REVIEW ARTICLE

Molecular markers to predict clinical outcome and radiation induced

toxicity in lung cancer

Joshua D. Palmer', Nicholas G. Zaorsky'?, Matthew Witek', Bo Lu'

'Department of Radiation Oncology, Kimmel Cancer Center and Jefferson Medical College of Thomas Jefferson University, Philadelphia,
PA, USA; *Department of Radiation Oncology, Fox Chase Cancer Center, Philadelphia, PA, USA

ABSTRACT

The elucidation of driver mutations involved in the molecular pathogenesis of cancer has led to a surge in the application

of novel targeted therapeutics in lung cancer. Novel oncologic research continues to lead investigators towards targeting

personalized tumor characteristics rather than applying targeted therapy to broad patient populations. Several driver genes,

in particular epidermal growth factor receptor (EGFR) and ALK fusions, are the earliest to have made their way into clinical

trials. The avant-garde role of genomic profiling has led to important clinical challenges when adapting current standard

treatments to personalized oncologic care. This new frontier of medicine requires newer biomarkers for toxicity that will

identify patients at risk, as well as, new molecular markers to predict and assess clinical outcomes. Thus far, several signature

genes have been developed to predict outcome as well as genetic factors related to inflammation to predict toxicity.
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Introduction

In 2013, an estimated 228,000 new cases of lung cancer will
be diagnosed in the United States and more than 70,000
will die from the disease. The risk of developing lung cancer
for all American men and woman during their lifetimes
is between 6-7%. This risk increases with age, genetic
susceptibility and toxic exposures (e.g., smoking) (1). Lung
cancer is a heterogeneous group of carcinomas comprised
of several histologic subtypes: adenocarcinoma, squamous
cell carcinoma, and large cell and small cell neuroendocrine
tumors. The vast majority of molecular research focuses on
the most prevalent histologic subtypes: adenocarcinoma and
squamous cell carcinomas.

Since the initial heralding in the last decade of “the six
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hallmarks of cancer”, advances in the study of molecular pathways,
identification of biomarkers and novel targeted therapies have
made their way to clinical applications and widened the scope
of our understanding of the molecular pathogenesis of lung
cancer (2,3). The appropriate introduction of targeted therapies
into current standards of care remains an open area of clinical
investigation.

The current understanding of the mechanisms of transformation
from normal physiologic epithelial cells to malignant lung
cancer has evolved alongside our increasing knowledge of many
other cancer types and falls into a multi-step paradigm (4,5).
A series of either chromosomal or nucleotide aberrations
and epigenetic events in driver genes lead to immortality and
the malignant phenotype of lung cancer (6). It is theorized
that during this multi-step transformation, certain driver genes
cause “addiction” and are required for tumor maintenance
and targeting these biomarkers will lead to the eradication of
selective cancer cells.

Various lung cancer biomarkers have been identified,
including epidermal growth factor receptor (EGFR) mutations,
EML4/ALK fusion genes, pS3 mutations, RAS/MAP kinase
mutations, Her-2 overexpression and PI3K/mTOR mutations.

A consequence of targeted radiotherapy in lung cancer is

damage to the surrounding organs at risk which include the lung
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Figure 1. Summary of intracellular signaling pathways containing the crucial driver genes in lung cancer which promote tumor cell proliferation,

survival, angiogenesis and metastatic potential.

and heart. The majority of molecular biomarkers of toxicity in
lung cancer focus on lung damage or pneumonitis. Attempts
have been made to combine dosimetric parameters in lung
radiotherapy with various lung biomarkers to define a group of

patients most at risk for severe lung toxicity.

Lung cancer molecular markers

The search for a cancer biomarker or targetable genetic
aberration requires years of preclinical studies in vitro
and in vivo. Currently there are approximately a dozen
biomarkers that have demonstrated clinical benefit and
another dozen are currently under investigation (7).
Of these, several are considered lung cancer driver genes by the
NCI’s lung cancer mutation consortium. These include EGFR,
KRAS, HER2, PI3K, BRAF and ALK fusions (4). Of these
EGFR, KRAS, HER2 and ALK fusions are predictive of response
to targeted therapies (5,8-11). These driver genes play an
important role in lung cancer tumorigenesis involving alterations
in their proliferative potential, apoptotic signaling, angiogenesis
and invasion/extravasation. Clinically relevant pathways are
depicted in Figure 1 and include the RAS/MAP kinase, PI3K/
AKT/mTOR, JAK/STAT pathways and cell cycle checkpoints. It
is known that, in varying degrees, these biomarkers are mutated,
amplified or overexpressed in non-small cell lung cancers. Table
1 outlines the relative frequency with which each driver gene
occurs in lung cancer (5,8,12,13).

EGFR

This family of receptor tyrosine kinases (RTKs) include the
EGFR or HERI and HER2-4 (14). They are a group of RTKs
with approximately 75% homology that once bound to an
extracellular ligand form homo- and heterodimers which leads to
their intracellular signaling (5). The vast majority of mutations in
this family occurs within the tyrosine kinase domain and correlate
with drug sensitivity (15). Therapeutic targets for this family are
summarized in Table 1 and include small molecule inhibitors,
gefitinib and erlotinib, and monoclonal antibodies, cetuximab and
trastuzumab. Interestingly mutations in EGFR seem to occur more
frequently in never-smokers, people of Asian descent, and women
with adenocarcinomas (5,15). These groups also seem to be more
sensitive to molecular inhibition. Several studies have found both
EGEFR amplifications and most mutations correlate with improve
clinical outcomes (8). There are, however, mutations that
predict a negative response to EGFR inhibition which include
the T790M mutation, a concomitant KRAS mutation or MET
amplification. More recent studies suggest a D761Y mutation in
exon 19 and insertion within exon 20 leads to further resistance
to targeted therapy (16). HER2 mutations occur much less
frequently although mutations seem to correlate with those in
EGFR mutated patients. Targeting Her2-4, however, has not led
to improved outcomes in unselected patients and large groups
of patients harboring these mutations have not been identified
(8,9,17,18).
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Table 1. Lung cancer genetic aberrations and associated targeted therapy.
Biomarker gene Aberration Targeted therapeutic Frequency of aberration [%]
EGFR Mutation or amplification Gefitinib, erlotinib, cetuximab [10-25] (35% in Asian patients)
HER2 (ERBB2) Mutation or amplification Trastuzumab [5-10]
BRAF Mutation Sorafenib [2-3]
p53 Mutation or deletion Advexin a p53 adenoviral vector [30-50]
VEGF Overexpression Bevacizumab, afibercept
PI3K Modified and activated BEZ235, LY294002 [1-3]
mTOR Activated Rapamycin, RADOOI, CCL-779 [70-75]
RAS Mutation leading to activation Tipifarnib, lonafarnib [10-15] (20-30% in Adenocarcinoma)
MEK Activated Trametinib, salumetinib [1-2]
c-KIT Overexpressed Imatinib [1-2]
EML/ALK Fusion Crizotinib [5-13]
RAS/RAF/MAP kinase pathway ALK translocations (ALK/EML4 and ROS1)

In lung cancer, nearly all clinically relevant mutations in the
RAS family occur in KRAS. Once mutated RAS is activated and
may lead to cellular transformation and sustained proliferation
making this family an ideal candidate for targeting. Several drugs,
among them tipifarnib and lonafarnib, are known as farnesyl
transferase inhibitors and have been developed to target RAS
modification. In order to perform intracellular cell signaling (8),
RAS requires modification with a farnesyl group. This allows
proper attachment to the cell membrane. Without proper
modification and cell membrane localization, RAS becomes
ineffective.

BRAF is a part of a family of serine/threonine kinases
downstream of RAS. BRAF is mutated in lung cancer but this
occurs much less frequently than with melanoma (Table 1).
Because the mutations in BRAF differ substantially between
lung and melanoma, the translational use of vemurafenib for
treatment of lung cancer is unlikely. However, the use of oral
RAF kinase inhibitors like sorafenib is being studied. Sorafenib is
unique in that it is an inhibitor of the RAF/MAP kinase pathway
and has activity on multiple tyrosine kinases (VEGF and PDGF)
allowing for multiple pathways involved in lung tumorigenesis to
be targeted (8,11,19).

Once activated BRAF signals MEK1/2 which goes on to
activate the MAP kinase pathway through ERK1/2. These
downstream effectors are known to be constitutively activated in
human lung cancer cell lines. Oral inhibitors such as CI-1040 and
PD03244901 have been developed and studies are actively being
pursued (8,20).

The echinoderm microtubule-associated protein-like 4-anaplastic
lymphoma kinase fusion gene (EML4/ALK) is the most
common form of translocation. The fusion protein results in a
constitutively active tyrosine kinase (21). This fusion product
is more common in the young, low volume or never-smokers
with adenocarcinoma histology with signet ring features. ALK
rearrangements are clinically detected with fluorescence in
situ hybridization. A dual ALK translocation inhibitor called
crizotinib is available to suppress the effects. Both preclinical
and clinical testing has demonstrated radiosensitivity and
remarkable response rates of EML/ALK positive tumors to
therapy with crizotinib (9,22). Several second site mutations
L1152R, L1196M and C1156Y have been and confer resistance
to crizotinib treatment. ROS1 rearrangements have also been

identified recently to remain sensitive to crizotinib (8).
PSs3

The pS3 protein is a transcription factor that is modified in
various cellular stress situations. It functions to initiate apoptosis
or to arrest the cell cycle. P53 is well known, as it is the most
frequently mutated gene in human cancers (4). The majority
of mutations in p53 are inactivating mutations, or deletions,
although some missense mutations result in a gain-of-function
phenotype that portends a poor prognosis in lung cancer (8).
Classically, cigarette smoking is linked to transversion mutations in
lung cancer. Clinical applications to subvert pS3 have been made

by using adenoviral gene replacement vectors to re-introduce
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wildtype pS3 (4,8,21). This is based on the preclinical work
demonstrating that tumors that harbor a mutant p53 undergo
apoptosis if wildtype pS3 is re-expressed within the cell. Early
phase clinical trials have determined this vector to be safe and

effective in lung cancer and continued studies are planned (23).
The PI3K/mTOR pathway

Phosphatidylinositide-3 kinase (PI3K) encoded from the
oncogene PIK3CA belongs to a family of lipid kinases leading
to mammalian target of rapamycin (mTOR) activation that is
estimated to be activated in nearly 75% of lung cancers (8).
PI3K leads to inhibition of apoptosis and a regulation of
growth. PIK3CA is mutated in lung cancer (Table 1), leading
to high levels of kinase activity and downstream signaling.
When combined with radiotherapy, PI3K inhibitors such as
LY294002 and wortmannin reduce downstream effects which
stall the growth potential and cell killing of human cell lines.
These drugs are, however, rather toxic as they are nonspecific
and inhibit a broad range of this family of kinases. Most recently,
pharmaceutical companies are attempting to isolate isoform
specific inhibitors of PI3K for a variety of cancers, IC486068 and
1C87114 (8,18,21).

mTOR is a serine/threonine protein kinase. This kinase is the
main downstream effector of the pathway that leads to regulation
of cell growth. Two complexes, nMTORC1 and mTORC?2, form a
catalytic subunit allowing for both cellular activity and possible
therapeutic targeting. Several available therapeutic drugs are
available, including Sirolimus and derivatives such as CCI-779,
RADO01 and AP23576. Both have shown activity in lung cancer
and are under further current clinical study (8,21,22).

JAK/STAT

The Janus kinase (JAK) and Signal Transducer and Activator of
Transcription (STAT) pathway has been implicated in preclinical
study to increase cell proliferation and inhibit apoptosis through
downstream effects like BCL, Cyclin and MYC in lung cancer.
JAK localizes toward and is activated by ligand bound receptor
tyrosine kinases leading to phosphorylated sites recognized by
the SH2 domain of various STATs. They become phosphorylated
by JAKSs and form homo- and heterodimers which localize to
the cell nucleus and regulate gene transcription. Interestingly,
several STATs may be phosphorylated directly by EGFR and other
kinases. Most notably, STAT3 has been linked to lung cancer
oncogenesis within cell lines that carry a mutated EGFR. In fact, in
EGFR mutants, STAT3 activation is necessary for cell growth and

survival. Downstream of STAT?3 is an inhibitor of apoptosis named

survivin which functions to increase cell proliferation through
the cell cycle and inhibition of apoptosis through caspases.
This pathway of signaling is an attractive therapeutic target and
preclinical work using TG101209 has demonstrated induced
radiosensitivity, likely through inhibition of STAT3 (8,21,22).

TGE-B and angiogenesis

Transforming growth factor beta (TGF-B) is a cytokine that
regulates multiple cellular processes, including cell survival,
growth and immunomodulation. TGF-p activates downstream
effectors in the SMAD family. TGF-p plays a dual role in lung
cancer. During early tumorigenesis, TGF-P induces apoptosis
and is responsible for growth inhibition. And, as we will see later,
it also plays a role in inflammation. However, in late stage lung
cancers, TGF-B induces angiogenesis (3,8,22).

Vascular density and angiogenesis correlate with advanced
stage lung cancers and poor survival. A critical mediator in
angiogenesis is the VEGF family. VEGF receptor inhibitors
include the monoclonal antibody bevacizumab and the fusion
protein aflibercept which bind circulating VEGF amongst others
currently under investigation. Assessing response after treatment
with bevacizumab has become a challenge. Pooling available
anti-VEGEF trials has allowed assessment of possible biomarkers
to measure outcome. In fact, recent data suggests biomarkers
such as circulating short VEGF-A, as well as modified expression
of receptors neuropilin-1 and VEGF receptor 1, are potential
candidates to predict outcome (8,24). A prospective biomarker
study named MERIDiAN will stratify patients based on their
short VEGF isoform and plans to address this issue.

Biomarkers of radioresistance

The development of radiation resistance relies on innate
tumor characteristics. Classically, the most important features
in the response of tumors and normal tissues to fractionated
radiotherapy are referred to as the “4 Rs”: repair of DNA
damage, redistribution of cells within the cell cycle, accelerated
repopulation and reoxygenation of hypoxic tumor cells (25).
During the accelerated repopulation phase, tumor cells begin
to repair their damage and proliferate at a markedly faster rate.
During this phase, several cellular mechanisms take place that lead
to resistance to radiotherapy: cellular senescence, DNA repair
and cell cycle checkpoints regulation. Unfortunately the pathways
and mechanisms of resistance are complex, and to date, are poorly
elucidated. However, several investigators have shed light on genes
likely related to both innate and acquired radioresistance. Innate

radioresistance refers to genes present prior to exposure to ionizing
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therapeutic radiation and the acquired genes are those whose
expression is changed after exposure to ionizing radiation. Using
various methods of gene expression profiling a series of pathways
involved in hypoxia, DNA repair and apoptosis have been studied
in human lung cancer cell lines. Eighteen key genes linked to
radioresistance were identified but of these genes only three have
been validated to date. The three validated genes were MDM2,
Livin a and TP5413 (18,26).

MDM2 involved in innate radiation resistance encodes a
protein called E3 ubiquitin-protein ligase which is an important
negative regulator of pS3 both through ubiquitinylation leading
to degradation and inhibition of transcriptional activation (27).
It has been demonstrated that up-regulation of MDM2
expression leads to radioresistance and targeted down regulation
with siRNA leads to a reversion back to radiosensitivity. The
remaining two validated genes are associated with acquired
radioresistance where Livin-a is up-regulated and TPS3I3 is
down-regulated. Livin is a novel inhibitor of apoptosis (IAP)
which is normally not expressed at high levels. In 2011, it was
found that levels of expression are highly up-regulated after
exposure to radiation leading to acquired resistance, especially in
isoform a. The tumor protein pS3 inducible protein 3 (TPS313)
gene is nearly turned off subsequent to fractionated radiotherapy
leading to a depression of pS3 cell death signaling (18).

Other potential mechanisms of resistance to radiation
include mutations in EGFR and RAS. Preclinical studies have
shown low levels of apoptosis in human cell lines with KRAS
mutations in codon 12 (12V). It is theorized that this low level
of apoptosis is mediated through modification of ERK. This may
explain the resistance to radiotherapy. Various investigators have
demonstrated a link between high levels of survivin expression
and radioresistance (28,29). Radioresistance through mutations
in EGFR has been studied and linked to various intracellular
pathways yet no clear mechanism has been discovered.

Immunotherapy in lung cancer

Over the past several years, the importance of immune responses
in cancer stem from the update of “the hallmarks of cancer”
which included several new mechanisms important to cancer
cell proliferation and evasion of the body’s innate system of
immunosurveillance (30). It was noted that cancer cells require
the ability to thrive in a chronically inflamed environment and
evade and suppress the immune system. With this knowledge
researchers have begun to seek out mechanisms to effectively
activate immune reactivity, counteract immune suppression and
characterize cancer specific antigens that are present throughout

the cell’s lineage.

The basis for immunotherapy lies in mounting an adaptive
response to cancer specific antigens. This relies on the tumor
microenvironment, myeloid suppressing cells like T-regulatory
(Treg) cells and the discovery of conserved cancer cell antigens
(30-33).

In fact, Suzuki et al. have begun to clarify the importance of
the tumor microenvironment on the risk of recurrence (33). The
tumor microenvironment was studied by separating eight tumors
infiltrating immune cells from the tumor and surrounding stroma
and studying the expression of several cytokines in nearly 1,000
early stage lung cancer patients. Several markers were found to
be significantly strong predictors of the risk for a recurrence at
five years. These markers included an elevated forkhead box P3
(FOXP3): CD3 ratio and high levels of interleukin-7 receptor.
The interleukin-7 receptor was also linked to worse overall
survival. It was also noted that high levels of interleukin-12
receptor P2 was associated with a lower risk of recurrence. It
turns out that FOXP3 is a marker for Treg cells. The expression
of FOXP3 was also noted in the tumor stroma emphasizing
the necessity of the tumors microenvironment in the relapse
potential. IL-12 and its associated receptor acts as a tumor
suppressor that is associated with less aggressive tumors. On the
other hand, IL-7R has been shown to enhance angiogenesis by
upregulating VEGF-D and acts through the JAK/STAT pathway.
Several therapeutic targets have been suggested to counteract these
newly found prognosticators in early lung cancer cells including
cyclophosphamide which may deplete Treg cells and alter the
FOXP3:CD3 ratio, reintroducing IL-12 or stimulating the IL-12R
and blocking angiogenesis and the STAT family (33-35).

Several other mechanisms have been thoroughly studied to
manipulate the immune environment including cytotoxic T
lymphocyte anigen-4 (CTLA-4), programmed death 1 (PD-1),
PD-1 ligands and damage associated molecular-pattern molecules
(DAMPs) (33). CTLA-4 is expressed on CD4 cells and inhibits
cytotoxic T lymphocytes. Ipilimumab is an antibody which targets
CTLA-4. A clinical response relies on nonspecific alterations in
immunogenicity through changes in total lymphocyte number
and dendritic cells as well as altering expression of indoleamine
dioxygenase. Ipilimumab has demonstrated a progression free
survival in advanced stage, metastatic lung cancer in combination
with chemotherapy. Other inhibitors of T cells include the PD-1
receptor which is a co-inhibitor factor present on T cells that is
activated by PD ligands 1 and 2 (PD-L1 and PD-L2). Both PD-1
and PD-L1 have been targeted clinically in metastatic lung cancer
demonstrating an objective response in 10-33% of patients with
squamous cell carcinoma. Much lower response rates have been
noted in adenocarcinomas (34,36). DAMPS such as heat-shock
proteins (HSP) and high-mobility group box 1 (HMGB1)
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enhance autophagy which is down regulated in cancer cells.
It is theorized this may play a role in the abscopal effect and
manipulation of DAMPS may increase the chances for systemic
control of disease (34,35,37).

Lung cancer vaccines have been developed and demonstrated
impressive results in several clinical trials. Targets range from
conserved proteins, molecular biomarkers to nonspecific targets.
Mucin 1 (MUCI1) is a cellular adhesion molecule expressed on
many epithelial cells and is largely conserved within malignant
lung cancer cells. MUCI targeting vaccines including BLP-25
and TG4010 have demonstrated improvements clinical
outcomes in early phase trials. BLP-2S is the only MUC1 vaccine
that has thus far demonstrated a significant improvement in
overall survival. The phase IIB trial demonstrated a 31% 3-year
overall survival compared to 17% with best supportive care
(34,38). Although no benefit in survival was demonstrated in
metastatic disease. Importantly, the administration of BLP-25
was administered with cyclophosphamide to inhibit T cell
suppression. Several phase three trials including the START
and INSPIRE trials are currently assessing BLP-2S in the phase
III setting. The TG4010 vaccine acts by inducing MUC1 and
IL-2 expression through transfection with a recombinant
vaccine virus. There have been promising results in early phase
studies yet no significant improvement in clinical outcomes.
Clinical outcome with this technique relies on the expression
and recognition of transfected targets and phase three studies
are now excluding patients with increased NK cell activity as
these patients tended to have worse outcomes and toxicity. The
CIMAvax EGF vaccine has demonstrated an improved median
survival through targeting the EGFR receptor but this effect is
limited to those patients that produce a good antibody response
to the vaccine. MAGE-A3 is another conserved protein that has
been targeted for vaccine development which in phase II studies
has led to a trend to improved overall survival. This has led to
the MAGRIT phase III study. Belagenpumatucel-L is a vaccine
targeting TGF-p. The high-dose arm had a significantly improved
median survival of nearly one year without significant toxicity.
This has led to a phase II trial (NCT00676507) (34,38).

Combining immunotherapy with radiotherapy has been
postulated to improve clinical outcome. Commonly after
standard fractionated radiotherapy most cells undergo apoptosis
as their mechanism for cell death which is non-immunogenic.
But it is theorized that with hypofractionated therapy cells in
combination with immunomodulaters may make tumor cells
more immunogenic. In fact, Shaue ef al. demonstrated in a
murine melanoma model a threshold where doses of 7.5 Gy were
immunostimulatory yet less hypofractionated doses were not

effective (39). The exact mechanism of enhancement of the innate

and adaptive immune systems is unclear but there have been
several reports demonstrating marked reduction in systemic
disease after local radiotherapy (39,40).

Status of personalized care in lung cancer

Personalized medicine has become a hot topic due to the lower
costs of genetic testing and the voluminous research each year
that demonstrate new molecular biomarkers. Rather than treating
tumors based on stage and anatomical location the ultimate goal
of personalized oncology is to identify sub-classes of molecular
tumor types, which will lead to improved treatment strategies and
prognosis.

Biomarker driven clinical trials utilizing first generation
EGER tyrosine kinase inhibitors (erlotinib and gefitinib), as
well as ALK inhibitors such as crizotinib have improved clinical
outcomes with demonstrated response rates between 50-75%
(16,41,42). In fact, these studies have led to a recent change in
the National Comprehensive Cancer Network 2013 guidelines
for non-small cell lung cancer which recommends molecular
testing in the work-up of metastatic lung cancer patients. Now,
many clinicians and several multi-disciplinary tumor boards are
recommending molecular testing be done earlier and earlier in
the clinical presentation of disease.

Although molecular testing is becoming a part of our
clinical acumen in lung cancer serious limitations of our
current targetable biomarkers exist. The largest limitation in
applying these data to the general population lies in the fact that
Americans only harbor between 10-30% of ALK and EGFR
mutations and between 80-90% of all lung cancer patients do not
harbor these mutations at all (8,16,43). In patients that harbor
a targetable mutation between 25-50% of them do not respond
to therapy. Efforts to determine the mechanisms of resistance
amongst patient’s harboring these mutations as well as emerging
ALK inhibitors and second generation EGFR inhibitors will
hopefully address this key issue.

Our understanding of the molecular pathways of driver mutations
and their mechanisms of resistance will continue to improve. Many
of the aforementioned molecular biomarker subtypes will likely be a
part of our growing clinical armamentarium as the fight continues to

tailor therapy to each tumor.

Molecular markers: clinical applications and

outcomes

The application of novel therapeutics to disrupt driver gene
pathways has met with mixed results. Attempts to use these

molecular biomarkers earlier in the pathogenesis of lung cancer
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are under active investigation.

Erlotinib, crizotinib and bevacizumab have played a role in
improving clinical outcomes in metastatic lung cancer (11,44-47).
Yet, the use of concurrent or adjuvant EGFR inhibitors has led
to inferior or equivocal results compared to current standard
therapy (47). Also, the use of concurrent bevacizumab remains
perilous. Many clinicians believe that the unselected nature of
these trials has led to unexpected results. Logically, patients that
harbor these mutations should have improved clinical outcomes
(45,46,48). This has been noted with the addition of crizotinib in
patients harboring the fusion gene with metastatic disease (49).
Researchers await the results of the cetuximab data from the
RTOG 0617 trial to determine if the addition of targeted therapy
will lead to improved clinical outcomes in combined modality
therapy. Excitingly, personalized targeted therapy is being
explored in an upcoming RTOG trial assessing the efficacy of
induction targeted therapy followed by standard therapy. Of
course, the drawbacks in this design are that induction therapy
will delay local therapy. But the safety of combining these
therapies with combined modality therapy remains unclear and
adjuvant therapy has demonstrated poor results.

Further genetic testing has been explored to identify sub-groups
of patients with improved outcomes. In fact, a 5-gene signature
was identified and validated by researchers in Taiwan (50).
Using gene expression profiling, risk scores and decision-tree
analysis, the researchers found DUSP6, MMD, STAT1, ERBB3
and LCK were independent predictors of relapse free and overall
survival. They performed a microarray analysis of 16 genes in 125
patients and grouped patients into high risk and low risk groups.
Using their S-gene signature, the median overall survival in the
low risk group was 40 months while the rate for those in the high
risk group was 30 months with a P<0.001. Relapse free survival
was also significant; 29 months in low risk patients and 13 months
in high risk patients. Importantly, these genes functions were
observed in various realms of tumorigenesis, including apoptosis,
cell differentiation and metastatic potential.

Preclinical studies have found other predictive biomarkers,
including inhibitors of DNA binding ID1 and ID3.
Immunohistochemical staining for ID1/3 was performed in 17
stage III lung cancer patient that received combined modality
treatment. Interestingly, a dramatic improvement in progression
free and overall survival was demonstrated. In patients without
ID1/ID3 co-expression, the median progression free survival was
30 months compared to 1 month in those with co-expression.
The median overall survival for patients without ID1/ID3
co-expression was 45 months and for those with co-expression was
six months (51). It is theorized that these genes may correlate with

the extent of hypoxia leading to resistance to radiotherapy (52).

Recently, there has been a remarkable uptrend of clinical trials
addressing the use of targeted therapies earlier in the pathogenesis
of disease (53). Importantly, the application of these novel
therapeutics is being tailored to individual tumors which will
hopefully improve clinical outcomes. The characterization of
driver genes and prognostic biomarkers like the S-gene signature
and ID1/3 expression is an exciting revelation in lung cancer but
we still require further study and validation in large randomized
trials to determine if these biomarkers are clinically relevant.

Radiation pneumonitis and novel biomarkers

for toxicity

Radiation pneumonitis is characterized by inflammation of the
lung after delivering therapeutic doses of radiation to the thorax.
Clinically significant pneumonitis is considered any toxicity that
will require medical intervention. Clinically significant radiation
pneumonitis occurs in approximately 5-50% of patients with
lung cancer and is one of the most common clinical toxicities. It
is also one of the most dangerous (54). Approximately 80% of
clinically significant pneumonitis manifests in the first 10 months
following therapy. The frequency of different clinical endpoints
varies among patients with radiation pneumonitis: 20-80% will
have a radiologic abnormality, 5-50% will have shortness of
breath and <3% will develop a bronchial stricture.

Quantitative analysis of normal tissue effects in the clinic
(QUANTEC) is the guide radiation oncologists use to interpret
dose volume histograms. The recommended dose-volume limits
generally used (many caveats exist) in clinical practice include:
the volume of lung receiving over 20 Gy (V,,) of less than 30-35%
and a mean lung dose of less than 20-23 Gy (SS). These
constraints portend a risk of less than 20% risk of pneumonitis.
In patients after a pneumonectomy, more stringent limits include
a V4<60%, V,,<10% and a mean lung dose of <8 Gy. There are
also factors that affect risk for pneumonitis. Classically, young age
groups (<60-70 years old) and active smokers have a lower risk
of developing pneumonitis. The use of concurrent chemotherapy
increases the risk of radiation pneumonitis.

Acute radiation pneumonitis (within 12 weeks of
radiotherapy) and subsequent pulmonary fibrosis which forms
within the first 1-2 years results from a cascade of inflammatory
cytokines and vasculature changes. Below is a depiction of
several key markers of pneumonitis during the pathogenesis
of fibrosis (Figure 2). The alveolar epithelium of the lung is
made up of Type I (>90%) and Type II pneumocytes and
upon exposure to radiotherapy there is a large loss of type I
pneumocytes through apoptosis. The Type II alveolar cells

begin to proliferate and produce surfactant apoproteins to repair
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Figure 2. Mechanism of Pulmonary Toxicity. Radiation therapy is targeted at a right lower lobe lung mass (upper left panel). The irradiation of normal

tissue during radiotherapy (black box, inset) causes certain patients to develop radiation pneumonitis, which is associated with release of IL-6 from

neutrophils, TGF-B from fibroblasts, and apoproteins in surfactant from type II alveolar cells (black box inset, magnification). Pre- and one year post-

radiotherapy axial CT slices from a patient that developed radiation pneumonitis in the right lung is displayed (lower panel, left and right, respectively).

Iustration created by Nicholas G. Zaorsky, M.D.

the surrounding damage. Cells within the extracellular matrix
including macrophages, fibroblasts along with circulating T
helper cells begin secreting cytokines including IL-6 and TGF-p
recruiting other inflammatory cells and beginning the cascade
leading to collagen deposition and fibrosis within the lung
parenchyma (56).

Recently, biomarkers and organ interactions have become
important predictors of radiation pneumonitis. Inflammatory
cytokines are known to participate in the pathogenesis of
radiation pneumonitis and they pose a possible serum biomarker
for toxicity. An early study linking serum markers to lung toxicity
was the ROTG 91-03 trial studying stage II and III lung cancer
patients undergoing 60-66 Gy of radiotherapy but were not
surgical candidates (57). Some patients in this trial were able to
receive concurrent or sequential chemotherapy but during the
initial phases of the trial patients received radiotherapy alone.
They found that after 10 Gy, elevated serum IL-6 (>0) predicted
for acute grade 2 or higher radiation pneumonitis. At the same

time, elevated levels of surfactant apoproteins (>797) after 20 Gy
were correlated with late radiation pneumonitis. They also
noted that a diffusion capacity of <54 and age >60 portends
a higher risk of radiation pneumonitis. The remainder of the
serum markers studied failed to correlate well with pneumonitis,
including TNF and TGF-p.

TGEF-B is the most heavily studied and scrutinized inflammatory
biomarker for lung toxicity because it has conflicting data
regarding its predictive ability for radiation pneumonitis
(58,59). Several studies have linked elevations in TGF-B levels
to radiation pneumonitis. They reported that levels of TGF-p
differ significantly during radiotherapy and that sampling time
determines the level of serum concentration. Other studies found
that technical factors related to testing blood samples may explain
the elevations in TGF-p levels. Still others found that normal tissue
production of TGF-B during radiotherapy was influenced by the
genetic background of the tumor and the patient (52,59).

Nonetheless, a combined analysis from Michigan and China
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found that elevation of serum TGF-B1 levels during radiotherapy
(at four weeks) compared to pre-treatment TGF-B levels predicted
for pneumonitis. The addition of mean lung dose helps stratify
patients at the highest risk. Using a TGF-f ratio of >1 and mean lung
dose of >20 Gy as risk factors, they categorized patients into three
groups: no risk factors (low risk), one risk factor (intermediate risk)
and both risk factors (high risk group). The risk of pneumonitis
for each group was <5% for low risk, 50% for intermediate risk and
66% for the high risk group. A similar study was performed using
TGF-B levels at the end of therapy and V30 (58). They were also
able to adequately stratify each set of patients based on these two
factors. Several investigators have found the combination of
inflammatory markers with dose-volume characteristics seems
to be the best predictor for pneumonitis, rather than being
compared to any factor alone. Unfortunately, these studies found
a marker that must be drawn during therapy and in some cases
this was too late to make any significant change in the outcome.
A recent sophisticated study that searched for single nucleotide
polymorphisms (SNPs) of TGFBI gene found genotypes at lower risk
for radiation pneumonitis. This study randomly acquired DNA from
164 lung cancer patient’s resected tumor specimen and genotyped
each sample to reveal SNPs in the TGF-f gene. The CT/CC
genotypes in rs1982073:T869C TGFp1 allele had a lower risk of
developing radiation pneumonitis after radiotherapy independent
of dosimetric factors such as mean lung dose and V20 (41).
This may allow pre-treatment assessment of pneumonitis risk
and further allow personalized radiotherapy treatment planning.
Strikingly, there is data linking parameters of radiation dose
administered to the heart to lung toxicity. A single institutional
review of hundreds of dose volume parameters found several
variables, heart D10, lung D35 and maximum dose of the lung,
were significant predictors for radiation pneumonitis in their
cohort of patients (60). Due to the confounding variables within
this type of analysis, further assessment and generalization
to other patient populations are needed prior to using these
variables in everyday practice. Additionally, heart toxicity has
been linked to several biomarkers including pro-BNP and
troponins (61). Though, no studies have linked these biomarkers
to heart toxicity after completing radiotherapy to the lungs.
Other mechanism based biomarkers have been developed
to determine improved outcomes in patients taking targeted
therapies. These mechanism based biomarkers are well known
side-effects, such as an acneiform rash with EGFR inhibitors,
hypertension for VEGR inhibitors, hypothyroidism with
multitargeted tyrosine kinase inhibitors and hyperglycemia
with mTOR or PI3K inhibitors. Through analysis of the most
recent targeted therapy trials in lung cancer, as well as analysis

of other anatomic sites, trends were identified linking improved

clinical outcomes in those patient’s that experienced mechanism
based toxicities (62). Conversely, it is postulated that a lack of
mechanism based toxicity is a surrogate for lack of effective tumor
response. These data are interesting, yet they remain preliminary.

Lately researchers have begun combining targeted therapies
in lung cancer with standard chemoradiotherapy. This raises a
question: How will the addition of targeted therapies alter the
therapeutic window?

Several early phase clinical trials assessing the safety and
efficacy of adding bevacizumab to standard chemoradiotherapy
in lung cancer have found an alarming rate of tracheoesophageal
fistulas. Tracheoesophageal fistulas are normally an exceedingly
rare occurrence in the treatment oflung cancer. However, in
a small pooled analysis, investigators found more than 10%
incidence of tracheoesophageal fistula formation prompting the
early termination of these investigations (44,63,64). Another
early phase trial assessed the incidence of clinically significant
pneumonitis. When combined with chemoradiotherapy
in advanced lung cancer, they found a clinically significant
pneumonitis rate of 67% (44,63). Although these studies are
relatively small, they demonstrate an alarmingly high rate of
significant lung and esophageal toxicity occurs with the addition
of bevacizumab in standard chemoradiotherapy. This finding
has prompted many researchers to abandon the addition of
current generation VEGF inhibitors in combined modality lung
cancer treatment. Additional studies using next generation anti-
angiogenic factors are needed to further characterize the safety
and efficacy of this modality of treatment.

The controversial multi-institutional RTOG trial 0617 also
assessed whether the addition of targeted therapy to combined
modality therapy may improve outcomes. They used a 2x2 factorial
design comparing standard dose (60 Gy) versus high dose
radiotherapy (74 Gy), with and without the addition of cetuximab.
Paradoxically, there were significantly more local failures in the high
dose arm, 34% versus 25% in the standard dose arm. Also noted
was a startling stratification in survival, with a median survival in the
standard dose arm of 28.7 months and 19.5 months in the high dose
arm. The only significant difference in toxicity was esophagitis was
three times higher (65). Many questions about these results remain
unanswered. Some postulate that overall treatment time plays a
role. Using tighter treatment margins without using 4D CT scans to
determine tumor motion or awaiting the additional dosimetric data.

The appropriate timing of targeted therapies to use in combined
modality therapy remains unclear. To address this issue, a trial in
the pre-activation stage RTOG 1306 will add targeted therapies as
an induction therapy for advanced stage lung cancer. Patients with
stage III non-squamous, non-small cell lung cancer with N2 or

N3 disease will be enrolled. All patients will have surgical staging
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and tissue sent for molecular testing that searches for EGFR
mutations and ALK translocations. Patients will be randomized
based on their mutation analysis to receive either standard
chemoradiotherapy or induction therapy with either erlotinib or
crizotinib based on their mutation status.

The era of personalized medicine continues to bloom by allowing
tailored treatments in addition to standard therapy. However,
there are many unknown variables to consider when adding novel
therapeutics to other cytotoxic therapies, as we have not completely
defined the various therapeutic ratios. We have begun to define
newer markers of toxicity. These latest findings will help next

generation trials assess and prevent toxicity in lung cancer patients.

Hypofractionated radiotherapy and pneumonitis

Hypofractionated radiotherapy is employed as a means of either
dose escalation or shortening overall treatment times for both
early and late stage lung cancer (66). However, the optimal
dose, fractionation and schedule remain under investigation.
There are several early phase clinical trials with data maturing
which have combined hypofractionated radiotherapy with
targeted agents including erlotinib (NCT00983307) and
7ZD1839 (NCT00328562). As of November of 2013, there
are no active clinical trials assessing targeted therapies and
hypofractionated radiotherapy registered to clinicaltrials.gov,
which highlights a need for continued investigation. Patient
factors and dosimetric information related to pneumonitis in the
setting of hypofractionated radiotherapy is derived from early
phase clinical trials and large retrospective analysis. A recent
phase I study assessing hypofractionated attempting to raise the
biologic effective dose (BED) over 100 Gy for patients of all stages
revealed 16% grade 2 and no grade 3 radiation pneumonitis.
However, six patients experienced grade 4 or § radiation toxicity
including hemoptysis, lung abscess and bronchocavitary fistula.
Univariate analysis demonstrated a significant association of high
grade toxicity and total irradiation dose over 75 Gy with a 2-year
incidence of toxicity of 31% vs. 1.8%. The maximal tolerated dose
in this trial was 63.25 Gy in 25 fractions. The dose parameters
which significantly predicted for 5% toxicity at two years were a
D3cc of 75 Gy and a Dmax of 83 Gy (66). The high grade toxicities
were attributed, by the investigators, to high doses as mentioned
above being delivered to central structures including the proximal
bronchial tree. The rate of pneumonitis for stereotactic body
radiotherapy (SBRT), a form of ultra-hypofractionated therapy
which employs image guidance and smaller treatment margins, has
demonstrated rates of pneumonitis between 5-21% (67).

As the use of these techniques has increased, more attention

has been paid to the size of the tumor volume treated and the dose

to the uninvolved lung. Several studies revealed larger primary
tumor volume, mean lung dose, and maximum dose to the tumor
predicted for higher rates of pneumonitis (67,68). Reasonable
dosimetric guidelines include a mean lung dose less than 6 Gy, a
contralateral mean lung dose less than 3.6 Gy, and a V20 <10%.
Factors which may predict for increased risk for pneumonitis
include concurrent systemic therapy, active smoker, advanced age
(>65), central location, and size of treatment volume (>145 cc)
(66-69). Since the available toxicity data is more robust in the
setting of hypofractionated or SBRT alone, it is prudent that
combination targeted therapy and hypofractionated or SBRT
be conducted on prospective clinical trials to allow detailed
assessment of possible toxicities as available dosimetric and

patient factors may underestimate the rates of high-grade toxicity.

Lung cancer is a heterogeneous group of tumor sub-types. Each
type carries individualized mutations in multiple driver gene
pathways. Classically, cancer therapies have been applied based
on anatomic site, stage and other limited prognostic information.
With the explosion of data that demonstrates targetable
biomarkers in cancer, we are faced with new challenges to balance
toxicity with clinical outcomes.

Genetic signatures have been discovered that influence
outcome and one day may identify groups of patients that benefit
from more aggressive therapy. Novel organ specific toxicity-
related biomarkers in combination with radiotherapy derived
parameters will improve treatment decisions and allow real-time
treatment modifications to prevent long-term toxicity.

New approaches based on tumor and normal tissue characteristics
are necessary to continue improving clinical outcomes. New multi-
disciplinary tumor boards should be formed based on genetic tumor
characteristics rather than tumor sites. Medicine requires an ever-
increasing level of sophistication to interpret studies and design
clinical trials. Technology, data management and analysis and novel
therapies will improve more rapidly than ever before impacting our
ability to predict and change clinical outcomes.
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