NCT02477826, is a multiarm study comparing
nivolumab vs. nivolumab+ipilimumab vs. standard of care therapy platinum doublet chemo-
therapy + nivolumab in the first-line setting [21]. KEYNOTE 042, NCT02220894, is an ongoing
clinical trials investigating pembrolizumab in the first-line setting in PD-L1 expressing tumors
[38, 39]. Atezolizumab is the first FDA-approved PD-L1 inhibitor approved in the second-line
setting. As more studies mature, we look to further understand checkpoint inhibition in com-
bination therapy, the sequence of therapy, and defining the appropriate population.

An additional question which remains unanswered is the efficacy of checkpoint inhibitors in
early stage disease. Also, which patients benefit the most from checkpoint inhibition is still
to be determined. It is generally accepted that patients who are smokers, have squamous
histology, high expression of PD-L1, and a high mutational load are more likely to respond to
checkpoint inhibition, whereas patients who are nonsmokers, EGFR-mutant, minimal or no
PD-L1 expression, and low mutational load are less likely to respond to checkpoint inhibition.
Future investigation will help delineate which of these factors can reliably predict response to
therapy. The ability for us to define mechanisms by which tumors evade our immune system
complemented with our ability to predict response will hold the key to successful incorpora-
tion of immunotherapy in a wide population of patients with lung cancer.
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Abstract

In this article, we introduced the background knowledge of lung cancer management and
considered repurposing old drugs to overcome therapy bottleneck. We chose metformin
to prove both its antihyperglycemia and antitumor formation effects. Based on the met-
formin-related AMPK-dependent pathway, we tried to explore the AMPK-independent
pathway in inhibition of lung tumorigenesis by metformin. Using preclinical data mining
from clinical settings with a literature review, we attempted to clarify the role of metfor-
min in lung cancer management. Additional objective and strong evidence are needed
using randomized control studies to verify the benefit of metformin in clinical practice.
Furthermore, we proposed two lung cancer animal models and showed the establish-
ment processes thoroughly. We hope that these two lung cancer animal models provide
a useful platform for furthering old drug repurposing as well as new drug investigations
in the future.

Keywords: lung cancer, metformin, animal model, AMPK pathway, orthotopic injection

1. Introduction

1.1. Background

Lung cancer is known as a major cause of cancer-related mortality worldwide. Newly discov-
ered drugs focus on the issue of improving survival and need vast time and investment. In Ref.
[1], it was estimated that it took 13 years and cost of 1.8 billion dollars for one newly developed
drug. Additionally, just only one of the 5000 promising antitumor agents had the potential
to pass the U.S. Food and Drug Administration (FDA) regulation and obtain final approval.
With respect to currently used drugs, it is convenient to quickly access the “repurposing” or
“repositioning” effect of converting them into anticancer management. In recent years, more
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and more studies have involved the antidiabetes drug metformin. Initially, Evans et al. [2]
observed that patients with type 2 diabetes mellitus (DM) under metformin treatment had a
reduction of cancer incidence. It caused a 23% reduction of risk of any cancer for the metfor-
min group. Though it was an observational study, more and more research and experimental
designs followed the path. Bo et al. [3] showed that the cancer incidence of type 2 DM patients
with metformin was lower than that compared with other oral antidiabetic (OAD) agents. For
pancreatic and colon cancer patients, Currie et al. [4] found that the metformin users among
the type 2 DM group had lower cancer incidence. For breast cancer patients, some studies
found that metformin was beneficial for neoadjuvant chemotherapy groups [5,6]. Regarding
animal models, Algire et al. [7] proved the efficacy of metformin in lung cancer. From the pre-
liminary result of above studies, we could understand the utilization of metformin in different
types of cancers, including lung cancer.

1.2. Diabetes mellitus and metformin

Diabetes mellitus is a common metabolic disease, and the associated prevalence is approxi-
mately 7-10% [8]. Patients with DM have higher risk of cardiovascular disease, nephropathy
(renal function impairment), retinopathy and polyneuropathy (numbness of distal part of four
limbs). It is known that hyperglycemia is crucial for the development of many cancers, includ-
ing breast, liver, colorectal, kidney and lung cancer. Among the diverse ODA agents for type 2
DM, metformin was the common first-line choice worldwide. It is estimated that approximately
120 million patients initially took metformin for controlling blood sugar. Moreover, the safety of
metformin is confirmed due to a lower incidence of lactic acidosis compared with other OAD.

Metformin (N',N'-dimethylbiguanide) belongs to the biguanide class. It possesses hypoglyce-
mic effect by inhibition of gluconeogenesis. Further it could lower insulin resistance, which is
very important for cancer growth. From earlier studies, scientists found metformin could acti-
vate the adenosine monophosphate-activated protein kinase (AMPK) pathway to negatively
regulate the mammalian target of rapamycin (mTOR) pathway with the aid of liver kinase
B1 (LKB1) [9,10]. The mTOR pathway helps proliferation for cell viability [11]. Therefore,
metformin could demonstrate an antiproliferative effect in cells, even for cancer cells. Based
on this implication, metformin showed the potential for an antitumor effect. In addition to
the AMPK-dependent pathway, some studies supposed metformin could exert an AMPK-
independent pathway in dealing with tumorigenesis [1]. Later, we will focus on the issue of
the antitumor effects of metformin in lung cancer.

2. Mechanism of metformin on antitumorigenesis

2.1. The antitumor effect of metformin
2.1.1. Metformin corrects hyperglycemia

Metformin can accumulate within the matrix of mitochondria, and it could exert the inhi-
bition of the complex I of the mitochondrial electron transport chain. Further, reduction of
nicotinamide adenine dinucleotide hydride (NADH) oxidation can also cause the reduction
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of synthesis of adenosine triphosphate (ATP). After the activation of AMP-activated pro-
tein kinase (AMPK)), it enhances catabolic activity instead of the anabolic process. It initiates
transcriptional signal transduction, inhibition of gluconeogenesis, and induction of glucose
uptake into muscle cells via glucose transporters (GLUT2) [12]. Moreover, metformin can
indirectly cause the induction of insulin receptor expression to facilitate insulin sensitivity
and reduce insulin resistance, which is associated with tumor growth [13].

2.1.2. Metformin upregulates AMPK

Metformin can activate AMPK to initiate the downstream signal transduction to affect the
transcription of tumor suppressor liver kinase B1 (LKB1) [14]. Once AMPK is activated, it neg-
atively regulates the mTOR pathway by phosphorylation and activation of tuberous sclerosis
complex 2 (TSC2) and inhibition of downstream small GTPase (RHEB). The mTOR pathway
is crucial for tumor cell survival because mTOR plays a vital role in cell growth, prolifera-
tion and protein synthesis. Moreover, the mTOR pathway could be activated via mitogenic
responsive phosphoinositide 3-kinase/protein kinase B/AKT (PI3K/PKB/AKT) pathway.
When metformin-related AMPK dependent pathway is affected, the inhibition of mTOR sig-
nal transduction and reduction of cancer cell proliferation are achieved [15].

2.1.3. AMPK and p53 pathways

Itis known that p53 can activate numerous genes to negatively regulate the AKT and mTORC1
pathways, resulting in cancer cell quiescence, senescence and further apoptosis. Thus, once
AMPK phosphorylates p53, it could lead to p53-mediated cell cycle arrest in p53-expressing
cells and cell apoptosis for cells with mutated p53 [11].

2.1.4. Inflammatory pathway and metformin

For tumorigenesis, chronic inflammation is attributed to tumor growth and development.
Once the inflammatory process is stimulated, it causes DNA adduct formation and increases
the amount of inflammation biomarkers (such as cytokine/chemokines, immune-related effec-
tors, acute phase proteins, reactive oxygen and nitrogen species, prostaglandins, cyclooxy-
genase-related factors and transcription factors and growth factors) [16]. Like tumor necrosis
factor-alpha (TNF-a), nuclear factor-kappa B (NF-kB) and signal transducer and activator of
transcription 3 (STAT3) are important components of the inflammation reaction. Arai et al. elu-
cidated that metformin reduces the process and production of TNF-a in human monocytes [17].

Reactive oxygen species (ROS) play a vital role in the formation of advanced glycation end
products to enrich oxidative stress. Metformin can reduce the production of endogenous reac-
tive oxygen species via inhibition of mitochondrial complex I [18].

2.1.5. Cell cycle pathway and metformin

Sahra et al. found that metformin has an antiproliferation effect, which is mediated by G1
cell cycle arrest. In a study with prostate cancer cells, metformin-induced cell cycle arrests by
inhibiting the expression of cyclin D1 and retinoblastoma-protein (pRb) [19].
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2.1.6. Angiogenesis and metformin

For tumor cells growth, vast amounts of nutrition and oxygen are needed. As the tumor
enlarges and begins to invade and cause distant metastasis, angiogenesis is the cornerstone.
Tumor cells easily develop pro-angiogenic agents once exposed to a hypoxic environment [8].
The vascular endothelial growth factor (VEGF) formation is the key step. The VEGF group is
consisted of four members (VEGF-A, B, C and D), and VEGF-A is the most potent. VEGF-A
has four isoforms: VEGF-A , VEGF-A, , VEGF-A  and VEGF-A, .. VEGF-A_; functions in
both the angiogenic process and cell growth. Moreover, the angiogenesis process needs a
cofactor (neuropilin; NRP-1) to facilitate the VEGF ligand interaction with the VEGF receptor
(VEGEF-R2) [16,20]. In our previous lung cancer cell line (A549) experiments, the expression of
NRP-1 decreased after the addition of metformin.

2.1.7. Models of metformin using different cell lines

In the beginning, anticancer studies were started from cell lines and animal models (commonly
using a xenograft model). There are a vast number of antitumor studies with metformin on
ovarian cancer, gastric cancer, pancreatic cancer and breast cancer. Some emphasize cell cycle-
related proteins (CD1, CDK4 and CDK6) and some focus on microRNA (miR) regulation and
signal transduction [21-24]. Moreover, cancer stem cells (CSC) were also found to be involved
in the antitumor effect of metformin in both cell lines and xenograft models. The dosage and
administration route of metformin were diverse. We provided a brief summary of previous
findings of the antitumor effects of metformin on different cell lines in Table 1 [21, 22, 24, 25].

Cancer cell Ovarian cancer Gastric cancer Breast cancer, Pancreatic cancer
type prostate cancer,
lung cancer

Lab material 1. Cell line 1. Cell line 1. Cell line 1. Human pancreatic
2. Xenograft model 2. Xenograft 2. Xenograft cancer cells
3. Live tumor analysis 3. miRNA
Mechanism 1. Inhibit tumor 1. Cell cycle- 1. Cancer stem cells 1. microRNA analysis
proliferation (IHC: related protein (CD441, CD24)) 2. RT-PCR
Ki-67|, Cyclin D1}) (CD14,CDK4{,
2. pACC?: downstream CDKG6 |)
target of AMPK 2. Block GO-G1 phase
(pmTORY) 3. Cell proliferation
assay
Results 1. Inhibits angiogenesis 1. Reduced Cyclin D1 1. Metformin reduces 1. Metformin
(IHC stain for VEGF, expression the dosage of up-regulates the
CD-31) chemotherapy expression of miR-
2. Microvessel density: (Doxorubicin) 26a, miR-192 and
CD-31 2. Lung cancer cell let-7c.
3. Inhibits metastasis of line ( A549) 2. Cell migration
ovarian cancer 3. Cell proliferation
4. Enhances cytotoxicity assay
of chemotherapy 4. Metformin suppresses
reagents (Cisplatin: the oncogene:

colony formation assay) HMGA1
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Cancer cell Ovarian cancer Gastric cancer Breast cancer, Pancreatic cancer
type prostate cancer,
lung cancer

Route Oral feeding metformin in i.p. injection Oral intake in 1. i.p. (Xenograft)
drinking water 200 ml (intraperitoneal) drinking water. 2. Cell line
Dosage Reagan-Shaw formula 1. 1 mmol/L, 200 pg/mL (15 mg/kg) 1. 1.i.p: 250 mg/kg
1. Human: 480 mg/60 kg 5 mmol/L (100 uL/mouse)
2. Mouse: 100 mg/kg 10 mmol/L 2. 2. Cell line:
1 or 2 mg/day, i.p., (0~10 mmol/L)
5 times/week for
4 weeks
Reference [24] [22] [21] [25]

Table 1. The associated antitumor mechanism of metformin on different cancer cells.

2.2. Literature review of the present studies on the issue of metformin in lung cancer

First, we searched the articles on PubMed that included with metformin and lung can-
cer in the title. From basic, preclinical research (including cell lines and animal studies) to
observational studies, we attempt to explain the association of the antitumor mechanism by
metformin.

2.2.1. Preclinical studies
2.2.1.1. Metformin and lung cancer cell lines

Initially, Ashinuma et al. investigated the effect of metformin on the inhibition of clonogenic-
ity, cell growth and proliferation using four different lung cancer cell lines [26].

2.2.1.2. Synergistic effect of metformin with chemotherapy reagents

Chemotherapy is widely used for the treatment of advanced lung cancer (stage IIIB and IV).
Some studies aim to overcome chemoresistance by the combination of metformin and chemo-
therapy. The report of Tseng et al. [27] showed metformin mediated the downregulation of
P38 mitogen-activated protein kinase-dependent excision repair cross-complementing 1 and
decreased DNA repair ability. Additionally, it could further sensitize human lung cancer cells
to cisplatin and paclitaxel agents [27,28].

2.2.1.3. Synergistic effect of metformin and tyrosine kinase inhibitors (TKIs)

Tyrosine kinase inhibitors (TKIs) such as gefitinib (Iressa), erlotinib (Tarceva) and afatinib
(Giotrif) are now validated as the first-line therapy for advanced lung adenocarcinoma bear-
ing mutant epidermal growth factor receptor (EGFR). Studies designed to evaluate the pos-
sible synergistic effect of metformin and TKIs were launched. Morgillo et al. [29] showed that
metformin with gefitinib had more obvious antiproliferative and proapoptotic effects in both
cell line and animal models (xenograft).
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2.2.1.4. Synergistic effect of metformin and TKI in EGFR-TKI-resistant lung cancer cell line

First-line TKIs in lung adenocarcinoma encountered the issue of drug resistance due to the devel-
opment of EGFR-resistant strains (such as T790M). To overcome this problem, Li et al. [30] proved
that metformin could reverse epithelial-to-mesenchymal transition (EMT) and interleukin-6 (IL-
6) signaling activation in EGFR-TKI-resistant lung cancer cells. Then, they proved metformin
could increase sensitivity for EGFR-resistant strains to TIKs (gefitinib and erlotinib) therapy.

2.2.1.5. Effect of metformin in radiation therapy for lung cancer

Radiation therapy is one therapy modality for lung cancer patients. However, the possible
effects when adding metformin to radiation therapy are unknown. Storozhuk et al. showed
that metformin may enhance the radiation response of nonsmall cell lung cancer through the
ataxia-telangiectasia mutated protein kinase (ATM) and AMPK pathway [31].

2.2.2. Observational studies
2.2.2.1. Population-based studies in Taiwan

In Taiwan, the National Health Insurance Registered Database (NHIRD) is popular for further
assessment and discovery of medical issues. Experts attempt to find the association between
metformin and lung cancer risk among type 2 DM patients. Lai et al. performed an epide-
miological study and found that in patients treated with metformin, compared with the non-
metformin (other OAD) group in type 2 DM patients, the reduction of lung cancer risk was
approximately 39-45% [32].

2.2.2.2. Population-based studies outside Taiwan

From a retrospective study performed by Tan et al., they defined diabetic nonsmall cell lung
cancer (NSCLC) patients receiving chemotherapy as the first-line treatment. Patients were
divided into three groups: (A) Chemotherapy + metformin; (B) Chemotherapy + insulin, and
(C) Chemotherapy + other OAD. They found that group A had superior median overall sur-
vival (OS) compared with the other two groups (20 months vs. 13.1 months vs. 13.0 months,
respectively, P = 0.007) [33]. Like the NHIRD in Taiwan, the USA has a similar system called
the SEER (surveillance, epidemiology and end results) database. Lin et al. collected 750 dia-
betic patients diagnosed with stage IV NSCLC and showed that the metformin group was
associated with a benefit in survival. The hazard ratio (HR) was 0.80 and 95%, and the confi-
dence interval (CI) is 0.71-0.89, respectively [33,34]. A study by Zhu et al. [35] showed met-
formin was significantly associated with a 16% reduction of lung cancer risk in type 2 DM
patients. The relative risk (RR) is 0.84 and 95% CI (confidence interval was 0.73-0.97, P <0.05).

3. Animal models applied to lung cancer studies

Animal models are indispensable for transforming in vitro studies into an in vivo setting.
Subcutaneous xenograft models are commonly used as lung cancer animal models. In this
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model, lung cancer cell lines are injected subcutaneously to the flank side of nude mice.
Different designed reagents are administered, and the response after medical therapy is
observed. The tumor is not directly initiated from the original lung tissue. Thus, it is an indi-
rect way to observe the so-called lung tumor formation.

Here, we introduced two lung cancer animal models developed in our laboratory. Model 1
was transgenic mice with an overexpression of human vascular endothelial growth factor
(hVEGF)-A, . The model emphasized angiogenesis in the lung cancer formation process.
Model 2 was an in vivo image model of orthotopic lung adenocarcinoma formation in mice
by using dual fluorescence reporting genes (pCAG-iRFP-2A-Venus). We could track the
lung tumor formation and response to therapy more directly. We provide a summary for
these two animal models and compare them with the subcutaneous xenograft model as
shown in Table 2.

Animal models for lung Model 1 Model 2 Current model
cancer study
Mechanism hVEGF-A165 over- Orthotopic lung xenograft ~ Subcutaneous xenograft
expression transgenic (transpleural injected) dual
mice fluorescence reporter
Species of animal Transgenic mice (FVB) Nude mice (BALB/cAnN. Nude mice
Cg-Foxnlnu/CrINARL)
Lung cancer cell line selected  Not applied Ab49 Ab549
Tumor formation site Lung Lung Trunk or flank area
Tumor formation duration Approximately 12 months Approximately 4-6 weeks  Approximately 4-6 weeks
VIS setting No Yes No
Lung tumor formation Direct Direct Indirect
Reference [37] [40] [21]

Table 2. Comparison of our two types of animal models with the current subcutaneous xenograft model for lung tumor
formation.

3.1. Animal model 1: overexpression of human vascular endothelial growth
factor (1VEGF)-A -induced lung tumorigenesis in transgenic mice

3.1.1. Background

When a tumor develops, it demands a vast amount of oxygen and nutrition for tumor growth.
When a tumor is small in size, approximately 10° to 10° tumor cells, it depends on the dif-
fusion effect for nutrition transport. As the tumor enlarges, it must overcome hypoxia and
develop an angiogenic switch, including proangiogenic and angiogenic factors. Once vas-
culogenesis and angiogenesis are established, the tumor can invade extensively and cause
distant metastasis [36]. Based on this theory, we demonstrate lung tumor formation via the
angiogenesis model.
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3.1.2. Materials and methods, see Ref. [37]

1. Create transgenic mice carrying the mccsp-Vegf-A -sv40 transgenic fusion gene

(Figure 1A)

* A 1975-bp mccesp-Vegf-A, ,~sv40 transgene was directly microinjected into pronuclear
stage FVB mouse embryos and then transferred into the fallopian tube of the recipient

females mice.

* Transgenic mice were mated with littermates or normal FVB mice to produce offspring.

* The resulting 12-month transgenic offspring were the candidates for performing the

lung cancer model.

2. Gross picture of homozygous transgenic mice compared with wild-type mice (Figure 1B)

¢ [llustration of the whole picture of lung tissues from transgenic mice (homozygous) and
wild type mice. We can observe the mass with a bulging appearance of lung tissue, with

tumor formation in the transgenic mice (Figure 1B, upper panel).

mCCSP promoter MV EGEFA e eDINA SV40 poly(A)
Neol

Nra 1 Psi 1 Bgin Sapl

Normal lung VEGF-Auss lung Wt. mice Tg. mice

VEGF-Aws[im o | [ |
GAPDH [= wm o] [ o w]
]

w

-

(fold)

e

VYEGF-Auss ratio

Wild-type Transgenie
mice mice

Figure 1. Animal model 1 for overexpressing human vascular endothelial growth factor (#VEGF)-A, -induced lung
tumorigenesis in transgenic mice. (A) Construction map of hWVEGF-A, ; overexpression, which is controlled by mouse
Clara cell-specific protein (mccsp) promoter. The structure of the transgene is approximately 1975-base pairs in length.
(B) The whole exterior (upper panel) and histopathologic sections of the lung tissues (lower panel) in the transgenic mice
(right side) and wild-type mice (left side). (C) Western blot analysis of the hVEGF-A  protein expression level in the

lung tissue of wild type and transgenic mice (upper panel) and the quantification data.
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3. Histopathologic analysis of the lung tissue in transgenic mice and wild-type mice
(Figure 1B)

* From the lower part of Figure 1B, we can easily find the lung tumor formation with
bizarre cell shapes and increased nucleus/cytoplasm (N/C) ratios in the lung tissues of
transgenic mice. The wild type mice showed no tumor-specific appearance.

4. Validation of hVEGF-A , protein expression of transgenic mice was performed by west-
ern blot analysis

* In the lung tissue of 12-month transgenic mice, the western blot data proved, there
were more than 5-fold higher levels of VEGF expression compared with wild type mice
(Figure 1C).

3.2. Animal model 2: dual fluorescence reporting genes expressed by an in vivo
imaging model of orthotopic lung adenocarcinoma in mice

3.2.1. Background

In cancer research, it is important to perform in vivo animal experiments to further mimic the
effects on human beings. During the study period, it is necessary to record images simultane-
ously. Real time imaging depends on the in vivo image system (IVIS). The creation of good IVIS
images is necessary and demands comprehensive consideration. The property of good IVIS
images requires an optimal imaging window. For the mammalian tissue study, obtaining deep
optical images requires near-infrared (NIR) fluorescent probes. The NIR optical window is
around from 650 to 900 nm. Under this optical window, mammalian tissue is considered more
transparent to light due to the limited combined absorption of water, melanin and hemoglobin.
Moreover, under this spectral region, it could eliminate autofluorescence and have low light
scattering [38]. The common used near-infrared fluorescent proteins (iRFP) included iRFP670,
iRFP682, iRFP702 and iRFP720 [39]. Based on this concept, we designed a near-infrared fluores-
cent mice tumor model to further evaluate the IVIS expression during lung tumor formation.

3.2.2. Material and methods, see Ref. [40]

3.2.2.1. Construction of dual fluorescence-expression vector

* The construction map of the pCAG-iRFP-2A-venus transgene is shown (Figure 2A).

¢ Transfection of lung adenocarcinoma cell line (A549) with pCAG-iRFP-2A-venus expres-
sion was performed. The iRFP can show red fluorescence. Venus can show green fluores-
cence. And DAPI (4,6-diamidino-2-phenylindole) emits blue fluorescence in cell nuclei as
a background control (Figure 2B).

3.2.2.2. Orthotopic lung injection with transfected A549 lung adenocarcinoma cells

* Animal species: Four-week-old male nude mice (BALB/cAnN.Cg-Foxnlnu/CrINARL)
was used.
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¢ A total of 2E+6 iRFP-2A-venus A549 cells were directly injected orthotopically into the
transpleural cavity on the left lung side of nude mice.

¢ IVIS imaging recorded lung tumor formation (Figure 2C).

3.2.2.3. Histopathologic analysis confirms the tumor formation of orthotopic lung injected nude mice,
which had iRFP-2A-venus A549 expression

¢ By examining the tissues with an H&E stain, we observe abundant tumor cells formation
in the orthotopically injected iRFP-2A-venus A549 cells in mice lung tissue (Figure 2D,
upper panel).

¢ Using immunohistochemistry (IHC) and staining with antivenus, lung tumor formation
was found (Figure 2D, lower panel).

MR [i-merin Imtrom IRFPeDNA IA Veuirs eDIVA - SVED Polv{ AR
Fakanter Framaser
B. DAPI Venus
Left xide

(Cell-imjected H&E

side]
=5
Righi side

Figure 2. Animal model 2 for dual fluorescence reporting genes expressed by in vivo imaging model of orthotopic
lung adenocarcinoma in mice. (A) Construction map of dual fluorescence expression vector, pPCAG-iRFP-2A-venus
transgene. (B) Three different fluorescence signals were used in iRFP-2A-Venus A549 cells expressed under a
fluorescent microscope: DAPI (blue), iRFP (red) and venus (green). Scale bar: 50 um. (C) The IVIS imaging analysis
of nude mice that received iRFP-2A-venus A549 cells by orthotopic injection. Color scale: Max: 4.56e+7, Min: 2.02e+7.
(D) Histopathologic study of nude mice lung tumors after receiving iRFP-2A-venus A549 cells by orthotopic
injection. L and R represent left and right lungs, respectively. The left side column (a) and (c) represent H&E and
IHC expression on the longitudinal sections of lung tumors, respectively. The brown color of antivenus expression
in column (c) and (d) indicates lung tumor formation. The scale bar in columns (b) and (d) is 100 pm.
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4. Conclusion

First, we presented a brief introduction of the antihyperglycemic effect of metformin. More and
more studies have involved the repurposing of metformin due to its observed antitumor effects.
Observational studies found lung cancer patients with type 2 DM under metformin treatment
had better outcomes. Through a literature review, we initially sought to examine the potential
antitumorigenic effects of metformin in a preclinical setting. Population-based research revealed
the survival benefit of type 2 DM patients with metformin under cancer management. Based
on the AMPK-dependent pathway, we attempted to discover an AMPK-independent pathway
(such as angiogenesis, inflammation, etc.) related to metformin. Later, we illustrated two ani-
mal models of lung cancer utilized in our research group. Model 1 focused on the angiogenesis
pathway. Overexpression of human VEGF-A, ; transgenic mice model provided further clues
for tumor formation. Model 2 emphasizes the in vivo image of dual fluorescence reporting gene
expression created by orthotopic lung injection. IVIS-aided analysis helped track the lung ade-
nocarcinoma formation in real time. This method could shorten the waiting time for lung tumor
formation in animal studies. Furthermore, we aim to integrate these two animal models with
metformin in a stepwise manner. We look forward to thoroughly elucidating the antitumor
effects of metformin for lung cancer management based on current animal model platforms.
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Abstract

In 1920s, Otto Warburg made the observation that cancer cells utilize significantly more
glucose than normal, healthy cells, which led him to believe that cancer cells relied on
glycolysis more than healthy cells. However, many subsequent studies have shown that
glucose is not only necessary for glycolysis but also for oxidative phosphorylation and
production of building blocks for the synthesis of other molecules. There are many chal-
lenges associated with studying and treating lung cancer, and there is a diverse set of
metabolic factors influencing the tumorigenesis and metastasis of lung cancer. Lung can-
cer cells rely heavily on mitochondrial respiration, and several studies have shown that
inhibiting mitochondrial function is an effective method to combat lung cancer. Several
agents have been used to inhibit mitochondrial function, including cyclopamine and
metformin. Further, more research has noted increased levels of heme flux and function
as critical to intensified oxygen consumption and accompanying amplified pathogenesis
and progression of lung cancer. The upregulation of mitochondrial DNA and biogenesis
genes are also correlated with lung cancer. In this chapter, we will cover these recent and
emerging topics in lung cancer bioenergetics research.

Keywords: heme, mitochondrial respiration, respiration genes, oxidative fuels,

glutamine, cyclopamine

1. Introduction

Cells perform a variety of diverse functions and processes, all of which require some form of
cellular energy. The general currency of cellular energy exists as adenosine triphosphate, a
high energy molecule created by two main bioenergetic pathways: glycolysis and oxidative
phosphorylation.
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Glycolysis, which translates to “sweet splitting,” is the process of breaking down a substrate,
usually glucose, through a series of steps to produce two ATP molecules. This process does
not require oxygen, and it is sometimes referred to as anaerobic respiration. To begin the
process, glucose transporters allow glucose uptake into the cell [1]. Hexokinase then phos-
phorylates glucose, which becomes glucose-6-phosphate. Glucose-6-phosphate isomerase is
an enzyme that catalyzes the reversible isomerization of glucose-6-phosphate and fructose-
6-phosphate which follow the pentose phosphate pathway that produces nucleotides and
NADPH, or the glycolytic pathway to make lactate. Fructose-6-phosphate undergoes a reac-
tion facilitated by phosphofructokinase-1 to become fructose-1,6 bisphosphate, which then
becomes glyceraldehyde-3-phosphate for glycolysis or dihydroxyacetone phosphate to help
create lipids. Glyceraldehyde-3-phosphate becomes glycerate-2-phosphate by glyceralde-
hyde-3-phosphate dehydrogenase. Glycerate-2-phosphate becomes phosphoenol pyruvate
via enolase. To produce the two ATP of glycolysis, pyruvate kinase catalyzes the conversion of
phosphoenol pyruvate into pyruvate (see Figure 1). Finally, pyruvate is converted to lactate,
a process which is mediated by the enzyme lactate dehydrogenase-A. This process generates
NAD" from NADH. The production of NAD* allows the process of glycolysis to be cyclical.
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Figure 1. Cells use lipids, glutamine, protein, and glucose in order to gain energy. Many of these substrates, including
those produced by glycolysis eventually lead into the tricarboxylic acid (TCA) cycle. The steps involved in ATP synthesis
or consumption are marked in red. Those involved in utilization or production of GTP are marked in pink, while NAD*/
NADH and FAD/FADH, are in blue. The numbers of ATP/GTP and NADH/FADH, produced by glycolysis and by the
tricarboxylic acid cycle are indicated.
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Oxidative phosphorylation has many more steps than glycolysis, and it requires oxygen.
Oxidative phosphorylation creates significantly more ATP per substrate molecule than does
glycolysis. It is a slower process, and it is made possible by mitochondrial respiratory chain
complexes.

Mitochondria are the site of oxidative phosphorylation (see Figure 2). Mitochondria are pres-
ent in many diverse types of cells in eukaryotes, and they are capable of producing large
quantities of energy. The respiratory chain complexes in mitochondria are responsible for
facilitating the reactions associated with oxidative phosphorylation. Consequently, the
unique bioenergetics of cancer suggests altered mitochondria. Indeed, some genes have been
found to be mutated in mitochondria (see Figure 2).
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Figure 2. Mitochondrial and heme function in cellular bioenergetics. Bioenergetic fuels, including glucose, glutamine,
and fatty acids, can generate metabolites that feed into the tricarboxylic acid (TCA) cycle. Through oxidative
phosphorylation, NADH and FADH, generated from the tricarboxylic acid cycle can be used to generate a large amount
of ATP. Heme is a central molecule in mitochondrial function and oxidative phosphorylation. Heme can be taken up
from the extracellular space via heme transporters HRG1 and HCP1. Heme is also synthesized in mitochondria in most
mammalian cells. Heme serves as a prosthetic group or cofactor for many enzymes in Complexes II-IV. In non-small
cell lung cancer cells, it has been shown that heme flux and function are intensified to support enhanced oxidative
phosphorylation.

The process of oxidative phosphorylation requires several protein complexes, named Complex
I-V, all of which are partly coded by mitochondrial DNA with the exception of Complex II
[2]. Within the inner membrane of the mitochondria, there are electron carriers that are critical
for mitochondrial respiration. Importantly, up to 2% of electrons cycling through the electron
transport chain can escape the process, and this creates reactive oxygen species, or ROS [3].
These ROS can cause significant damage to mitochondrial DNA.
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Pyruvate is transported into the mitochondria or transformed into lactate and nicotinamide
adenine dinucleotide (NAD) by lactate dehydrogenase (LDH). Direct transport of pyruvate into
the mitochondria across the outer mitochondrial membrane, intermembrane space, and inner
mitochondrial membrane is facilitated by mitochondrial pyruvate carrier (MPC). Mitochondrial
pyruvate carrier also facilitates the removal of hydroxide from the mitochondria. Once within
the mitochondrial matrix, pyruvate is converted to acetyl coenzyme A (acetyl CoA) via pyruvate
dehydrogenase catalysis. Acetyl CoA enters the tricarboxylic acid cycle, and succinate is formed
via organic acid oxidation. NADH contains electrons that go through the electron transport chain
(ETC), which consists of mitochondrial Complexes I-IV (see Figure 2). Complex I, alternatively
called NADH dehydrogenase or NADH ubiquinone oxidoreductase, marks the beginning of
the electron transport chain and is also the largest of the five mitochondrial complexes [4]. From
Complex I, the electron transport chain brings electrons toward coenzyme Q through the inner
mitochondrial membrane. Alternatively, electrons can skip Complex I entirely. The transport of
these electrons is mediated by flavin-containing enzyme complexes and they also reach coenzyme
Q via this alternative pathway [5]. From coenzyme Q, electrons are transferred to Complex II1. Yet
another pathway to coenzyme Q is possible via Complex II. Succinate is reduced and the electrons
from the reduction of succinate are taken to coenzyme Q and Complex III. Complex III and cyto-
chrome c shift electrons to Complex IV. The movement of electrons over the inner mitochondrial
matrix by Complexes I, III, and IV creates a proton gradient. This causes protons to enter the
mitochondrial matrix, a process allowed by Complex V, ATP synthase (V), and causes the produc-
tion of ATP (see Figure 2). Taken together, Complexes I-V facilitate oxidative phosphorylation
and can create up to 36 mol of ATP per mol glucose. ROS created via oxidative phosphorylation
can be used to regenerate NAD". It is important to note that many cancer cells prefer glutamine
as opposed to glucose [6]. This may be because cancer mimics the effects of starvation on the
body. During starvation, the body utilizes amino acids from a pool of amino acids, and then
breaks down skeletal muscle to replenish the pool of amino acids. One of the major amino acids
consumed in this process is glutamine, the very same amino acid substrate which many cancer
cells are remarkably adept at converting for energy. Many glycolytic molecules are considerably
upregulated in cancer, including hexokinase II, glucose transporters, pyruvate kinase, and lactate
dehydrogenase-A [1]. These molecules serve as targets for chemotherapy drugs. In the same way,
many oxidative phosphorylation enzymes and molecules are differentially regulated in cancer.

2. Unique clinical problems of lung cancer

Lung cancer screening with low-dose computer tomography has proven to be effective in sig-
nificantly reducing mortality of lung cancer patients through detection of nonsymptomatic
patients at early stages [7]. These early stage patients are typically treated with surgical or radio-
logical procedures followed by periodical surveillance with radiographic imaging. Although
these curative treatments have been successful in saving many of these patients from lung
cancer, 30-60% of the patients are predicted to present with local or distant recurrences (mostly
within 5 years, but some beyond the first 5 year period) [8]. This is a unique problem for lung
cancer that limits overall survival rates in these patients to less than 60% despite early detec-
tion, as compared with greater than 95% in the case of early stage prostate or breast cancers [9].
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If these patients can be accurately identified at the time of initial treatment, adding appropri-
ate adjuvant therapy to their initial treatment plan may significantly increase their survival
rates. However, adjuvant chemotherapy on Stages I-III non-small cell lung cancer (NSCLC)
patients showed only marginal 5-year overall survival benefits of less than 6% in meta-analyses
of recent clinical trials [10, 11]. Neither epidermal growth factor receptor-targeting therapy
nor immunotherapy showed significant benefits in adjuvant settings for early stage NSCLC
patients [12, 13]. Thus, no methods are currently available to effectively treat these patients.
However, several recent experiments strongly suggest that targeting mitochondria will yield
effective strategies to treat lung cancer patients in the future [14-18].

3. Lung cancer cells are extremely susceptible to inhibitors of
mitochondria

Several studies have suggested that inhibiting mitochondrial function makes drug-resistant
tumors more sensitive to treatment [14-16, 18]. When oxidative phosphorylation was suppressed,
cancer became less able to proliferate in an anchorage-independent manner [14]. This drastically
limits the tumorigenic capacity of cancer cells. Because mitochondria are crucial for the electron
transport chain and therefore oxidative phosphorylation, two processes which are especially
prominent in cancer cells, inhibiting mitochondrial function essentially starves the cancer cell of
ATP, affecting processes such as growth and metastasis of tumors. However, because healthy
cells have drastically lower levels of oxidative phosphorylation and often significantly lower
energy requirements, healthy cells are not as strongly impacted as cancer cells and can maintain
functionality. Consequently, when the mitochondria of tumor cells are tampered with to inhibit
oxidative phosphorylation, these tumor cells become significantly more susceptible to cytotoxic
drugs [16, 19]. Agents such as cyclopamine tartrate, a water-soluble derivative of a molecule
found in corn lilies [20]; metformin, an antidiabetic drug [18]; BAY 87-2243, a lead structure [15];
and microRNA-126, a microRNA [21] have shown potential to interfere with normal mitochon-
drial function in cancer cells. These molecules interact with various aspects of mitochondrial
function, such as interfering with Hedgehog signaling and inhibiting Complex I. Cyclopamine
tartrate functions by inhibiting Hedgehog signaling [20]. Cyclopamine was the first chemical
found which effectively inhibited Hedgehog signaling. Cyclopamine tartrate is an analog of
cyclopamine, but it is more soluble in water than cyclopamine. The mechanism by which cyclo-
pamine and cyclopamine tartrate work has been studied extensively. Smoothened (SMO) is a G
protein-coupled receptor. SMO is responsible for facilitating Hedgehog signaling. Cyclopamine
tartrate inhibits SMO, thereby inhibiting Hedgehog signaling. In NSCLC HCC4017 cells, studies
have demonstrated intensified oxygen consumption compared to benign HBEC cells from the
same patient [20]. Low levels of glucose also contribute to higher oxygen consumption rates, and
low levels of glutamine lower oxygen consumption rates. Low levels of glucose also encourage
NSCLC cells to utilize glutamine, and low levels of glutamine contribute to increased glucose
consumption. Although NSCLC cell lines have varying levels of sensitivity to cyclopamine tar-
trate, this agent can be used to induce apoptosis by targeting these aerobic respiration path-
ways. Further, Cyclopamine tartrate helps generate ROS, which disturb the mitochondria in
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tumor cells. Cyclopamine tartrate can cause mitochondrial fission and fragmentation in several
types of NSCLC cells, including H1299, A549, and H460 cells. Consequently, cyclopamine tar-
trate reduces mitochondrial respiration. Metformin has been used for years to combat Type II
diabetes, but as of 2001, scientists were only beginning to take note of the anticancer properties
of the drug in mammals [22]. Scientists also noticed that those individuals taking metformin
for diabetes had lower overall rates of cancer. Recently, researchers have shed some light onto
the mechanism of metformin. Metformin inhibits mitochondrial Complex I by reducing oxygen
consumption in the presence of malate and pyruvate, which create NADH as a substrate for
Complex I [23]. Metformin has also been reported to interrupt the tricarboxylic acid cycle, the
methionine cycle, and the folate cycle, as well as decrease nucleotide synthesis.

4. Enhanced heme function is important for NSCLC cells

Heme, or iron protoporphyrin IX, is notably and inextricably linked with oxygen transport,
storage, and utilization. Most mammalian cells can synthesize heme de novo. Many cells also
uptake heme via heme transporters, such as HRG1 and HCP1. Heme is important for neuro-
genesis, circadian rhythm, erythroid biogenesis, and pancreatic development and functions
as a prosthetic group for hemoglobin, myoglobin, cytochromes, peroxidases, and catalases
[24]. Heme directly regulates transcription, cell cycle, cell death, and protein synthesis [25-
29]. When heme levels are too low or too high, therefore, many diverse processes are affected.
There are several diseases associated with altered heme levels. These include anemia, por-
phyrias, Alzheimer’s disease, Parkinson’s disease, Type-2 diabetes, coronary heart disease,
and several types of cancer including colorectal, pancreatic, and lung cancers [25, 30].

When levels of heme flux and function are increased, levels of oxygen utilization are also
increased. Intensified oxygen consumption allows increased cancer cell proliferation and func-
tion [17]. Recent research suggests that non-small cell lung cancer (NSCLC) cells upregulate
proteins that stimulate heme synthesis, uptake, and function. When these proteins abound,
heme is significantly upregulated, and aids in lung cancer progression. Notably, affected pro-
teins include ALAS, HRG1, HCP1, cytoglobins, and cytochromes [30].

When NSCLC cells were compared to normal cells from the same patient, studies showed
that rates of heme biosynthesis were significantly raised in cancerous cells [30]. ALAS], a rate
limiting enzyme in nonerythroid heme synthesis, is higher in NSCLC cells. Succinyl acetone
has been used to lower heme levels by inhibiting heme synthesis. Succinyl acetone attacks
delta-aminolevulinic acid dehydratase.

5. Mitochondrial respiration and biogenesis genes are upregulated in
lung tumor cells

Lung cancer often has a genetic basis. Up to 60% of lung adenocarcinoma tissues have a driver
mutation. These genes include Kirsten rat sarcoma viral oncogene (KRAS), epidermal growth
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factor receptor (EGFR), anaplastic lymphoma kinase (ALK), and proto-oncogene B-Raf (BRAF)
[31, 32]. In lung adenocarcinoma, the type of NSCLC most frequently found to plague nonsmok-
ers, smoking causes a very different pathway of tumorigenesis [33]. In nonsmokers, there are
four times as many differently expressed genes as in smokers [33]. This is thought to be due to
the lung tumor locally evolving in nonsmokers. By contrast, in smokers the lung tumor is thought
to evolve from a patch of genetically altered tissue. Furthermore, some of the genes that were
found to be upregulated in smokers were upregulated more depending on how frequently the
smoker smoked. Malic enzyme (ME) expression is also significantly increased in the lung tissues
of smokers compared to nonsmokers [34]. The EGFR pathway is the most common signaling
pathway for lung cancer, and the mutation rate of genes of the EGFR pathway reach 70-80% [32].
About 30-35% of lung adenocarcinoma genetic variation is attributable to the KRAS mutation. In
NSCLC cells, 97% of KRAS mutations occur in codon 12 or 13, and by testing codon 12 for KRAS
mutation in bronchoalveolar lavage, scientists can diagnose lung cancer. Some labs have iden-
tified proteins that are overexpressed significantly in lung adenocarcinomas. Particularly, ATP
synthase subunit d (ATP5D) is significantly over-expressed in lung adenocarcinomas (tumor:
n =93, 1.155 + 0.418; normal: n = 10, 0.663 + 0.210; p value: <0.0001) [35]. Some common marker
genes include neuron-specific enolase, carcinoembryonic antigen, cytokeratin 19 fragments
(CYFRA 21-1), squamous cell carcinoma antigen, cancer antigen CA 125, and tissue polypeptide
antigen, although no one marker gene is as efficient as multiple marker genes at predicting and
diagnosing lung adenocarcinomas. Both ME and ATP-citrase lyase (ACLY) are enzymes related
to aerobic glycolysis and fatty acid synthesis. They are both correlated with NSCLC cells, and
ACLY tends to be more localized, whereas ME tends to signify mediastinal lymph nodes, a site
of metastasis in the human body [34]. Interestingly, in young patients, overexpression of ACLY
and/or ME correlated with extended survival compared to patients who did not overexpress
ACLY and/or ME. However, in older patients, overexpression of ACLY and/or ME is predictive
of shorter period of survival as compared to patients who do not overexpress ACLY and/or ME.
It can therefore be inferred that potential rising treatments must take into consideration the age
group of the afflicted patient. Mitochondrial respiration genes have also been shown to be upreg-
ulated in lung tumor cells. In lung adenocarcinoma, many genes, especially those associated with
mitochondrial respiration, have been shown to be differently expressed than in healthy tissue
[32]. One study noted 535 upregulated and 465 downregulated differentially expressed genes in
lung adenocarcinoma comparing matched tissues of the same patients. One prominent class of
upregulated genes is related to mitochondrial oxidative phosphorylation and the electron trans-
port chain. ATP5D, UQCRC2, NDUFA2, NDUFB8, NDUFA7, NDUFA1, NDUFB1, NDUFS7,
UQCR11, NDUFV1, NDUFV2, and NDUEFS3 are specifically related to bioenergetic pathways
including mitochondrial ATP synthesis-coupled electron transport and the electron transport
chain [32]. Additionally, genes associated with mitochondrial biogenesis are specifically upregu-
lated in circulating lung cancer cells and have been reported to be essential for their metastatic
potential [36]. By studying metastatic cancers, LeBleu et al. investigated the role of peroxisome
proliferator-activated receptor gamma, coactivator 1 alpha (PGC-1a) in enhancing metastatic
potential by increasing oxygen consumption, mitochondrial biogenesis, and oxidative phosphor-
ylation rates. The effect of PGC-1at on respiration appears to be key to allowing metastasis specifi-
cally, and does not appear to strongly affect cancer cell proliferation, epithelial-to-mesenchymal
transfer, or primary tumor growth. Activating mutations in Ras guanosine nucleotide-binding
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proteins result in insensitivity to GTPase-activating proteins [37]. These Ras mutations are com-
mon in human cancers [38]. Activated GTP-bound Ras family members increase glucose uptake
and flux, which partly promotes the survival and proliferation of lung cancer [37]. This effect is
important because it increases the capacity for energy production in lung adenocarcinoma cells.
Activated Ras also increases tricarboxylic acid cycle activity and oxygen consumption, which
further enables cancerous cells to produce energy and therefore increases carcinogenic and met-
astatic potential of cancer cells. Cytochrome c oxidase is activated by Ras [39]. Cytochrome c
oxidase contains 3 mitochondrial DNA-encoded and 10 genomic DNA-encoded subunits and
forms Complex IV of the electron transport chain [40]. In some types of cancer, levels of cyto-
chrome c oxidase are significantly elevated [40, 41]. Without activated cytochrome c¢ oxidase,
A549 lung adenocarcinoma is incapable of growth [37]. Still more mutations in nuclear genes
affecting mitochondrial form and function have been linked with lung cancer. Succinate dehy-
drogenase, including SDHB, SDHC, and SDHD genes, and isocitrate dehydrogenase, including
IDH1 and IDH2 genes, code for mitochondrial components [42]. By affecting the structure of the
mitochondria, these genes affect the function of the mitochondria, and consequently are associ-
ated with or considered causal to cancer. Due to the large genetic variation between lung tumor
cells, or tumor heterogeneity, chemoresistance is a major problem in lung cancer treatment. Many
chemicals which are effective on certain types of lung cancer are not effective on other types
of lung cancer. Furthermore, individual tumors possess intratumoral heterogeneity. That is, the
tumor has nonidentical cells. Therefore, while some cell types may respond favorably to treat-
ment, other cell types may not. Consequently, over time, these cell types begin to dominate the
tumor and the tumor becomes chemoresistant by acquiring genetic and epigenetic changes. This
process was first proposed by Nowell as clonal evolution [43]. Understanding tumor heterogene-
ity and variation among NSCLC categories therefore significantly increases the ability of research
to successfully unearth potential treatments and cures for lung cancer.

6. Mitochondrial DNA is correlated with lung cancer

Mitochondrial DNA is especially susceptible to reactive oxygen species because it does not have
protective histones and introns [44]. Further, mitochondria lack the capacity to repair damaged
mitochondrial DNA. Consequently, mitochondrial DNA mutates more frequently than other
genomic DNA [45]. The instability of mitochondrial DNA can have devastating effects on the cell,
including mutations and copy number alterations [2]. Both germline and somatic mitochondrial
DNA defects are associated with cancer. Mitochondrial DNA is thought to be able to function
as a driver or as a complementary gene mutation of carcinogenesis according to the multiple-hit
model, thereby allowing increased clonogenic and/or mutagenic capacities in cancer cells [2]. To
combat these mutations, mitochondria increase their copy number drastically. Some studies sug-
gest that the number of copies of mitochondrial DNA is strongly correlated with carcinogenesis
[44, 46]. This relationship has been supported by several other labs [47, 48]. This relationship has
been especially noted in lung adenocarcinoma. It is important to note that some diseases have a
causal effect with cancer, and may also increase mitochondrial DNA copy number. To overcome
this bias due to a latent disease, mitochondrial DNA was measured in peripheral white blood
cells. The results suggested that even in the absence of a causal disease, increased copy number
is indicative of an increased risk of lung cancer [44]. Importantly, this connection does not hold
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true for all types of cancer [47, 48]. Some cancers express lower mitochondrial copy numbers.
However, in lung adenocarcinoma, the mitochondrial copy number is increased compared to
controls. There is also a strong correlation between mitochondrial DNA copy number and TFAM
(Transcriptional Factor A, Mitochondria) expression [48]. TFAM is a factor for transcription and
replication and in nucleoids. TFAM binds to mitochondrial DNA. Significantly, the gene set
responsible for controlling the tricarboxylic acid cycle and respiratory electron transport is most
commonly correlated to copy number. In NSCLC cells, epithelial-to-mesenchymal transition is
thought to be the critical moment defining metastatic potential [49]. It is thought that during
epithelial-to-mesenchymal transition, the copy number of mitochondrial DNA is altered. In A549
cells, copy number increased from 1700 to 2800 during epithelial-to-mesenchymal transition.

7. Stromal cells in the tumor microenvironment contribute bioenergetic
molecules to cancer cells

Despite the deregulation of normal metabolic processes in tumor cells and the many contribu-
tors to mitochondrial dysfunction, tumors still have remarkable capacity to perform oxidative
phosphorylation. This is in part due to a phenomenon where surrounding tissues contribute
fuel sources to tumor tissues [50]. A two-compartment model was proposed in 2012 to explain
this process [51-53]. Glycolytic stromal cells produce 1-lactate and ketone bodies which are
utilized by oxidative epithelial cancer cells. The metabolites produced by these fibroblasts
(see Figure 3) provide fuel for cancer proliferation via oxidative phosphorylation [54]. This
process is thought to be mediated by pyruvate kinase isoforms. Glutamine helps to fuel this
process [55-57]. It appears as though the tumor cells take advantage of the stromal cells in a
form of micro-level commensalism [52].
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Figure 3. Metabolic fuels for tumor cells. Cancer cells use a variety of bioenergetic substrates including glucose,
glutamine, fatty acids, and ketones. Stromal cells in the tumor microenvironment can provide various oxidative fuels
depending on their characteristics. Shown here are adipocytes and fibroblasts.
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8. Summary

Emerging evidence increasingly shows that mitochondrial respiration is key to cancer bioen-
ergetics. Particularly, heme is a central molecule in mitochondrial respiration. Many lines of
evidence from epidemiological studies, gene expression studies of human tumor tissues, and
molecular studies of cancer cell lines indicate that functions of heme and oxygen-utilizing
hemoproteins are critical for tumorigenesis, particularly lung tumorigenesis. Enhanced heme
flux and function is a key feature of non-small cell lung cancer cells. Consistent with these
observations, many cancer cells are susceptible to inhibitors of mitochondrial function and
heme biosynthesis. A better understanding of the relationships between mitochondrial and
heme function with cancer bioenergetics should facilitate the development of effective strate-
gies to treat cancers, particularly lung cancer.
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Abstract

Non-small cell lung cancer (NSCLC) accounts for nearly 80% of diagnosed lung can-
cers. Due to the predominantly late diagnosis of NSCLC and drug resistance in the tar-
geted therapy approaches, the 5-year overall survival rate is still less than 19%. Thus,
novel diagnosis and treatment approaches are needed. Many efforts have been made
to achieve great progress in understanding the genomic landscape of NSCLC and the
molecular mechanisms involved in tumorigenesis. Long non-coding RNAs (IncRNAs)
are transcripts longer than 200 nucleotides with little or no protein-coding potential.
They are encoded across the genome and are involved in a wide range of cellular and
biological processes. Dysregulation of IncRNAs is associated with a number of cancer-
related processes, including epigenetic regulation, microRNA silencing, and DNA dam-
age. Furthermore, IncRNAs have been reported to have the potential as biomarker for
diagnosis and prognosis, as well as the therapy targets. Here in this chapter, we review
some well-characterized IncRNAs associated with NSCLCs and the potential of IncRNAs
as biomarkers in the diagnosis and prognosis of NSCLCs.

Keywords: NSCLC, IncRNA, diagnosis, prognosis, epigenetic

1. Introduction

Lung cancer is the leading cause of cancer-related deaths worldwide. According to the esti-
mation of National Cancer Institute, USA, the estimated new cases for lung cancer in 2016
will be 224,390, accounting 13.3% of all new cancer cases, and the estimated deaths of lung
cancer in 2016 will be 158,080 accounting 26.5% of all new cancer cases [1]. Non-small cell
lung cancer (NSCLC) is the most common type of lung cancer which accounts for nearly
80-85% of diagnosed lung cancers [2]. NSCLC can be further histologically classified into
three major subtypes: lung adenocarcinoma (ADC), lung squamous cell carcinoma (SCC),
and large cell carcinoma. Much attention has been paid to the clinical diagnosis and treatment
of NSCLC, however, the 5-year overall survival rate of NSCLC is still less than 19% in these
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days [1]. This may attribute to the advanced stage of the disease at the time of diagnosis for
many patients. The predominantly late diagnosis of NSCLC has limited the therapy options.
The low-dose computed tomography (CT) scan can detect NSCLC early and has become the
dominant detection approach. However, the high cost and the risk of false positive has over-
shadowed the benefits of swift diagnosis [3]. Thus, it is important to develop novel early
detection approach with high sensitivity and specificity.

Biomarker is a powerful approach for cancer detection and treatment. It is defined as an indi-
cator of biologic processes, pathogenic processes, or pharmacologic responses to therapeutic
interventions. Traditional protein biomarkers such as CEA, SSC, CY211, and CA125 are clas-
sic tumour biomarkers commonly used in the diagnoses of NSCLC patients [4]. However, the
current lack of diagnostic sensitivity and specificity has limited their usefulness in early detec-
tion of NSCLC. The occurrence of NSCLC always comes with the genetic changes. A thorough
understanding of the genetic aberrations that contribute to NSCLC would assist in identifying
biomarkers that could aid in earlier diagnoses and serve as drug targets, thus increasing treat-
ment efficacy. Considerable efforts have been made to achieve great progress in understand-
ing genomic landscape of NSCLC and the molecular mechanisms involved in tumorigenesis,
several cancer-related genes such as TP53, EGFR, and KRAS, have been identified which play
a vital role in cancer-related pathways [5-7]. Identification and characterization of specific
driver mutations has transformed the diagnosis and treatment of NSCLC.

With the development of sequencing technology and bioinformatics databases, researchers
have identified that more than 90% of genome is transcribed; of these transcripts, most are
non-coding RNAs with little or no protein-coding potentials [8]. The enormous number and
complex kinds of non-coding RNAs have drawn peoples’ attention to their roles in biological
processes. MicroRNA (miRNA) is a well-studied small non-coding RNA of 18-25 nucleotides
[9]. The functions of miRNAs can be summarized as mediating gene silencing by interfering
with translational process or inducing mRNA degradation [10, 11]. miRNAs can be classified
into oncomiRNAs and tumour suppressor miRNAs in relation to their function in carcino-
genic processes; meanwhile, some of them show both oncogenic and suppressive activities
under different situations [12]. Another advantage for miRNAs is their high stability and easy
detection in tissue and blood [13, 14]. Several studies have reported the deregulation of vari-
ous miRNAs in NSCLC [13, 15]. Screening studies have uncovered the potential of miRNAs
as biomarkers in the diagnosis and prognosis of NSCLC [16, 17]. As the researches for novel
biomarkers and therapy targets go further, another class of non-coding RNA molecules, long
non-coding RNAs (IncRNAs) with longer length and more complex biological functions have
drawn people’s attentions and become a new star in the RNA world.

2. Long non-coding RNAs in non-small cell lung cancer

2.1. Long non-coding RNAs

The development of microarray and high-throughput sequencing technologies have enabled
us to explore the RNA world. As the understanding of the heterogeneous RNA molecules
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goes deeper, the functional RNA molecules gain increasing attention again, among these,
IncRNAs play a major role in the centre stage. Long non-coding RNAs can be loosely defined
as a class of non-coding RNA, which are longer than 200 nucleotides. Different from the
small non-coding RNAs, although IncRNAs have little or no protein coding potentials, sev-
eral common features are still shared with mRNAs. Most of the IncRNAs are transcribed
by RNA polymerase II, subsequent post-transcriptional processing including alternative
splicing, 5'-capping, and polyadenylation are prevalently found in many IncRNAs [18]. Like
mRNAs, the expression of IncRNAs is also under the regulation of transcriptional and epi-
genetic factors. Active or repressive histone marks that indicate the transcription status can
also be found around the transcription start site of the IncRNAs [19]. On the other hand,
IncRNAs have their own characters. LncRNAs have shorter median transcript length (2453
nucleotides for mRNAs and 592 nucleotides for IncRNAs) and less median exons number (8
exons for mRNAs and 3 exons for IncRNAs) than mRNAs [18]. Most IncRNAs are located
in the nucleus, as most of them are functioned as regulation factors. The expression level of
IncRNAs is always lower in cells than mRNAs, but with higher tissue specificities [18]. On the
epigenetic level, the transcription start sites of IncRNAs have a higher density of DNA meth-
ylation compare with the mRNAs, however, this high methylation density is independent of
their expression status [19].

The various features associated with mRNAs imply the complex origin and functions of
IncRNAs. Study on the origin of IncRNAs are relatively scant, several hypotheses of the
emergence of IncRNAs have been put forward. Some IncRNAs, such as Xist IncRNA, are
believed to originate by undergoing a metamorphosis from erstwhile protein-coding gene
while incorporating transposable sequence [20]. Other studies report the IncRNA can also
originate from chromosome’s rearrangement, duplication of a non-coding gene by retro-
transposition, neighbouring repeat, or transposable elements insertion [21, 22]. Along with
the complex originations, IncRNAs also have heterogeneous groups with multiple classifica-
tions. The most prevalent classification method is based on the genomic location and con-
text. According to this method, IncRNAs can be defined as: (1) sense IncRNAs; (2) antisense
IncRNAs that are transcribed from the sense or antisense strands, respectively, overlapping
one or more exons of protein-coding gene on the same or opposite strand; (3) bidirectional
IncRNAs, whose transcription and neighbouring coding transcript on the opposite strand is
initiated in close genomic proximity; (4) intronic IncRNA that are transcribed entirely from
introns of protein-coding genes; (5) intergenic IncRNA that lies within the genomic interval
between two genes [20, 23, 24]. Functions of IncRNAs may differ from each category. In gen-
eral, through molecular mechanisms like signalling, decoying, guiding, and scaffolding [25],
IncRNAs are widely involved in gene progresses like chromatin modification, transcriptional
regulation, and post-transcriptional regulation [26-29]. As the exploration of IncRNAs goes
further, growing evidences demonstrate that IncRNAs play important roles in various cel-
lular processes [25, 30, 31]. Studies have identified the aberrant expression of IncRNAs in
various cancers [32, 33] including non-small cell lung cancer [34]. The deregulation of some
specific functional IncRNAs is proved to be important drivers implicated in tumour initializa-
tion and malignant transformation. Thus, IncRNAs have the potential as cancer biomarkers in
the diagnosis and prognosis, as well as the targets for cancer therapy.
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2.2. Functional IncRNAs in NSCLC

According to the current version of GENCODE (encyclopaedia of genes and gene variants),
15,767 long non-coding RNA genes encoding 27,692 long non-coding loci RNA have been
identified based on manual curation, computational analysis, and experimental valida-
tion [35]. Along with it is the plethora of deregulated IncRNAs that are found in plenty of
high-throughput IncRNA screen works. However, compared with the numerous screened
IncRNAs, only few IncRNAs are well characterized and validated, the roles of most deregu-
lated IncRN As in diseases still remained unknown, and the data on the mechanism are scarce.
In this section, some well characterized IncRNAs with reported deregulation and associated
pathophysiological functions in NSCLC are reviewed.

2.2.1. HOX transcript antisense RNA (HOTAIR)

HOX transcript antisense RNA (HOTAIR) is a 2158 bps long antisense IncRNA transcribed
from human HOXC locus in chromosome 12q13 [36]. As one of the most well-studied IncRNA
implicated in cancer, HOTAIR is mainly involved in the epigenetic regulation as a molecu-
lar scaffold. HOTAIR can interact with polycomb repressive complex 2 (PRC2) and lysine-
specific demethylase 1 (LSD1) in its 5'- and 3'-domain, respectively, and recruits PCR2 and
LSD1 to the HOXD locus located on chromosome 2, inducing H3K27 methylation and H3K4
demethylation, thus silences a gene cluster involved in metastasis suppression.

HOTAIR was first reported to be highly overexpressed in primary breast cancer and metastatic
breast cancer tissues. The high expression level of HOTAIR in breast cancer was closely asso-
ciated with the metastasis [37]. A further study in the breast carcinoma cells showed that the
enforced overexpression of HOTAIR led to the methylation of H3K27 [37]. Other researches
also reported the up-regulated HORAIR as a negative prognostic predictor in hepatocellular
carcinoma [38], colorectal carcinoma [39], pancreatic cancer [40], oesophageal carcinoma [41],
lung cancer [42], and gastric cancer [43, 44]. In gastric cancer, HOTAIR was also reported as
an endogenous sponge of miR-331-3p, thus abolishing repression of target gene HER2 [44].

In non-small cell lung cancer, Liu et al. analysed the HOTAIR expression level in 42 NSCLC
tissues and 4 NSCLC cell lines and reported the high expression of HOTAIR in both NSCLC
samples and cell lines compared with corresponding normal counterparts. Results showed
that high expression level of HOTAIR was correlated with advanced disease stage, metastasis,
and short disease free interval. Furthermore, knockdown of HOTAIR decreased the migration
and invasion of NSCLC cells in vitro and impeded cell metastasis in vivo, without altering
cell vitality, which suggests a potential therapeutic role of IncRNA targeted therapies [42].
Nakagawa et al. examined the expression of HOTAIR in 77 NSCLCs and 6 brain metastases.
They confirmed the negative prognostic effects of HOTAIR high expression and pointed out
the overexpression of HOTAIR enhanced the invasion of NSCLC cells [45]. In lung adenocar-
cinoma (ADC) cells, the upregulation of HOTAIR contributed to the cisplatin resistance of
ADC cells through the regulation of p21 expression, and a silence of HOTAIR resulted in the
increase of chemosensitivity, which further led to the inhibition of cell proliferation, induc-
tion of GO/GI1 cell-cycle arrest and enhancement of apoptosis [46]. Another study of lung ADC
found that HOTAIR was an important mediator for the ratio of FOXA1 and FOXA2, which
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might infect the migration and invasion [47]. A tumour micro-environment study performed
in a type I collagen (Col-1) supplemented three-dimensional organotypic culture model
found that the expression of HOTAIR could be upregulated by the tumour-promoting Col-1
in lung cancer cells. This finding provided a deeper insight into the mechanism of HOTAIR
regulation [48].

In summary, various studies have worked on illuminating the mechanism of HOTAIR dereg-
ulation and function in NSCLCs. HOTAIR is widely involved in the chromatin modifica-
tions, and can also interact with various molecules like miRNAs and proteins. Although the
facts that HOTAIR promotes cancer progress and drug resistance in NSCLC cells have been
revealed, there are still many unclarified details in the mechanisms. Hence, more analyses on
HOTAIR regulation and modes of action are needed.

2.2.2. Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1)

Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1), also known as nuclear-
enriched abundant transcript 2 (NEAT?2), is an 8 kbs nuclear IncRNA expressed in chromo-
some 11q13 [49]. The mature MALATTI transcript is generated through the procession by
RNase P and RNase Z from the primary transcript [50]. MALAT1 is located in the nuclear
speckles, and is mainly involved in alternative splicing process [51, 52]. MALAT1 exists
widely and conservatively in lung, pancreas, and other healthy organs, the abundant amount
of MALATT1 in these organs suggests significant functions for MALAT1 [49].

As one of the earliest identified cancer-associated IncRNAs, MALAT1 was firstly regarded
as a high-risk predictor for metastasis in early stage NSCLC patients [49]. Since then, accu-
mulating evidences confirmed the negative prognostic factor of MALAT1 in various cancers.
Overexpression of MALAT1 was identified in pancreatic cancers and colorectal cancers, the
high expression level was correlated with clinical progression and poor prognosis [53, 54].
Upregulation of MALAT1 was reported to promote the proliferation and metastasis of osteo-
sarcoma and gallbladder cancer via different pathways such as PI3K/AKT and ERK/MAPK
pathways [55, 56]. In oesophageal squamous cell carcinoma, silencing the MALAT1 expres-
sion resulted in the inhabitation of proliferation, migration, and invasion [57, 58]. Other stud-
ies also reported the deregulation of MALAT1 in bladder cancer and renal cancers [59, 60].

High expression of MALAT1 was identified in both early stage lung adenocarcinomas and
squamous cell lung cancers [49, 61]. The overexpression of MALAT1 in NSCLC was reported
to be associated with poor prognosis, shorter overall survival, and metastasis development.
An RNAi-mediated suppression of MALAT1 performed in A549 cells led to the suppres-
sion of cell migration and clonogenic growth. Reversely, enforced upregulation of MALAT1
resulted in an increased NSCLC cell growth and colony formation in vitro [61]. In a later
study, a highly efficient knockdown of MALAT1 in a NSCLC cell line, through zinc finger
nuclease-based technique, confirmed the MALAT1 positive influence on the cell metastasis
in vitro and in vivo without affecting cell proliferation. Furthermore, blocking MALAT1 by
antisense oligonucleotides (ASO) prevented the tumour metastasis formation in a tumour
implanted mouse xenograft module, which provides a potential therapeutic approach to pre-
vent lung cancer metastasis [62].
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Numbers of studies have been performed on elucidating the mechanism of MALAT1 regu-
lation. Alternative splicing is one of the major topics in the MALAT1 functions. One exam-
ple was that MALAT1 could interact with some alternative splicing factors such as Serine/
Arginine (SR) proteins, thus affected the gene expression [52]. Another example in human
diploid fibroblasts cell lines demonstrated the depletion of MALAT1 might led to the aberrant
alternative splicing of the pre-mRNA of oncogenic transcription factor B-MYB, thus reduced
the expression of it [63]. Another major topic is the gene expression regulation. MALAT1 dis-
played a strong association with genes involved in cellular growth, movement, proliferation,
signalling, and immune regulation [61]. In lung cancer, MALAT1 could activate the expres-
sion of some metastasis-associated genes without affecting the alternative splicing [62]. A
study involved in the epigenetic field reported that MALAT1 could interact with demethyl-
ated Polycomb 2 protein (Pc2), and controlled the re-localization of growth control genes
between polycomb bodies and interchromatin granules [64].

In summary, the poor prognostic role and multiple functions of MALAT1 indicate its poten-
tial as predictable biomarker and therapy target. However, detailed studies are still needed as
the mechanisms of MALAT1 regulation differ in various situations.

2.2.3. H19

H19 is a paternally imprinted and maternally expressed gene localized on human chromo-
some 11p15 [65]. Beside the H19 transcripts, the H19 locus also harbours miR-675, an anti-
sense transcript, and an antisense protein-encoding transcript [66]. H19 was first reported
as a tumour suppressor gene in mice [65]. However, later studies point out the oncogenic
potential of H19.

Loss of imprinting (LOI) in paternal allele and the resulting overexpression of H19 was found
in various cancers including lung cancer [67], oesophagus cancer [68], osteosarcoma [69],
and bladder cancer [70]. H19 upregulation was found related to a range of risk factors such
as smoking, carcinogens exposuring, and hypoxia. Cigarette smoking could induce a LOI-
independent upregulation of H19 by activating the H19 maternal allele [71]. This observa-
tion was also confirmed in a later in vitro study, which reported the increased expression
of H19 in human respiratory epithelial cells treated with cigarette smoking condensate [72].
Hypoxia could also induce upregulation of H19 in cell lines with mutated p53, through a
critical factor HIF1-alpha [73]. H19 was also directly induced by MYC oncogene in different
cell types including fibroblast cells. A study demonstrated that c-Myc selectively increased
H19 transcription from the maternally derived allele, and downregulated the reciprocally
imprinted gene insulin-like growth factor 2 (IGF2) at the H19/IGF2 locus. This study indicated
that c-Myc and H19 expression had strong association in lung carcinomas [74]. The mineral
dust-induced gene (MDIG) could conduct the demethylation of H3K9me3 in the promoter
region of H19 and activate the H19 expression. High expression of MDIG and H19 were found
correlated with poorer survival of the lung cancer patients [75].

In NSCLC, the expression levels of IncRNA H19 in tissues and cells were significantly higher
than adjacent tissues and normal cells, overexpression and knockdown of c-Myc could change



Long Non-Coding RNA in Non-Small Cell Lung Cancers
http://dx.doi.org/10.5772/66487

the H19 expression level significantly. Moreover the higher expression of H19 was positively
correlated with advanced tumour-node-metastasis (TNM) stage and tumour size [76].

In summary, the expression level of H19 is related to many risk factors including smoking,
which is an important lung cancer factor. Overexpression of H19 may contribute to the cell
proliferative in many cancers and is associated with poor prognosis. Since the deregulation of
H19 expression may occur from different mechanism, future studies should focus on the dif-
ferent functions of H19 in physiological and pathological processes and evaluate the potential
of H19 as biomarkers and therapy targets under different situations.

2.2.4. Cancer-associated region long non-coding RNA 5 (CARLo-5)

LncRNAs cancer-associated region long non-coding RNA 5 (CARLo-5) is transcribed from
the (-) strand of the 8q24.21 genomic region, where two other transcripts, sharing significant
overlap in their sequences, colon cancer-associated transcript 1 (CCAT1) and CCAT1 long
isoform (CCAT1-L) are also transcribed [66].

CARLo-5 was originally reported to be overexpressed in colorectal cancer patient tissues [77].
Later study revealed the overexpression of CARLo-5 in NSCLC and in some other cancers
such as gastric cancer [78, 79]. In NSCLC patients, high CARLo-5 expression level was asso-
ciated with advanced pathological stage and lymph node metastasis and was a significant
predictor of shorter overall survival. An in vitro knockdown experiment showed a significant
inhibition of proliferation in tumour cells, mainly due to the induction of the G0/G1 arrest [77,
78]. Furthermore, silencing CARLo-5 could result in the inhibitory effects in the cell invasion
and migration, possibly by modulating the EMT process [78].

The regulatory mechanism of CARLo-5 may be related to the adjacent region of the can-
cer-associated variant rs6983267, as the region including rs6983267 has enhancer activity
and can interact with the proto-oncogene MYC [80]. Evidences were provided in a colon
cancer study that demonstrated a strong connection between the cancer-associated variant
156983267 and the expression of CARLo-5. The chromosome conformation capture method
revealed the MYC enhancer region could physically interact with the active regulatory region
of the CARLo-5 promoter and enhanced the expression of CARLo-5, this finding suggested
there was a long-range interaction of MYC enhancer with the CARLo-5 promoter [77]. Since
CARLo-5 is proved to have an oncogenic function, further studies focus on elucidating the
mechanism of CARLo-5 regulation may provide potential therapy target for cancer treatment.

2.2.5. Other functional IncRNAs in NSCLC

LncRNA colon cancer-associated transcript 2 (CCAT?2) is expressed from a highly conserved
MYC enhancer region within chromosome 8q24.21. It was initially reported to be involved
in metastatic progress and chromosome instability in colorectal cancer [81]. Further studies
reported its association with poor prognosis in various cancers including NSCLC [82]. CCAT2
was significantly overexpressed in NSCLC tissues, in particular, the overexpression of CCAT2
was associated with adenocarcinomas specifically but not with squamous cell carcinoma.
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Silencing CCAT2 by siRNA led to the inhibition of proliferation and invasion in NSCLC cell
lines in vitro, supporting the role of CCAT2 in the metastatic progression. Further analysis
found that CCAT2 combined with CEA could predict lymph node metastasis. These findings
implied the potential of CCAT?2 as a specific ADC biomarker for lymph node metastasis.

Growth arrest-specific transcript 5 (GAS5) is expressed from human chromosome 1q25 [83].
GASS5 was found significantly downregulated in NSCLC tissues, which was correlated with
advanced TNM stage and increased tumour size [84]. GAS5 could compete with the gluco-
corticoid response elements (GRE) on DNA by directly interacting with the DNA-binding
domain of glucocorticoid receptor (GR), thus prevented the activation of glucocorticoid-
responsive genes. This competition resulted in the reduction of cell growth and metabolism,
while sensitizing cells to apoptosis [85]. Recent study demonstrated that downregulation of
GASS was associated with cisplatin resistance in NSCLC. GAS5 could inhibit autophagy and
therefore enhance cisplatin sensitivity in NSCLC cells [86]. Another study found that GAS5
overexpression was inversely correlated with EGFR pathway and the expression of IGF-1R
proteins in human ADC cell line, indicating its role in reversing EGFR-TKIs resistance [87].
These findings indicate the tumour suppressor IncRNA GAS5 may represent a potential bio-
marker for diagnosis and therapy target for NSCLC intervention.

SRY-box containing gene 2 overlapping transcript (SOX20T) locates in the chromosome
region 3q26.33, and is transcribed form the same orientation of gene SOX2 [88]. SOX20T
was reported upregulated in NSCLC, along with the upregulation of SOX2, meanwhile, the
expression level was significantly higher in lung SCCs than ADCs [89]. Further study found
high SOX20T expression predicted poor survival in lung cancer patients. In lung cancer cell
lines, knocking down SOX2OT inhibited the cell proliferation. These finding suggest the
oncogenic SOX20T may be prognostic indicator for NSCLC [89].

BRAF-activated non-coding RNA (BANCR) is a 693 bps IncRNA located on (-) strand of chro-
mosome 9q21, which is initially found as a tumour suppressor factor involved in melanoma
cell migration [90]. BANCR expression level was reported to be significantly decreased in
NSCLC tumour tissues samples, the reduction of BANCR was related to the larger tumour
size, advanced TNM stage, metastasis development, and shorter overall survival. BANCR
was also an independent poor prognostic predictor of poor survival for NSCLC. An inves-
tigation on the mechanisms of tissue-specific expression revealed that histone deacetylase
might be involved in the repression of BANCR. Furthermore, upregulation of BANCR inhib-
ited NSCLC cell viability, migration, and invasion, while promoting the apoptosis process.
Reversely, knockdown of BANCR promoted migration and invasion of NSCLC cells in vitro.
These inhibitory effects were reported to be associated with EMT [91]. Interestingly, although
BANCR was downregulated in NSCLC, some studies reported the significant upregulation
of BANCR in other cancers, which suggested a tissue-dependent regulation mechanism of
BANCR [66].

Maternally expressed gene 3 (MEG3) is expressed in chromosome 14q32.3 with a full length
of 1.6 kb nucleotides [92]. Alternative splicing process was found associated with the gene
MEGS3, which consisted of 10 exons and could generate multiple transcripts [93]. It was
reported that the expression level of MEG3 in NSCLC tissues was significantly lowered than
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normal tissues, which might due to the higher methylation rate of MEG3-DMR in NSCLC
cells. Downregulation of MEG3 in NSCLC patients was associated with poor prognosis. In
addition, overexpression of MEG3 by transfecting exogenous pCDNA-MEG3 into NSCLC
cells inhibited cell proliferation and induced cell apoptosis in vitro, partially through activat-
ing the p53 signalling pathway [94].

3. Long noncoding RNA as novel NSCLC biomarkers

The high mortal rate of NSCLC may be mainly attributed to the late diagnosis and tumour
metastasis. In addition, the heterogeneity of disease also increases the difficulty in the diagno-
sis and treatment, the molecular characters are different from each subtypes. Early detection,
precise diagnosis, and treatment may increases the survival rate of NSCLC. To meet these
ends, it is of great importance to identify novel NSCLC biomarkers.

As a new class of functional RNA molecules, IncRNAs are involved in a wide range of cel-
lular and biological processes. Dysregulation of IncRNAs is associated with many cancer-
related processes. In addition, the expression of IncRNA can be very tissue specific. These
advantageous features imply a potential role of IncRNAs in cancer detection and treatment.
Reduced BANCR expression was found to be an independent prognostic factor for NSCLC
[91]. Huang et al. found small amount of IncRNAs (3.36%) in circulating vesicles [95]. Later
research detected IncRNA HOTAIR, MALAT1, and H19 in the plasma of patients with gastric
cancer and identified the expression level of plasma H19 was significantly higher than nor-
mal samples, furthermore, plasma H19 level was reduced in postoperative samples, which
suggested H19 might be a biomarkers for gastric cancer [96]. Ren et al. identified fragments
of IncRNA MALAT1 in plasma of prostate cancer (Pca) and named one of them as MALAT1-
derived miniRNA (MD-miniRNA). Researchers then evaluated the diagnostic performance of
MD-miniRNA in plasma samples of 192 patients. The results showed a sensitivity of 58.6%
and specificity of 84.8% for discriminating PCa from non-PCa [97]. Although the functional
IncRNAs mentioned above have been well-characterized, only few of them have been evalu-
ated as biomarkers for diagnosis and prognosis in NSCLC, further validations is still need.

With the development of high-throughput technology, an increasing number of previously
unidentified IncRNAs have been found. More and more researchers started to explore novel
biomarkers from these unidentified IncRNAs. MiTranscriptome is a database, which derived
from computational analysis of high-throughput RNA sequencing (RNA-Seq) data compris-
ing 6500 samples spanning diverse cancer and tissue types. In database, 1128 ADC-related
IncRNAs and 1309 lung SCC-related IncRNAs are identified, among these, 4 IncRNAs in ADC
and 11 IncRNAs in lung SCC are predicted to be tissue specific, indicating that IncRNAs can
discriminate not only between tumour and normal samples, but also between different sub-
types [98]. Although most of these IncRNAs remain to be annotated and validated, the large
number of cancer-related IncRNAs provides great hope for further screening of biomarkers
and therapy targets. Some groups have investigated the potential of IncRNAs as biomark-
ers in early detection of NSCLCs. Wang et al. examined the expression of IncRNAs in three
pairs of early stage ADC samples by high-throughput microarray technology and identified
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1170 differentially expressed IncRNAs (DE-IncRNAs) between early stage ADC tissues and
their adjacent normal tissues. Further analysis identified 20 candidates of IncRNAs from
1170 DE-IncRNAs through a screening pipeline, the pipeline could be summarized briefly as
follows: if an IncRNA’s average inter-group difference between tumour group and normal
group was 10 times bigger than the inner group difference, it would be selected as a candi-
date. These 20 candidates were then validated by real-time quantitative PCR (qPCR) on a
total of 102 pairs of early stage ADC samples. A panel of five IncRNAs (Table 1) was finally
identified which can distinguish early stage adenocarcinoma samples from normal samples
with high sensitivity (97%) and specificity (92%) [99]. Another study, which integrated two
NSCLC microarray datasets comprising 165 and 90 patients, reported a list of 64 significantly
deregulated IncRNAs in NSCLC tumours compared with normal lung tissues and a panel of
181 IncRNAs that were specific to histological subtypes of NSCLC [100].

Anideal biomarker should be of high sensitivity and specificity, and it should be easy to detect,
better with non-invasive methods from body liquids. Weber et al. detected the expression
level of MALAT1 in the cellular fraction of blood of a small NSCLC patients group (Table 1),
they found that MALAT1 was detectable in peripheral human blood and the expression level
between cancer patients and cancer-free controls was different, the sensitivity and specificity
for discrimination was 56% and 96%, respectively [101]. Another study reported circulating
SPRY4-IT1, ANRIL, and NEAT1 were significantly increased in plasma samples of NSCLC
patients (Table 1). Combination with the three factors indicated a high power of discrimina-
tion (AUC, 0.876; sensitivity, 82.8%; and specificity, 92.3%) [102].

4. Conclusion

Since the researchers have identified that most of the genome is actively transcribed, while
only small part of the human genome has the coding potential as protein-coding genes, the
roles of non-coding RNAs have been transferred from transcriptional noises to the important
functional molecules. This finding has led the classical view of the central dogma, which con-
siders that the RNA functions mainly as an intermediate bridge between DNA sequences and
protein synthesis, into a deeper understanding.

The roles of IncRNAs in the upstream of whole cellular signal system indicate that IncRNAs
are closely associated with cellular differentiation, mitosis, and apoptosis. In the view of epi-
genetics, the functions of IncRNAs are mainly involved in three levels, including chromatin
remodelling, transcriptional control, and post-transcriptional processes. LncRNA can act as
transcriptional regulators and modulate the expression of protein-coding genes in cis or trans
manner through directly or indirectly binding to DNA or protein molecules. Thus, the occur-
rences of diseases including cancers are always along with the dysregulation of IncRNAs. In
this chapter, we have discussed several IncRNAs that have been reported to be associated
with NSCLCs. Some of them are well-characterized and also identified in other cancers, while
some still remain to be studied. Most of these IncRNAs have the potential as biomarkers in
diagnosis and prognosis of NSCLCs. However, these IncRNAs lack NSCLC tissue specificity,
thus great efforts are still needed to identify NSCLC tissue-specific IncRNAs.
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Despite the high performance of these IncRNA panels in diagnosis, most of them are identi-
fied from statistical analysis, which means the biological meanings of IncRNAs have not been
taken into consideration. In addition, the candidate screening methods are mainly based on
p-value, fold change, absolute expression level, and PAM method, outcomes of the candidates
may differs for different methods [103]. Thus, a better candidate screening method combining
the biological meaning of IncRNAs and robust statistical pipeline is need for future stud-
ies. Also, up to now, most of the samples in these studies are collected from patient tissues
through invasive methods, more works are still needed to explore circulating IncRNA expres-
sions in blood plasma, urine, or sputum, which can meet the non-invasive demands.

Considering the sophisticated functions and large number of IncRNAs, we have now iden-
tified just the tip of the IncRNA iceberg. Lots of questions are waiting to be clarified, for
example, what does the classification of IncRNAs looks like, and what the mechanistic basis
of their functions is. Huge gaps are still in front of us in understanding the big picture of
the IncRNA world. Fortunately, new technology such as the third generation sequencing,
which allows the longer read length, are now providing more reliable and accurate informa-
tion of IncRNAs. In future, we believe that understanding the IncRNA world will bring us
new answers to old questions in evolution, development, and the understanding of NSCLCs.
There may be a long way before the clinical application of IncRNAs in NSCLC, however, fast
progressing in the IncRNA filed opens up numerous opportunities for diagnosis and thera-
peutic intervention against NSCLC.
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Abstract

Lung cancer treatment remains difficult because of multidrug resistance and adverse
effects, and natural product molecules show powerful activity in lung cancer with few
side effects. The molecular targets and efficacy of natural product molecules remain
unclear. We described the molecular regulation of natural product molecules with
antitumor activities, the antilung cancer activities and the clinical trials for lung cancer
treatment of natural product molecules. The results support the updated systemic infor-
mation on the use of natural product molecules to prevent cancer progression and their
constituents for lung cancer treatment.

Keywords: lung cancer, natural product molecules, antitumor activity

1. Introduction

Lung cancer treatment remains difficult because of multidrug resistance and adverse effects.
Natural product molecules represent an attractive approach for lung cancer therapy with few
side effects but high treatment outcome. Various natural product molecules have proven to be
useful and effective in sensitizing conventional agents. Several natural product molecules can
prevent the side effects of chemotherapy. Moreover, natural product molecules can improve
the quality of life (QoL) and prolong the survival time of lung cancer patients. In this chapter,
we summarize the molecular regulation mechanisms of natural product molecules and their
antitumor effects on lung cancer in vitro and in vivo.

In lung cancer treatment, the molecular targets and efficacy of natural product molecules remain
unclear. Thus, we reviewed the antitumor activities of natural product molecules in lung cancer
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therapy. This chapter is mainly divided into three parts: the molecular regulation of natural
product molecules with antitumor activities, the antilung cancer activities of natural product
molecules in vivo, and the clinical trials on natural product molecules for lung cancer treatment.

On the basis of our critical analyses, we suggest the potential of natural product molecules
that have been traditionally used for lung diseases, including cancer, and the discussion of
data from in vitro or in vivo laboratory experimental models and clinical trials. We suggest
that natural product molecules can be potent anticancer agents for lung cancer treatment and
prevention by regulating multimolecular targets. The effects of natural product molecules are
involved in angiogenesis, metastasis, and severe side effects.

Lung cancer is the leading cause of cancer death worldwide. Small-cell lung cancer (SCLC)
and non-small-cell lung cancer (NSCLC) are the two main types of lung cancer. Smoking can
induce most kinds of lung cancer. In addition, vinyl chloride, arsenic, cadmium, beryllium,
chloride, and nickel chromates contribute to the occurrence of lung cancer. For lung cancer
patients who are nonsmokers, their cancer is usually caused by a combination of genetic fac-
tors, as well as exposure to radon gas and air pollution [1, 2]. For lung cancer, early diagnosis
is very important for patients to improve their survival rate. The cause of lung cancer did not
show any obvious symptoms until the cancer began to metastasize to other organs.

Chemotherapy, radiotherapy, and surgery are the most widely used strategies in lung cancer
treatment. However, standard chemotherapies present severe toxicity for patients and may
result in limited survival benefit. Given that phytochemicals and antitumor herbs are less
toxic, these agents are used to treat lung cancer, and the outcome has attracted recent reports
and investigations [3]. To date, antilung cancer herbs have included 130 Chinese herbal medi-
cines with effective treatment effects. These herbs are classified on the basis of their actions: (1)
clearing heat and toxin, (2) resolving dampness and phlegm, (3) regulating blood and Qj, (4)
reinforcing Qi, and (5) nourishing Yin through their ethnopharmacological efficacies.

In this chapter, we discuss the ethnopharmacological effects of natural product molecules
focusing on metastasis, angiogenesis, apoptosis, and clinical trial efficacy. In these reviews,
the results support the updated systemic information on the use of natural product molecules
to prevent cancer progression and their constituents for lung cancer treatment.

2. Molecular regulation of natural product molecules with
antitumor activities

To develop useful agents for cancer therapy, the unique activity mechanisms of natural prod-
uct molecules should be studied. The molecular mechanisms of natural product molecules
with anticancer activities are important for the development of many drug-targeted therapies
for cancer treatment [4]. Molecular biology methods for high-risk individuals during early
diagnosis, screening, and identification can help determine the prognosis of innovative treat-
ment and provide a novel point of view [5]. Significantly, target molecules should be consid-
ered for lung cancer treatment.
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2.1. Apoptosis and natural product molecules

Apoptosis involves a series of morphological alterations, such as plasma and nuclear mem-
brane blebbing, cell shrinkage, dissolution of nuclear lamina, and biochemical processes,
which are responsible for the activation of apoptosis [6]. In Chinese medicine, the fruit and
roots of Toona sinensis (Meliaceae) have been used for cancer therapy. Toona displayed glu-
cose uptake in 3T3-L1 adipocyte differentiation of fat and enhanced the antidiabetic activity
[7]. T. sinensis leaf extract (TSL-1) inhibition of lung adenocarcinoma cell proliferation after
24 hours can mediate apoptosis at 0.5 or 1 mg/mL. Ocimum gratissimum (OG) (Lamiaceae) is
a perennial aromatic herb with antibacterial and antidiabetic activity in Taiwan and is tra-
ditionally used to treat gastrointestinal diseases. OG can activate apoptotic signaling mol-
ecules, such as caspase-3 and caspase-9, in A549 cells at a concentration of 0.5 or 0.8 mg/mL;
thus, OG is a potentially useful candidate [8]. In lung cancer cell apoptosis, medicinal plants
from many biologically active compounds are also known as potent inducers. Acacetin flavo-
noid polyphenol compound (5,7-dihydroxy-4'-methoxy-flavonoids) from Robinia pseudoacacia
(legumes) can inhibit A549 cell proliferation (IC50 = 9.46 um). By upregulating p53 and p21/
WAF]1 proteins, acacia-induced apoptosis and cell cycle at the concentrations of 5 or 10 uM in
A549 cells [9]. Dihydroartemisinin (DHA) is a derivative of artemisinin from Artemisia annua
Altai Michael (Asteraceae) and is used to treat malaria; DHA can also induce apoptosis in
human lung cancer cells. PG490 (triptolide), a diterpene triepoxide from Tripterygium wilfordii
(Celastraceae), was significantly sensitized to Apo2L/TRAIL-induced apoptosis, but it did not
significantly induce cell death in A549 cells. Acutiaporberine is a bisalkaloid from the pointed
leaves of Thalictrum (Ranunculaceae); ritterazine B is one of the ritterazine analogues from
Ritterella tokioka (Polyclinidae), and ursolic acid is a pentacyclic triterpene from Hedyotis diffusa
(Rubiaceae); these agents were all reported to induce apoptosis in vitro. Ginseng extract (EAG)
(Panax ginseng C.A. Meyer) exerts anticancer effects on Lewis lung carcinoma cells (LLC)
and demonstrates weak activity in breast cancer and liver cancer cells; the results showed that
lung cancer cells may be more likely to prompt treatment by EAG.

By modulation of ERK-p53 and NF-«B signaling, EAG revealed inhibition in vitro and in vivo
of mouse LLC. Traditional Chinese herbal medicine significantly inhibited the proliferation
of A549 cells, partly because of the inhibition of NF-«B activation induced by tumor necro-
sis factor alpha (TNF-a) [10]. H460 cell viability was reduced by plumbagin from Plumbago
indica, and the A549 cell survival rate decreased to 17.6% at 15 uM [11]. By inhibiting the sur-
vival proteins Akt, NF-«B, Bcl-2, and survivin in H460 cells, plumbagin can induce apoptosis.
In addition, many traditional herbs have induced apoptosis in lung cancer cells; other bio-
logically active substances have also induced apoptosis: glossogin from Glossogyne tenuifolia
(Asteraceae), a novel ginsenoside 25-OCH(3)-PPD from Panax notoginseng (Araliaceae), deg-
uelin from Lonchocarpus utilis or Lonchocarpus urucu (Fabaceae), and elemene from Curcuma
kwangsiensis (Zingiberaceae) [12].

2.2. Inhibitory effects of natural product molecules on angiogenesis and metastasis

Among the contributing factors to the spread and growth of lung cancer, angiogenesis is the
most important process because it involves the growth of new blood vessels from preexisting
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vessels. Angiogenesis is associated with the development and spread of lung cancer because
it influences the growth of novel blood vessels [13]. Thus, blockage of angiogenesis is consid-
ered an important therapeutic target for lung cancer. In the past decade, clinical trials have
been conducted on angiostatin, endostatin, solimastat, bevacizumab, and angiozyme-target-
ing vascular endothelial growth factor (VEGF) as a key factor of angiogenesis. Selected VEGF
targets have shown survival benefits in patient therapy [14]. VEGF is also related to other
indirect angiogenic factors, such as basic fibroblast growth factor (bFGF), platelet-derived
growth factor (PDGF), and tumor growth factor alpha (TGF-a) [15].

As a medicinal herb, Ganoderma lucidum (Ganodermataceae) is a basidiomycete white rot fun-
gus, which is helpful to the treatment of various diseases such as cancer, HIV infection, diabe-
tes, asthma, and ulcers, as demonstrated in Korea, China, and Japan [16]. Thus, many experts
suggest the use of G. lucidum for prostate, skin, ovarian, and colon cancer therapy [17-19].

The growth of PG cells in Balb/c nude mice significantly inhibited G. lucidum polysaccha-
rides. For human umbilical vein endothelial cells (HUVECs), G. lucidum polysaccharides also
inhibited cell proliferation. Under hypoxic condition, G. lucidum polysaccharides inhibited
the secretion of VEGF in lung cancer cells. By using chick chorioallantoic membrane (CAM)
assay, G. lucidum polysaccharides were proven to exert an antiangiogenic effect on Balb/c
mice. Overall, these results suggest that G. lucidum polysaccharides inhibited vascular cell
proliferation in HUVECs. In human lung carcinoma PG cells, G. lucidum polysaccharides
also reduced the secretion of VEGF. Generally, clinical researchers unexpectedly found that
G. lucidum polysaccharides might positively influence chemo/radiotherapy by combining
these compounds with the subgroups of advanced lung cancer patients, resulting in reversed
immunosuppressive effects on traditional cancer therapy [20]. Although the antitumor activ-
ity against lung cancer has been recognized, we need to study its efficacy, safety, optimal
concentration, and molecular targets for further research. The effect of VEGF alone or in
combination with current therapies for lung cancer is also very important to be investigated
through future pharmacokinetic research on animals and humans.

The most characteristic aspect of malignant neoplasm is metastasis, which is the leading cause
of death in cancer patients [21]. Tumor cell dissociation, intravasation, invasion, and distribu-
tion to distant organs arrest cells in small vessels, resulting in adhesion to endothelial cells,
extravasation, invasion of the target organ, and proliferation, which are all related to tumor
metastasis. matrix metalloproteinases (MMPs) are related to metastasis and cancer invasion
and are proteolytic enzymes in the extracellular matrix (ECM). MMP-2 and MMP-9 signifi-
cantly influence the metastatic processes among the MMP family [22, 23].

2.3. Reversion of multidrug resistance

The largest difficulty of chemotherapy against cancers is multidrug resistance (MDR) [24].
Cellular overproduction of p-glycoprotein (p-gp) is one of the influencing factors leading to
MDR because it can transport various anticancer drugs outward the cell. To date, a series
of compounds to reverse MDR by interfering with the p-gp function have been determined
[25-27]. However, some MDR reversal agents may lead to the change of pharmacokinetics
and even cause serious side effects. Many anticancer drugs such as docetaxel, gemcitabine,
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and vinorelbine can overexpress MDR-associated proteins (MRPs), including pgp. Although
this effect is helpful for inducing MDR in the treatment of NSCLC, new MDR reversal agents
should be developed to avoid MDR and improve the effects of lung cancer therapy.

Stephania tetrandra (Menispermaceae) comprises a herbal formula, which is also called
“Supplement energy and nourish lung” (SENL) in herbal medicines. Both S. tetrandra and G.
lucidum (Ganodermataceae) demonstrate a MDR-reversal potential in SW1573/2R 120, adria-
mycin (ADM)-resistant lung cancer cells, and valproic acid (VPA) MDR SCLC. Solamargine
(SM) suppressed MRPs in lung cancer cells, although SM is traditionally used to treat chest
pains, pleurisy, pneumonia, toothache, and sore throat in India because of the major steroidal
glycoalkaloid from Solanum incanum (Solanaceae). SM enhanced the sensitivity of apopto-
sis induction in tumor necrosis factor (TNF) and cisplatin-resistant lung cancer cells. After
combining the treatment of SM and epirubicin, we observed that the apoptosis effect of che-
motherapy was improved in A549 cells [28, 29]. Hence, we believe that SM is a potential
MDR-reversal agent [30]. A test also showed that additional bioactive phytochemicals might
be potential MDR-reversal agents, which include a novel monoketone curcumin analog, EF24
from Curcuma longa (Zingiberaceae), emodin (1,3,8-trihydroxy-6-methyl-anthraquinone)
from Rheum palmatum (Polygonaceae), and elemene from C. kwangsiensis (Zingiberaceae) [31].

2.4. Reactive oxygen species (ROS) and lung cancer therapy

Recently, ROS signaling became the focus of research on lung cancer as well as other cancer
therapies [32]. In recent lung cancer therapies, targeting ROS signaling was thought to be a
striking method [33]. Notably, smoke-oxidative stress results in DNA damage and restrains
survival signaling, which make proliferation out of control during the transfer of lung epithe-
lial cells [34-36]. Few studies have shown that some herbal extracts and their components can
eliminate active oxygen in lung cancer cells.

In Korea, people maintain oral health by using Polygonum cuspidatum (Polygonaceae) because
of its effect in reducing oral microorganisms; Koreans also use P. cuspidatum in the treatment
of arthritis and urinary diseases [37]. P. cuspidatum extract contains alkaloids, phenolics, and
sterol/terpenes and induces biological activities such as anti-inflammation, antioxidation, and
anticancer effects [38]. In A549 and H1650 cells, the ethanol and ethyl acetate extracts of P.
cuspidatum can eliminate 1,1-diphenyl-2-hydrazyl (DPPH) and hydroxyl radicals. The ethyl
acetate fraction (EAF) of wampee peel [Clausena lansium Skeels (Rutaceae)] is obtained from
a species of strongly scented evergreen trees in Southeast Asia. Similarly, in comparison with
cisplatin, the EAF of wampee peel exerted increased antioxidant and anticancer effects on
A549 lung cancer cells, SGC-7901 gastric cancer cells, and HepG2 liver cancer cells. Thus,
wampee peel should be studied to develop a natural antioxidant and pharmaceutical supple-
ment because of the DPPH radical scavenging activity, reducing power, and superoxide scav-
enging activity.

Recently, Lawless et al. advised in their review paper that histone deacetylase (HDAC) can
significantly regulate the oxidative stress pathways in the development of cancer in NSCLC
[39-41]. The authors advised that HDAC can be consumed in several common foods such as
sulforaphane from Brassica oleracea (Brassicaceae), curcumin from C. longa L. (Zingiberaceae),
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and epigallocatechin 3-gallate (EGCG) from Camellia sinensis (Theaceae) to combat NSCLC
and chronic obstructive pulmonary disease (COPD). Nevertheless, further research on HDAC
inhibition is necessary to develop more efficient antitumor drugs from herbal medicine. The
mechanism and molecular targets of natural product molecules against lung cancer were
shown in Figures 1 and 2.
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Figure 2. Targets and/or pathways effected by natural product molecules against lung cancer.
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3. Antilung cancer natural product molecules in the body

The allogeneic graft model or mice xenograft is a valuable tool in cancer biology evaluation of
novel anticancer activity of drug(s). Antitumor activity test is employed to measure the inhibi-
tion of the tumor growth and survival time. In vivo mouse models and some active natural
product molecules also showed influence on antilung cancer.

3.1. Green tea polyphenols and lung cancer

Tea extract from the plant C. sinensis is the most common beverage for consumption world-
wide. Important data from different studies provide evidence that drinking tea can prevent
carcinogenic effects [42, 43]. All activities related to a major component of green tea exert the
effects of (-)-epigallocatechin gallate (EGCG). Some mechanisms showed that EGCG-induced
apoptosis and cell-cycle arrest modulation in carcinogen-metabolizing enzymes and regulate
cellular signaling pathways and inhibit transcription factors in cancer cells, resulting in the
inhibition of cancer development, which facilitated the prevention and treatment by green tea
and its composition, particularly EGCG.

Green tea can help prevent and treat lung cancer, especially EGCG and guanosine triphos-
phate (GTP). Dietary supplementation of EGCG (0.1, 0.3, and 0.5%) inhibited tumor growth
in nude mice implanted with thymus H1299 cells. EGCG treatment increased phosphory-
lated histone 2A variants X and tumor cell apoptosis, as well as oxidative DNA damage
assessment of the formation of 8-hydroxy-2'-deoxyguanosine (8-OHdG). This finding pres-
ents the first evidence of EGCG induction of ROS generation, leading to tumor cell DNA
oxidative damage. EGCG is commonly referred to as a powerful antioxidant, but the current
results showed that EGCG can also act as an antioxidant in some cases [44]. In different
stages of an experimental lung cancer, EGCG and theaflavins have been proven to reduce
the proliferation index in a benzo(a)pyrene[B(a)P]-induced lung carcinogenesis mouse
model. When used theaflavins in 0.02 mg/mouse/day and EGCG dose of 0.01 mg/mouse/
day, results show that both of them reduced the obvious carcinoma and dysplasia in situ
at 8th, 17th, and 26th weeks. In Swiss albino rats, GTP treatment and black tea polyphenols
(BTP) at dosage of 0.1 and 0.2% resulted in low incidence of diethylnitrosamine-induced
alveologenic tumors, which resulted in the inhibition of the expression of lung cancer caused
by Akt, cyclooxygenase (COX)-2, and nuclear factor kappa-B (NF-«xB) [45]. The combination
of liquid Polyphenon E (0.25 or 0.25%) and atorvastatin-inhibited lung cancer induced by
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) in mice. Low-dose combination of
Polyphenon E and atorvastatin significantly reduced the lung tumor diversity and enhanced
cell apoptosis but inhibited tumor burden at myelogenous leukemia 1 (Mcl-1) level. Results
show that lung tumors were effectively inhibited by atorvastatin and Polyphenon E, and in
vitro and in vivo, the action between the two agents was synergistic. The inhibition activity
of atomized difluoromethylornithine (DFMO) and Polyphenon E (1% wt/wt diet) admin-
istration was investigated in A/J mice injected with B(a)P. Polyphenon E did not suppress
tumor treatment on average diversity but decreased the animal tumor load and significantly
reduced the largest carcinoma [46].
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3.2. Isothiocyanates and lung cancer

Isothiocyanates (ITCs) existed in cruciferous vegetables, which are converted into glucose
and ITC by the enzyme myrosinase. Benzyl isothiocyanate (BITC), phenethyl isothiocyanate
(PEITC), and sulforaphane are widely studied for their chemopreventive and anticancer
effects [47]. Recently, BITC-inhibited gefitinib-resistant human NSCLC growth, induction of
apoptosis, caspase-3 activation, cell-cycle arrest in G2/M phase, ROS generation, glutathione
depletion, inhibition of protein kinase activity, NF-«xB transcription activation, and activation
of mitogen-activated protein kinase (MAPK) and activating protein (AP)-1. PEITC declined
the first phase of enzymes involved in the activation of several carcinogenic substances.
PEITC also activated the second phase of enzyme activity, which is responsible for many
carcinogenic metabolism and oxidative stresses. Isothiocyanates are proven to demonstrate
anticancer behavior by inducing apoptosis and inhibition of the cell-cycle stage.

Some reports showed that several mechanisms have been postulated to determine the ITC
against the mechanism of lung cancer. Importantly, researchers thought that tubulin is
one of the targets in the body for ITC binding and covalent binding of BITC, PEITC, sul-
foraphane tubulin. Binding with cell apoptosis induced the cell ability and mitosis arrest
[48]. The effect of oral sulforaphane (9 pmol/mouse/day) in reducing the oxidative damage
caused by B(a)P (100 mg/kg body weight, i.p.) in Swiss albino rats was determined. Oral
sulforaphane reduced hydrogen peroxide production, increased the release of mitochon-
drial cytochrome c, and reduced the expression of Bcl2, Bax, and caspase-3. Newborn mice
were exposed to cigarette smoke for 120 consecutive days, beginning at birth, as well as to
budesonide in diet (2.4 mg/kg in diet) and PEITC (1000 mg/kg in diet) and N-acetylcysteine
in drinking water (1000 mg/kg) of oral drugs, until 210 days. High incidence of benign lung
tumor multiplicity and an increase in pulmonary malignant tumor exposure to cigarette
smoke and budesonide were observed in the carcinogenicity of PEITC and NAC treat-
ment of mice lung exposed to cigarette smoke. Budesonide, PEITC, and NAC treatments
reduced the yield of cigarette mainstream smoke, which induced lung benign or malignant
tumor, showing mirror smokers’ intervention in the experimental situation. As compared
with the NNK-treated control group, Conaway et al. investigated the influence of sulfora-
phane, PEITC, and NAC yoke compound progress/] mice lung adenoma and adenocarci-
noma [49] by reducing the incidence of adenocarcinoma PEITC in treated group of 3 and
1.5 mmol/kg each diet and PEITC-NAC, which used in 8 and 4 mmol/kg each diet in treat-
ment group. Low incidence of lung cancer was showed in the treatment of sulforaphane-
NAC (8 and 4 mmol/kg diet) in the diet. The results show that sulforaphane, and NAC
yoke, and PEITC compound reducing cell proliferation and inducing apoptosis in tobacco
carcinogen-treated A/] mice and resulting in inhibited the progress of adenocarcinoma in
lung adenoma [27]. The influence of PEITC diet (3 umol/g diet) and BITC (1 umol/g diet)
and a mixture of BITC + PEITC (1 and 3 umol/g diet) on hemoglobin (Hb) adducts of B(a)P
and DNA and NNK and two urinary metabolites are worthy of investigation. In urine,
NNAL-Gluc and 4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL) were measured.
After 2 and 4 months, a significant reduction in the level of 4-hydroxy-1-(3-pyridyl)-1-bu-
tanone releasing DNA adducts of the NNK lung was caused by BITC + PEITC or PEITC,
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whereas no effect was demonstrated by BITC. From 2 weeks to 12 weeks, BITC + PEITC
or PEITC also inhibited the Hb adduct of NNK and showed no effect on B(a)P adduct.
A significant increase in the NNK level was also observed in rats after treatment with
NNAL and NNAL-Gluc PEITC, as well as with PEITC or BITC + PEITC [50]. These find-
ings suggest that PEITC or BITC + PEITC Hb released the DNA adduct formation in the
lungs of mice that received B(a)P + nitrosamines. However, the BITC adduct was not influ-
enced by B(a)P or nitrosamines. Before each of the three carcinogenic polycyclic aromatic
hydrocarbons (PAHs) were found in cigarettes, treatment with BITC (6.7 and 13.4 umol)
was performed: B(a)P, 5-methylchrysene (5-MeC), and dibenz[a,h] anthracene [DBahA];
Compared with beta hydroxyl acid (BHA) and sulforaphane, these PAHs more effectively
inhibited lung tumor multiplicity [51].

3.3. Indole-3-carbinol and lung cancer

An autolysis product of glucosinolate has been reported to exert anticancer effects; this prod-
uct is indole-3-carbinol (I3C), which is present in Brassica plants like cabbage, cauliflower
kale, broccoli, and Brussels sprouts [52].

After the postinitiation or progression protocol in A/] mice, we assessed how I3C inhib-
ited tobacco carcinogen-induced lung adenocarcinoma. After treatment with I3C during
the postinitiation period, reduction was observed in the tumor multiplicity, hyperplastic
foci, adenoma, adenoma with dysplasia, and adenocarcinoma. When I3C was given dur-
ing tumor progression, an increase was observed in the multiplicities of smaller tumors
and decrease in larger tumors. I3C was found to efficiently inhibit the development of pul-
monary adenocarcinoma. Moreover, via modulation of the phosphatidylinositol-3-kinase
(PI3K)/Akt signaling pathway, the anticancer effects of I3C were mediated [53]. Silibinin
used in 7 pmol/g/diet and I3C used in 10 umol/g each diet reduced the multiplicities of
tumors on the adenocarcinoma and surface of the lung in NNK-treated mice. Additionally,
as compared with I3C or silibinin alone, I3C and silibinin were strongly affect cyclin D1
and poly (ADP-ribose) polymerase (PARP), p-Akt, p-ERK cleavage expression levels. Thus,
against the development of lung cancer in A/J mice, this study proved that the findings of
the combined treatment of silibinin and I3C afforded more protection and can be used to
prevent cancer in current and former smokers [54]. Investigation of this effect showed that
I3C (100 or 150 pM) on vinyl carbamate (VC) induced deregulation of microRNA (miRNA)
levels in lung tissues of female A/] mice. Compared with mice treated with VC alone, the
miR-21, mir-31, miR-130a, miR-146b, and miR-377 expression levels decreased in mice
treated with VC and I3C in their diet. The development of lung cancer showed a signifi-
cant relationship with abnormal miRNA expression. In lung tumors, compared with normal
lungs, the results explained distinctive changes in the expression of several miRNAs. I3C
exerted effects on most of the miRNAs. Myo-inositol (MIL; 56 umol/g/diet) and I3C (30 or
70 umol/g/diet) against VC-induced lung cancer were applied. With higher dose on the lung
surface, incidence of cancer, multiplicity, size, and adenoma with cellular pleomorphism,
the lower dose of I3C showed fewer effects, whereas the higher dose of I3C decreased the
multiplicities of tumors on treatment of mice. IkBa degradation, NF-1B activation, COX-2,
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p-Akt, and activation of caspase-3 and PARP cleavage were inhibited by treatment with
higher dose of I13C [55].

3.4. Genistein and lung cancer

The most abundant isoflavone in soybean, genistein (4,5,7-trihydroxyisoflavone), has been
widely reported for its chemotherapeutic and chemopreventive effects. Recently, lung tumor
growth was suppressed in vivo in a dose-dependent manner and apparently showed no toxic-
ity on a derivative of genistein, 7-difluoromethyl-5,4'-dimethoxygenistein [56]. A significant
decrease in tumor growth was found in a xenograft model for treatment of mice with a com-
bination of gefitinib and genistein [57]. During the phase of pneumonitis, in rats receiving
genistein (750 mg/kg body weight), the increase of breathing rate was inhibited after irradia-
tion with 18 Gy at approximately 0.5 Gy/min and a delay of 50-80 days in Sprague-Dawley
rats. After irradiation for 28 weeks and treatment with genistein, TNF-a, IL-13, TGF-3, and
collagen also decreased. The levels of 8-OHdG content also decreased, and the protection
against DNA damage was measured in surviving rats. Treatment with genistein after irradia-
tion indicated that DNA damage is caused by the production of ROS, which also reduced
DNA damage in the form of micronuclear formation [57].

For lung metastasis induced by B16F-10 melanoma cells in C57BL/6 mice, the inhibition
effects of dietary soybean isoflavones, genistein, and daidzein were investigated. Compared
with untreated tumor-bearing animals, treatment with genistein (200 pmol/kg body weight)
caused lung tumor nodule formation inhibition, and the lung collagen hydroxyproline con-
tent and serum sialic acid level were inhibited. The life span of the tumor-bearing animals was
also increased by treatment with genistein [58].

3.5. Curcumin and lung cancer

Curcumin (diferuloylmethane) is derived from the plant C. longa. The antiangiogenic, analge-
sic, antioxidant, anti-inflammatory, and antiseptic properties of curcumin have been widely
studied [59].

Experiments showed that curcumin (0.6%) can decrease the expression of COX2 in subcu-
taneous tumor in vivo and the weight of intralung tumors but can increase the survival rate.
Curcumin also increased the survival of athymic nude mice and inhibited the tumor growth
of orthotopic human NSCLC xenografts [60]. Curcumin and erlotinib significantly inhib-
ited tumor growth of erlotinib-resistant NSCLC cells in vivo compared with the control, and
this finding suggested that during treatment with erlotinib, curcumin might be a prospec-
tive adjuvant for NSCLC patients. The growth of human lung cancer xenografts in nude
mice was inhibited by oral intake of curcumin (500 mg/kg/body/day) and phosphosulindac
(200 mg/kg/day); curcumin may improve the phosphosulindac bioavailability and inhibition
of efflux transporters [61]. Curcumin (50-mg/kg body weight) was found to increase cell
survival, which contributed to T-cell-mediated adaptive immune response and decrease in
tumor growth. Low-dose curcumin increased T cells derived from 3LL-tumor-bearing mice,
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particularly CD8" T cells, but high-dose curcumin (100-mg/kg body weight) decreased T cells
which exhibited the enhancement of cytotoxicity and interferon-y (IFN-y) secretion and pro-
liferation against 3LL tumor cells. In lung-tumor-bearing models, the results pointed out that
curcumin may support the immune system and induce antitumor immune response via the
T-cell-mediated effect. Cancer treatment by curcumin can prove it as an immunologically
safe drug. These data provide further evidence that curcumin can play a role in lung cancer
therapy [62].

3.6. Fisetin and lung cancer

Fisetin (3,3',4',7-tetrahydroxyflavone) is found in strawberry, persimmon, grape, apple,
cucumber, and onion. It is a naturally occurring flavonoid with apoptotic and antiangiogenic
properties, as well as antiproliferative effects in cancer cells [63].

A previously published study showed that treatment with fisetin (25-mg/kg body weight)
decreased histological lesions and lipid peroxidation levels and modulated the enzymatic
and nonenzymatic antioxidants in B(a)P-treated Swiss albino mice [64]. In LLC-bearing mice,
Matrigel plug assay showed that when fisetin was treated with dose of 223 mg/kg inhibited
angiogenesis. Tumor growth was also inhibited by fisetin, which is similar to the effect of
low-dose cyclophosphamide (30-mg/kg body weight). Combination of fisetin and cyclophos-
phamide led to the striking improvement in antitumor activity and decrease in microvessel
density and low systemic toxicity. Fisetin exhibited anticancer activities and antiangiogenic
properties in LLC-bearing mice.

3.7. Pomegranate polyphenols and lung cancer

Pomegranate (Punica granatum, Punicaceae) was cultivated in Afghanistan, India, China,
Japan, Russia, and the United States. It is an edible fruit widely comprising about 80% juice
and 20% seed.

Pomegranate can provide oral administration of pomegranate fruit extract (PFE), which
caused tumor growth inhibition in athymic nude mice implanted with human lung cancer
A549 cells. Pomegranate can induce the appearance of small solid tumors, which prolonged
survival time in animal models [65]. B(a)P and N-nitroso-tris-chloroethylurea (NTCU) in A/J
mice were investigated, caused of effects of oral consumption of a human-achievable dose of
PFE dose of 0.2%, w/v effect on progression, angiogenesis, growth, and signaling pathways in
two models of lung cancer. For treatment with PFE and B(a)P or NTCU, we found little lung
tumor multiplicities of tumor incidence in mice. Oral administration of PFE caused inhibition
of NF-kB, MAPK, and PI3K, as well as phosphorylation of Akt, mammalian target of rapamy-
cin (mTOR), c-met, and lung markers that inhibited B(a)P- and NTCU-treated mice; cell pro-
liferation and angiogenesis were also inhibited. By targeting multiple signaling pathways and
associated events, PFE demonstrated activity against lung cancer, and these events are critical
for the development and progression of lung carcinoma [66]. Molecular targets of antilung
cancer natural product molecules in the body were shown in Table 1.
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Active natural products for antilung cancer = Molecular targets

Green tea MAPK mTOR EGFR  p53 PKC TGF-B
Isothiocyanates MAPK AP-1 NF-xB Akt Nrf2 Keapl
Genistein EGFR PGE2 Akt NF-xB Cox-2 TNEF-a
Pomegranate PI3K Akt mTOR  MAPK c-met NF-xB
Fisetin Akt mTOR  PI3K AMPKa  AP-1 NF-«B
Curcumin Wnt/B-catenin  Cox-2 NF-xB EGFR STAT-3  Survivin
Indole-3-carbinol IL-6 IL-1B p53 PIBK Akt Cox-2

Table 1. Antilung cancer natural product molecules in the body and molecular targets.

4. Natural product molecules for the treatment of lung cancer
in clinical trials

Complementary and alternative medicine (CAM), including natural product molecules,
increased survival in cancer patients [67]. Recently, 453 cancer patients in a cohort study
showed that 77% of patients use herbal medicines combined with conventional treatment to
reduce the therapy-associated toxicity and cancer-related symptoms, improve the immune
system, and even eliminate cancer directly [68].

Conventional chemotherapy is combined with natural product molecules to increase the ther-
apeutic effect and QoL. Sixty-three in-patients diagnosed with IV NSCLC and stage IIIb were
treated as randomized-controlled trial, Gujin granules (Jiangyin Tianjiang Pharmaceutical Co.,
China) and Shengmai injection (Ya’an Sanjiu Pharmaceutical Co., China) were administered
intravenously and orally. Navelbine and cisplatin (NP) chemotherapy were treated in all the
groups. This combination therapy enhanced median survival time (P = 0.014) and response
rate to 48.5% (16/33) compared to untreated control (32.2% = 9/28) in the control group (P
= 0.0373). However, herbal medicine did not affect the bone marrow inhibition occurrence,
median time to progression, 1-year survival rate, and mean cycles of chemotherapy applied.
Among 232 NSCLC patients, by using the QoL scale of the European Organization for Research
on Treatment of Cancer (QLQ-C30) (Lin and Li, 2007), treated with Shenqi-fuzheng injection
(Lizhu Co., China), improved QoL and the response rate. In another trail, Yigi Yangyin Jiedu
Decoction significantly increased the immunological parameters and Karnofsky (KPS) score,
including CD4*, CD4"/CD8§*, CD3*, and CD8'/CD28", and all the patients were treated with NP
or gemcitabine and cisplatin (GP) compared with the untreated control [69].

Natural product molecules can improve the QoL of patients with lung cancer. Recently, QoL
is improved in NSCLC patients with long-term prognostic factors of survival. In a RCT and
herbal Feiji recipe, Feiji was found to improve the clinical therapeutic effect, reduce the side
effects of chemotherapy before this research by adding higher scores in the role, as well as the
social and economic status (P < 0.05 or P <0.01) based on the QLQ C30 questionnaire. Similarly,
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in a clinical trial of 294 patients with advanced NSCLC and treated with Shenfu injection of
traditional Chinese medicine, on the basis of the functional assessment of cancer therapy-lung
(FACT-L), Chinese medicine positively affected health when used alone, as well as with emo-
tional, functional, and additional care when performing traditional chemotherapy (P <0.05) [70].

The negative influence of natural product molecules is shown by traditional intervention.
One of the main risks of conventional treatment is pneumonia in patients with lung cancer,
and this complication may be caused by radiation therapy intervention and symptoms of
severe dyspnea, cough, fever, respiratory failure and/or verticillium wilt in severe cases. With
Dixiong soup in clinical trials of 46 NSCLC patients who underwent radiotherapy, based on
the incidence of pneumonia after radiotherapy and QoL using continued to shrink the clinical
imaging physical difficulty breathing (CRP) score, tumor radiotherapy group (RTOG) rating
scores, and KPS score, Dixiong Shang Xianzhu reduced the incidence of radioactive pneu-
monia (treatment, 10.0%; control, 26.3%; P = 0.0032) and improved the continued decline of
CRP dyspnea score, RTOG classification score (P < 0.05), and KPS score (P < 0.01). Similarly,
substantial evidence demonstrated good effect of herbal Liangxue jiedu huoxue soup, Qingjin
runfei decoction, and Shenqi fuzheng injection. Hydrochloric acid, stand for kang, topoisom-
erase inhibitors, and Chinese tree Camptotheca acuminata (Cornaceae) are used for lung can-
cer treatment combined with other conventional drugs, in spite of the side effects including
leukopenia and diarrhea. With Hangeshash into RCTs, 44 irinotecan-treated NSCLC patients
showed that TJ-14 can significantly improve the grade (P = 0.044) and frequency of diarrhea to
grades 3 and 4 (P = 0.018). A list of therapeutic approaches and outcome assessment and the
quality of herbal medication were listed in Table 2 [71].

CHM formula  No. of participants/ TNM stage Control group Assessment of Duration Jadad scale
dropout or intervention  outcome (week)
withdrawal
Shengmai 106/6 dropout IIB-1V NP Tumor response, 12 3
injection Gujin ~ patients survival rate,
grand decoction chemotoxicity
Feiji recipe 77/0 IIIB-IV NP/TP Tumor response, 8 3
survival rate, CD62P
Yingi Yangyin 60/3 withdrawals IIB-IV GP Tumor response, 8 3
decoction survival rate,

chemotoxicity, KPS

Fuzheng Kangai 129/drop out: 5 IIB-IV MVP Tumor response, 12 3
decoction patients in CTC combined with chemotoxicity, KPS

and 4 patients in radiotherapy

CT; withdraw: 2

patients in CTC and

3 patients in CT
Shengmai 60/0 1IB-IV DP Tumor response, 8 3
injection chemotoxicity

Table 2. Therapeutic approaches and outcome assessment of herbal medication.
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5. Constraints and current clinical trials and the challenges of
natural product molecules

The traditional Chinese medicine (TCM) clinical research also presents some limitations and
difficulties. As mentioned in a recent review, TCM, including herbal medicine, establishes
its unique features, such as holism and personalization. According to the theory of tradi-
tional Chinese medicine, a patient is diagnosed with symptoms rather than the disease itself
and prescribed with a personalized herbal formula to treat the symptoms. Although RCT
is a powerful tool to verify the clinical curative effect of health care, a RCT on the appli-
cation of personalized herbs remains a challenge because of heterogeneous batch manage-
ment. Likewise, Chinese medicine intervention heterogeneity leads to some difficulties for
high-performance analysis of natural product molecules. Therefore, for cancer research in the
future, particularly on herbs and plant chemicals, we suggest that the quality control should
be performed consistently with batch and pharmacokinetic studies on TCM and its compo-
nents, which perform antitumor activities in lung cancer.

There still exist some problems to standardize in the use of natural products in prevention or
treatment lung cancer. First, the purity of traditional Chinese medicine is not high, most of the
traditional Chinese medicine preparations from to the original drug, powder, or crude extract, so
it works slowly. Second, inconvenient to use, taking traditional Chinese medicine generally to a
large package of herbs, and not easy to drink because of bitterness. Third, the dose of natural prod-
ucts is difficult to grasp, and the available activity contents are different due to the different plants.

As aresult, the problems should be specified to herbs in the QoL in a sense, and the therapeu-
tic effect may vary among different batches. Furthermore, the lack of rigorous methods, risk
of possible bias, and a relatively small number of patients involved were repeatedly pointed
out in the previous literature on herbal application in lung cancer patients.

However, the most recent basic and clinical research showed a growing body of evidence
to support the notion indicating that herbs may be beneficial and effective in the treatment
and improvement of the QoL of patients with lung cancer, as well as prevent the side effects
of conventional therapy and improve the immune parameters. However, researchers must
develop novel specific methods to completely solve the challenges of the present study and
verify the credibility of possible herbs.

Despite the great progress of lung cancer treatment, lung cancer remains a leading cause of
cancer death worldwide. Molecule-targeted therapy has recently attracted research attention;
for example, the treatment of tyrosine kinase inhibitors and erlotinib for epidermal growth
factor receptor (EGFR) and its downstream mTOR signaling factors and bevacizumab, as
well as humanized monoclonal antibody, can bind to VEGF to increase the response rate and
progression-free survival (PFS) of patients on treatment with carboplatin, paclitaxel, cisplatin,
and gemcitabine in phase II trials. Plenty of evidence from a previous study showed that the
eastern medicine herbal therapy is effective in lung cancer treatment by regulating cell prolif-
eration, apoptosis, angiogenesis, and metastasis in multidrug-resistant tuberculosis patients.
These activities can participate in a biological process of target molecule toxicity to normalize
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lung epithelial cells in lung cancer. Although various herbal formulas and plants are tradition-
ally used to treat lung diseases since the ancient times, the folk prescription of lung cancer
guidelines and standards is the first published by the American College of Chest Physicians
including complementary and alternative medicine in 2007, as well as the systematic review of
the potential of herbs and its active compounds in lung cancer treatment without execution. In
the current review, we recommend the potential of herbs and plant chemicals, which are com-
monly used for the treatment of lung diseases, including cancer, for folk prescription of critical
data analysis and discussion in vitro or in vivo laboratory experimental models and clinical
trials. Overall, we conclude that herbs and plant chemicals are potentially effective anticancer
drugs for the treatment and prevention of lung cancer by adjusting the multimolecular targets
involved in angiogenesis, metastasis, and serious side effects, thereby providing only quality
control and reproducibility of problem solving.
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