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ABSTRACT
In the light of current treatment developments for non-small cell lung
cancer (NSCLC), the idea of a plastic cellular tumorigenic network bound by
key paracrine signaling pathways mediating resistances to targeted therapies
is brought forward. Based on a review of available preclinical and clinical data
in NSCLC combinational approaches to address drivers of this network with
marketed drugs are discussed. Five criteria for selecting drug combination
regimens aiming at its disruption and thereby overcoming resistances are
postulated.

THE HOLISTIC CONCEPT OF TUMOR
BIOLOGY

histopathological analysis. Depending on the tumor
region and the level of oxygen and nutrients available in
designated areas, specific genes are expressed varying
from cell type to cell type. In turn, this leads to distinct
effects driving the rates of proliferation, vascularization,
inflammation and invasiveness. This review will focus on
evolving treatment options for non-small cell lung cancer
(NSCLC) with respect to the intercellular interdependence
within the cellular tumorigenic network. Lung cancer is
the leading cause of cancer‑related mortality worldwide.
Histopathological grading identifies ~80-85% of lung
cancers as NSCLCs and 15‑20% as small‑cell lung cancers
(SCLCs) [3]. Most cases of NSCLC are diagnosed at
advanced metastasized stages. These tumors and some
of non-resectable stage III carcinomas are treated with
a platinum based combination chemotherapy which is
the mainstay regimen in the absence of predictive driver
mutations. First‑line chemotherapies for NSCLC therapy
consist of platinum‑based drugs (carboplatin or cisplatin)
combined with cytotoxic drugs such as docetaxel,
paclitaxel, gemcitabine, vinorelbine or pemetrexed [4].
In addition, many different targeted therapy drugs are
under development or have already been approved for the
treatment of NSCLC patients in selected tumor conditions
as partly discussed below [5, 6]. However, the 5‑year
survival rate of NSCLC patients is still below 20% and
thus the medical need for the development of effective
treatment concepts remains one of the greatest challenges
for health care systems worldwide so far [7].

In 2011 Hanahan and Weinberg updated their
concept “Hallmarks of Cancer” by adding two further
aspects of tumor biology, (i) reprogramming of energy
metabolism and (ii) evading immune destruction. In
total they describe 10 different mechanisms of tumor
biology. The feature of this overarching and integrating
concept is its holistic view on a tumor as an organ [1].
Most importantly this concept emphasizes the tumor´s
constitution of different cell types with distinct functions
in its biology. These specialized cell types build a cellular
tumorigenic network and they serve at different steps
during the course of tumorigenesis in an integrated
inter- and intracellular signaling network. Apart from the
neoplastic founder cell which likely originated from some
critical event of genetic alteration [2], non-neoplastic cells
such as cancer associated fibroblasts, endothelial cells and
immune cells comprise the heterotypic cell biology of a
tumor. Tumor cell signaling reprograms these cell types
leading to induction of processes such as angiogenesis,
apoptosis inhibition, immune evasion and synthesis of
soluble tumor microenvironment components. During
the evolving tumor development signaling networks
within the tumor are reshaped further and expression
programs such as hypoxia lead to heterogeneity within
specific tumor areas which also can be observed by
www.impactjournals.com/oncotarget
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CURRENT DEVELOPMENTS IN THE
TREATMENT OF ADVANCED NSCLC

introduced a further median PFS of 3-4 months with
median overall survival of 7 months following progress
on first-line chemotherapy [10, 11]. Since introduction of
angiogenesis inhibitors in addition to chemotherapy in the
first-line treatment of NSCLC improvements have been
made in PFS of unselected patients by approximately
2-3 months, however with conflicting results on overall
survival [12, 13]. Two trials that investigated VEGFRinhibition in addition to docetaxel in second-line treatment
of patients with NSCLC led to improvements of median
overall survival of 1-2 months versus control [14, 15].
Today it is widely accepted that cancer stem
cells (CSCs) carrying oncogenic and tumor suppressor
mutations drive the process of tumor progression and
cancer risk has been attributed to the number of stem cell

Targeted therapy
Upon diagnosis, approximately 50% of all patients
with NSCLC present with locally advanced, unresectable
or metastasized disease. NSCLC has long been considered
as comparatively chemoresistent and the median for
overall survival is 10-12 months for platinum based
combination regimens with median progression free
survival (PFS) of 5 months and remission rates of 1520% [8, 9]. The establishment of second line regimens

Figure 1: Simplified model of preventing drug resistances by simultaneous targeting of interdependent signaling in
the cellular tumorigenic network of NSCLC tumors using already marketed drugs. Signaling axes of VEGF-VEGFR,

EGF-EGFR, SDF-1-CXCR4, COX2-PGE2-EP and PD-1-PD-L1 are exemplary shown for some of the known paracrine pathways binding
the cellular tumorigenic network in NSCLC tumors. Evidence is provided that resistances to targeted therapy drugs is partly based on
substitutions of inhibited pathways in monotherapy. Therefore, combined targeted therapies against selected pathways may overcome
primary and secondary drug resistance. Examples of FDA-approved drugs are provided adjacent to the respective targeted pathways
(updated from Langhammer, 2013 [129]). PGE2, prostaglandin E2; VEGFR, vascular endothelial growth factor receptor; EGFR, epidermal
growth factor receptor; COX2, cyclooxygenase 2; red circle: tumor neo-antigen.
www.impactjournals.com/oncotarget
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divisions [16]. Molecular diagnostics have identified so
called “driver mutations” which account in some welldefined populations, for development of lung tumors.
K-RAS and epidermal growth factor receptor (EGFR)
are the earliest identified driver oncogenes. EGFR is
overexpressed in about 50% of NSCLC tumors and
correlates with poor prognosis [17]. This observation
led to the development of small molecules targeting the
intracellular tyrosine kinase domain of EGFR in order
to block the abundant downstream signaling in these
tumors. Gefitinib and erlotinib were the first drugs with
such a mechanism of action that received FDA approval
for patients with advanced NSCLC stages IIIB/IV in
2003 and 2004 respectively. However, a response rate of
only 10% was observed in early clinical trials with these
compounds leading to further investigation of the EGFR
signaling pathway in NSCLC [18]. Specific mutations
within the EGFR coding gene were observed only in
patients responding to EGFR inhibitor therapy. These
predictive EGFR mutations occur in about 10-15% of
NSCLC adenocarcinoma patients in the Caucasian and in
about 30-40% in the East Asian population, preferably in
patients who are nonsmokers or former light smokers [19].
The identified predominant EGFR mutations are in-frame
deletions in exon 19 (45%), mutations in exon 21, mainly
L858R (40-45%) and mutations in exon 18 and 20 [20].
The availability of EGFR-tyrosine kinase inhibitors such
as gefitinib, erlotinib and afatinib introduced one further
line of therapy for patients with NSCLC and activating
mutations in the EGFR gene. The expected median
survival of patients with activating mutations is now in
the range of about 28 months with median freedom from
progression of about 10-12 months [21, 22].
Similar to EGFR, today many different genetic
mutations in NSCLC and in other tumor entities
have been described and serve as starting point for
the development of new compounds targeting hyperactivated kinases. Additional genetic mutations identified
in NSCLC adenocarcinoma encompass KRAS (~30%),
EML4-ALK (~5%), MET (HGF, ~4%), BRAF/PIK3CA
(~3%), HER2/MEK (~2%), ROS1 (~2%) and others with
lower incidences. However, it is still remarkable that in
NSCLC in about 20% (squamous carcinoma) to 40%
(adenocarcinoma) no driver mutations could be identified
despite routinely used molecular diagnostics [23, 24].
One of the most frequently encountered oncogenes in
NSCLC is K-RAS which has been difficult to address
pharmacologically and which is considered one of the
cardinal routers of mitogenic signaling. To address
K-RAS mutated carcinoma downstream targets have been
exploited. For example, MEK was addressed in K-RAS
mutated NSCLC tumors by combining the MEK-inhibitor
selumetinib with docetaxel in second line therapy.
However, this study failed to reach the primary endpoint
of progression free survival [25]. In melanoma the
addition of a MEK inhibitor, trametinib, to RAF inhibitor
www.impactjournals.com/oncotarget

dabrafenib improves progression free survival by about 2
months [26].
All therapeutics that were developed for targeting
driver mutations in NSCLC, such as gefitinib or afatinib
for EGFRm or crizotinib and ceritinib for EML-4-ALK
translocation have in common that after a certain time
of partial or even complete responses in these patients,
resistance mutations evolve and a loss of efficacy for the
respective drug is observed. The approximate time until
a drug resistant clone is outgrown and mediates therapy
resistance in these tumors is less than a year [21, 22].
As a consequence, 2nd and 3rd generation tyrosine
kinase inhibitors (TKIs) are being developed targeting the
initial driver mutations but circumventing drug resistance
mutations. An example of such a drug is osimertinib.
Osimertinib is an irreversible 3rd generation TKI approved
for treatment of EGFR mutated NSCLC tumors harboring
the T790M drug resistance mutation, which evolve in
about 60% of EGFRm tumors treated with 1st or 2nd
generation TKIs [27]. From this aspect the initial treatment
of a tumor harboring a targetable driver mutation reflects
the competition against the evolution of drug resistant
clones. This results in sequential therapy regimens, trying
to stick with the next round of an evolutionary race.
However, the development of these drugs has provided
a significant step forward in the treatment of many tumor
entities. The interim analysis of a sub-cohort of a clinical
phase I trial (AURA) with osimertinib in EGFR mutated,
but not T790M positive tumors, revealed an objective
response rate (ORR) of 67-87% and a median PFS of 19.3
months with a manageable safety profile [28]. Compared
to the efficacy of 1st or 2nd generation TKIs in this patient
population this is an increase of about 9 months in PFS if
the final analysis will confirm these results. The progress
made with such drugs for late stage NSCLC therapy
becomes even clearer when TKI therapies are compared
to platinum-based chemotherapies approved for this
indication, resulting in ORRs of about 20% and PFS rates
of about 4 months. At the same time the safety profiles
of new generation TKIs is more favorable compared to
classical chemotherapeutics. For example, in second line
NSCLC patients treated with osimertinib the incidence
of any adverse event of grade 3 or higher was 32% [29]
compared to an incidence of 76% in such patients when
treated with docetaxel chemotherapy [10].

Immunotherapy
Another evolving field in targeted cancer therapy
is the therapeutic intervention in tumor biology aiming
at the detection and destruction of tumor cells by the
immune system. Vaccination with tumor-specific antigens
is one approach that is being evaluated since many years.
Currently, for NSCLC different vaccines based on tumor
antigens including MAGE-3, MUC1 or NY-ESO-1 are
in advanced clinical development phases. In addition,
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Table 1: Evidence for paracrine resistance mechanisms to targeted therapies of the cellular tumorigenic network in
NSCLC
Mechanism of action Observed effect

Signaling
to
be
for
Evidences for de novo and adaptive resistance mechanisms addressed
preventing
cellular
resistances
CXCR4/SDF1,
Increase of hypoxia-induced factors mediating tumor bFGF/FGFR,
progression and treatment resistance [62,63,93]

Regression of existing
vasculature [61,124]
anti-VEGF/VEGFR

tumor Hypoxia initiates recruitment of suppressive and proangiogenic
ICs and results in upregulation of PD-L1 on TCs and other cell
Inhibition of new and recurrent tumor types [66,115]
vessel growth [122]
CAFs and TCs substitute for interrupted TEC signaling by
of HGF, EGF and SDF-1, by inducing expression
Interruption of angiogenic signaling secretion
the corresponding receptors and by direct interaction
leading to the destruction of tumor of
[63,92,97,123]
vasculature [61, 62]

IGF-II/IGFR,
HGF/HGFR,
COX2/PGE2/EP
[58,63,92,105]

COX2 produced PGE2 is a mediator of resistance to VEGFR- PD-1/PD-L1 [115]
inhibiton [106]
COX2/PGE2/EP
[58,95,106]
CAFs and TCs substitute for interrupted EGFR signaling by CXCR4/SDF1,
secretion of HGF and SDF-1, by inducing expression of the bFGF/FGFR,
corresponding receptors and by direct cell to cell interaction IGF-II/IGFR,
[97,99,100]
HGF/HGFR,
anti-EGF/EGFR

Inhibition of TC proliferation and Expression of CXCR4 in EGFR TKI resistant TCs maintains COX2/PGE2/EP
induction of TC apoptosis [125]
stemnes and therefore SDF-1 secreting cells such as CAFs and/ [58,95]
or TECs may substitute for interrupted EGFR signaling by
paracrine signaling via CXCR4 [85]
Outgrowth of TC drug resistant subclones (e.g. T790M) and
HGFR amplification [27,126]
Absence of PD-L1 expression [113]

antiPD-1 /PD-L1

T-cell mediated adaptive immune T-cell anergy and CD8+-T cell induced immunosuppression TIM-3, LAG-3 [128]
response resulting in apoptosis of TCs [114]
[38]
Upregulation of alternate immune checkpoint inhibitors such as
TIM-3 and LAG-3 in ICs [127,128]

Legend TC: tumor cells, CAF: cancer associated fibroblasts, TEC tumor endothelial cells, IC: immune cells, CSC: cancer
stem cell
cellular based therapy approaches by direct administration
of T cells or dendritic cells stimulated with such antigens
are being developed. These type of immunotherapies
have been shown to prolong PFS and OS in NSCLC
patients significantly when compared to treatment
arms heterogeneously composed of only placebo, best
supportive care or chemotherapy. The cellular approaches
were observed to be more effective than vaccination with
tumor antigens [OS: HR 0.81, 95% CI, 0.70 to 0.94, P =
0.01; PFS: HR 0.83, 95% CI, 0.72 to 0.95, P = 0.006] as
calculated by a meta-analysis [30].
In this review we will focus on the role of
intercellular interactions by immune checkpoint inhibitors
as the most impactful development in immunotherapy
within the last decades. The underlying concept of this
approach is the cancer immune-editing process. Three
distinct phases of this process of intercellular signaling
lead to the evasion from immune detection and the
final outgrowth of the tumor [31]. In the first phase, the
elimination phase, transformed cells are still well detected
by the collaboration of the adaptive and the innate
immune system resulting in their elimination. This phase
is driven by immune stimulatory signals of innate danger
www.impactjournals.com/oncotarget

signals, tumor antigens and NKG2D ligands. Possibly
this phase may be survived by transformed cells that
are less immunogenic and cells that have the ability to
modulate their cellular microenvironment by intercellular
signaling impairing the adaptive immune system. T-cells,
INF-γ and IL-12 have been implicated to influence the
functional dormancy of transformed cells in this phase
[32]. Continuous evolutionary pressure on transformed
and genetically instable cells in the equilibrium phase
is likely to result into the escape phase. Therein specific
clones of transformed cells which failed to be recognized
by the adaptive and innate immune system dominate the
cellular network. Signals from this network maintain
an immunosuppressive cellular tumorigenic network
and enable the outgrowth of this cellular complex as a
clinical significant tumor [33]. During the last decade
some of the main drivers of this immune escape process
have been identified and became well known as so called
immune-checkpoint inhibitors. Among them cytotoxic
T‑lymphocyte-associated antigen 4 (CTLA-4) was the
first molecule found to be expressed on T-cell subsets as
a downmodulator of their activation. This intercellular
signaling firstly requires T-cell receptor (TCR) activation
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on a T-cell by antigen uptake and interaction of the TCR
with a MHC-I molecule on an antigen presenting cell
(APC) bringing both cells into spatial proximity. At the
same time a CD28 molecule on the T-cell engages with
a CD80 (B7.1) and a CD86 (B7.2) molecule further
increasing the activation of the T-cell by the initial TCRMHC-I interaction. Subsequently CTLA-4 is becoming
expressed on the surface of the T-cell and competes for
binding to CD80 and CD86 with CD28 resulting in a
counter signal that prevents an over activation of the
immune cell. CTLA-4 has been clinically demonstrated
to be involved in the process of the immune-editing
escape phase by mediating immune suppression on
T-cell activity and thus preventing an effective adaptive
immune response against tumor cells in different tumor
entities [34]. In line with these results a recombinant
therapeutic protein encompassing the extracellular
domain of CTLA-4, abatacept, has been FDA-approved
for the immunosuppressive treatment of rheumatoid
arthritis [35]. Ipilimumab was the first therapeutic
antibody against CTLA-4 approved for treatment of
malignant melanoma. In a clinical study ipilimumab
showed a long-term survival for more than two years in
18% of patients in a study population without any further
treatment options except experimental therapy. This result
showed for the first time an exceptional long duration of
response after short treatment periods when compared to
non-immune based therapies in oncology. This finding
underscores an induced and direct effect of the adaptive
immune system as a mechanism of this therapy concept.
However, immune-related toxicities frequently occurred
in ipilimumab treated patients and required an exceptional
level of attention [36].
A second and more recently discovered mechanism
of immune-checkpoint inhibition is the interaction of the
molecules PD-1 on T-cells (predominantly CD8+) and PDL1 on APCs such as tumor cells, dendritic cells, cancer
associated fibroblasts and immune cells expressed in 20%50% of human tumors [37]. The PD-1/PD-L1 interaction
prerequisites the same process of TCR-MHC-I interaction
as described above for CTLA-4 and also functions as an
inhibitory signaling for T-cell activity when established.
In contrast to the predominant localization of CTLA-4 in
lymphatic tissue, the immunosuppressive role of PD-1/
PD-L1 engagement seems to be critical directly within
or in close proximity to the cellular tumorigenic network
forming the tumor [38].
So far, encouraging clinical activity of anti-PD-1
antibodies was observed in many different tumor entities
including lung, colon, head and neck, gastric, melanoma
and renal cell carcinoma [39,40]. The first indication a
PD-1 checkpoint inhibitor received FDA approval was
metastatic melanoma where nivolumab showed superiority
versus chemotherapy with an ORR of 40% versus 13.9%
and an overall survival rate (OS) of 72.9% versus 42.1%
[41]. For the anti-PD-1 antibody pembrolizumab an ORR
www.impactjournals.com/oncotarget

of up to 38% was found in metastatic melanoma patients
[42]. In the second line treatment for advanced NSCLC of
squamous histology (Checkmate 017 trial, Phase III) or
of non-squamous histology (Checkmate 057 trial, Phase
III) ORRs of 20% versus 9% (squamous) and 19% versus
12% (non-squamous) were observed for nivolumab when
compared to docetaxel. When comparing nivolumab with
docetaxel median overall survival times were significantly
improved from 9.2 versus 6.0 months [squamous
histology; HR 0.59; 95% CI, 0.44-0.79; P < 0.001] and
12.2 versus 9.4 month [non-squamous histology; HR
0.73; 95% CI, 0.59-0.89; P = 0.002]. Remarkably the
median duration of response in the non-squamous study
population was 17.2 months compared to 5.6 months
for nivolumab and docetaxel respectively. In general, in
both studies fewer side effects were observed for patients
treated with nivolumab [43,44]. Patients in these trials
were not stratified for PD-L1 expression. These results
led to recent FDA approval of nivolumab as second line
therapy for the treatment of non-squamous and squamous
advanced NSCLC without mandatory PD-L1 expression
analysis.
Another phase II/III randomized trial assessed
second line treatment with pembrolizumab versus
docetaxel in a population with advanced squamous or nonsquamous NSCLC stratified for PD-L1 expression ≥1%.
Median OS was significantly longer in the pembrolizumab
study population with 10.4 months [HR 0.71; 95%
CI, 0.58-0.88; P = 0.0008] and 12.7 months [HR 0.61;
CI, 0.49-0.75; P < 0.0001] for 2 mg/kg and at 10 mg/
kg pembrolizumab, respectively with 8.5 months for
docetaxel. Tumors with PD-L1 expression ≥50% showed
a significantly increased overall survival in the populations
treated with pembrolizumab compared to docetaxel [2 mg/
kg: 14.9 vs 8.2 months; HR 0.54; 95% CI, 0.38-0.77; P =
0.0002 and 10 mg/kg: 17.3 vs 8.2] [45].
The most impactful development in the field
of immune checkpoint inhibitors is the approval
of pembrolizumab for first line therapy in PD-L1
positive NSCLC patients based on results from the
keynote 024 study. This study found a significantly
prolonged progression free survival of 10.3 months
in pembrolizumab treated patients versus 6 months in
patients treated with a platinum-based chemotherapy
[HR for disease progression or death, 0.50; 95% CI, 0.370.68; P < 0.001]. Also in terms of response to treatment
pembrolizumab showed superiority versus chemotherapy
with an ORR of 44.8% versus 27.8%. OS was significantly
longer in pembrolizumab than in chemotherapy treated
patients [HR for death 0.60; 95% CI, 0.41-0.89; P =
0.005]. Due to these impressive results the study was
stopped preliminary and patients in the chemotherapy arm
were offered treatment with pembrolizumab [46].
The first FDA approval of a PD-L1 inhibitor for
NSCLC patients who progressed on a platinum-based
chemotherapy was granted for atezolizumab recently
43559
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[47]. This approval is based on results from the POPLAR
phase II and the OAK phase III studies. The median
OS in POPLAR was 12.6 months in the atezolizumab
arm compared to 9.7 months in the docetaxel arm [HR
0.73; 95% CI, 0.53-0.99; P = 0.04] [48]. The OAK study
showed a median OS of 13.8 months in the atezolizumab
arm versus to 9.6 months in the docetaxel arm [HR 0.74;
95% CI, 0.63-0.87; P = 0.0004] [49].
Taken together, to date both anti-PD-1 antibodies,
pembrolizumab and nivolumab and the PD-L1 antibody
atezolizumab are FDA-approved for the treatment of
advanced squamous and non-squamous NSCLC for
second line therapy. Currently pembrolizumab is the only
checkpoint inhibitor approved for first line treatment of
NSCLC patients. For treatment with pembrolizumab the
assessment of PD-L1 expression in ≥50% of tumor tissue
by a companion diagnostic biomarker test (PD-L1 IHC
22C3 pharmDx kit) is mandatory.
An ongoing effort in the field of immune-checkpoint
inhibition is the evaluation of combination therapies of
anti-PD-1 or anti-PD-L1 antibodies with anti-CTLA-4
antibodies or chemotherapies [50]. The CTLA-4 antigen
becomes recruited to the surface of T-cells upon CD28
activation and limits CD80/86 induced T-cell activation
by scavenging CD80/86 from binding to CD28. The
rationale for the combination of CTLA-4 and PD-1/PDL1 inhibition is based on the observation, that CTLA4 inhibition might be a prerequisite for the release of
activated, tumor-antigen specific T-cells from lymphatic
tissues capable for the subsequent infiltration of tumor
tissue. When these activated T-cells become localized
to the tumor, the inhibition of the PD-1-PD-L1 axis
upon activated TCR-MHC-I interaction between T-cell
and tumor cells enables an efficient, localized immune
response against tumor cells [38]. Ipilimumab is currently
being trialled in combination with anti-PD-1 antibodies in
first line treatment of lung cancer and preliminary phase I
data suggest a clinical efficacy no less than a PD-1 single
agent or chemotherapy combination approach in this
setting with unprecedented survival rates [51-55]. The
potential synergies of immune checkpoint inhibition and
activation of T-cell responses by vaccination or by cellular
therapies presenting tumor specific antigens at the same
time are currently under investigation in clinical trials
[56].

that this interdependence could be the initial cause of de
novo or adaptive drug resistances in many cases [1, 57,58].
Cell types unaffected by drug treatment may substitute for
impaired signal transduction by targeted therapy drugs
(see Table 1 for overview).

Tumor endothelial cells (TECs)
The process of angiogenesis is one of the key
characteristics of neoplastic growth. The angiogenic switch
driven by the onset of hypoxia in newly forming cellular
tumorigenic networks locally reinstates the embryogenetic
growth program for blood vessels and leads to tumor
neovascularization originating from preexisting blood
vessels [59]. The initial concept of targeting angiogenic
factors for tumor therapy, such as VEGFR2 or its ligand(s)
VEGF-(A) was based on the presumption of their almost
exclusive expression in tumor tissue. Today several drugs
are approved and target VEGFRs (e.g. sunitinib, sorafenib,
ramucirumab) or VEGF (bevacizumab). Noteworthy, antiangiogenic therapy is directed towards endothelial cells
but not to tumor cells directly. The drug targets VEGFR-2
and VEGFR-3 are localized primarily to the vasculature
in human primary solid cancers but not to the tumor
cells [60]. Thus the therapeutic effect of these drugs is
anticipated to be based on the interruption of angiogenic
signaling in treated tumors, which in turn firstly leads to
the destruction of tumor vasculature [61,62]. The effect
on tumor cells seems to be a secondary event based on an
increase of hypoxia and nutrient deficiency. It was shown
that it is countered by upregulation of growth factors
which have the capacity to replace VEGF and stimulate
new blood vessel growth such as EGF and SDF1α as well
as their receptors [63]. At the same time the destruction
of tumor vasculature leads to increased hypoxia in
affected areas of the tumorigenic cellular network [64]. In
consequence HIF-1α driven survival factors are expressed
in hypoxic areas from tumor cells, cancer associated
fibroblasts and immune cells and thereby may protect
certain subpopulations of tumor cells from apoptosis or
necrosis [58, 65,66].
Mathematical modelling suggests that hypoxia may
induce a glycolytic phenotype which is more prone to
invasiveness [67]. Taken together the use of angiogenesis
inhibitors, based on their primary targeting of tumor
endothelial cells but not tumor cells, CAFs or immune
cells may initiate a pattern of therapy resistance that
either develops after a certain time of therapy (adaptive
resistance) or is immediately effective based on the
specific tumor type (de novo resistance).

INTERDEPENDENT CROSSTALK OF THE
CELLULAR TUMORIGENIC NETWORK
As described by Hanahan and Weinberg in 2011 and
discussed above, a cellular tumorigenic network consists
of different classes of cells [1]. Tumor endothelial cells
(TECs), tumor cells (TCs) and immune cells (ICs) interact
with the stromal compartment during the evolution of the
tumor in an integrated inter- and intracellular signaling
network [57]. An increasing body of evidence is provided
www.impactjournals.com/oncotarget

Tumor cells (TCs)
Analysis of tumor cells as the classical target of
drug treatment in oncology have revealed a surprising
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complexity of cancer genomes. These cells harbor
driver mutations representing underlying events for
tumor initiation and progression. Such as EGFR KRAS,
PTEN mutations, PIK3CA amplifications and EML4ALK translocations in NSCLC [23]. Analysis of both
squamous and nonsquamous carcinoma genomes in
the TCGA project revealed mutations or amplifications
in oxidative stress response pathway NFE/KEAP1, in
squamous differentiation related pathway SOX2/TP63,
alterations in HLA-A, the multitude of cell-cycle control
and p53 pathways as well as nucleosome modelling and
RNA processing pathways [68,69]. Of note, it was stated
that genome data did not explain all pathway activation
patterns, and many tumors lack genomic alterations to
explain phosphoprotein activation [69], a fact that may
reflect epigenetic alterations [70]. Accordingly, in 20%
of squamous carcinoma and 40% of adenocarcinoma no
accountable mutations have been identified so far [24].
Research on signal transduction network dynamics
showed that addressing oncogenic targets may result in
paradoxical effects and that oncogenicity may be contextdependent [71]. The MAPK/ERK pathway displays a
feedback inhibitory loop to upstream located targets
such as EGF. Inhibition of MEK relieves this feedback
inhibition and renders AKT signaling more active which
could explain why simple MEK inhibition did not achieve
pronounce changes in progression free survival [71,72].
The multitude of observed alterations raises the
question as to whether such tumor populations could more
effectively be addressed by exploiting combinations of
agents directed against established pathways attempting
to evoke what has been called synthetic lethality and
well worked out in the context of ovarian cancer [73].
In NSCLC, the EGF receptor is probably the best
investigated and evaluated druggable molecular target
and scrutinizing EGFR signaling could help to uncover
possible combination regimens. EGFR overexpression is
observed in the majority of NSCLC tumors [17]. NSCLC
tumor cells interact with their surrounding cellular
tumorigenic network via EGFR signaling and other cell
surface receptors that contribute to survival, proliferation,
induction of tumor promoting factors and immune evasion
[74]. The anti-EGFR antibody cetuximab, approved
for treatment of EGFR expressing colorectal cancers,
competitively blocks the binding of EGF to its receptor.
As a consequence, paracrine signaling within the cellular
tumorigenic network by EGF originating from CAFs and
immune cells for example, is blocked by EGFR signaling
interruption. In addition, cetuximab is capable of depleting
tumor cells by antibody depending cytotoxicity [75].
In NSCLC adenocarcinoma with activating EGFR
mutations, such as L858R and Del19 the receptor seems
to be constitutively active and independent from ligand
binding [76] resulting in what has been termed oncogeneaddiction [77]. Signal withdrawal evokes large shifts in
the apoptotic balance resulting in the rapid and extensive
www.impactjournals.com/oncotarget

remissions typically observed following EGFR-TKIs in
these cancers. In squamous lung cancer, however, almost
no such activating mutations have been observed albeit a
rate of 7% overexpression of EGFR [68]. A recent phase
III trial in patients with squamous cell carcinoma of the
lung and selected for EGFR overexpression but not for
EGFR mutation revealed a significantly improved overall
survival of 11.8 months in patients receiving the EGFRmAb necitumumab plus gemcitabine-cisplatin versus 10
months in the gemcitabine-cisplatin control group [HR
0.79; 95% CI, 0.69- 0.92] [78]. This observation provides
evidence, that also in non-EGFR mutated tumors targeting
of EGFR signaling has an impact on the clinical outcome.
Activating EGFR mutations display a shift towards
stronger STAT3 and STAT5 signaling [79,80]. This
suggests that STAT3 induced genes that shift the immune
balance towards a suppressive, tolerogenic environment
could be addressed to revert this effect. The precise timing
of STAT3 modulation or inhibiton has not been worked out
and it is known that persistent STAT3 ablation may cause
autoimmunity in mice [81]. This points to the possibility
of intermittent or chronometric dosing of agents that
interfere with STAT3 signaling. For activation of STAT3
both EGFR mediated signaling as well as IL-6 signaling
has been shown to be relevant and in NSCLC tumor cells
JAK1 and not JAK2 was determined as the signal relaying
kinase [82]. Ruxolitinib and Tofacitinib, JAK-inhibitors
that can cover all three JAK-kinases, are possibly suited
to suppress STAT3 mediated effects in a two pronged way
that includes EGFR blockade. Still, it is unclear whether
JAK-inhibition will result in a clear improvement of the
immunosuppressive environment. IL-6 is one of the major
effectors of immunosuppression and a target of STAT3
[81]. Therefore, IL-6 inhibitors, either chronometrically or
continuously dosed could be an option to further improve
freedom from progression in these patients. Currently
approved antibodies against the IL-6 receptor or IL-6
itself are tocilizumab and siltuximab, respectively. Both
are being trialled in solid tumor indications and a role of
siltuximab in suppressing IL-6 mediated STAT3 activation
has been described [82].
Receptor tyrosine kinase signaling including
EGFR is associated with the emergence of epidermalmesenchymal transition (EMT) which is considered a
central switch to invasion and metastasis [71]. EMT is a
complex process the current understanding of which does
not yet allow a meaningful approach and its dynamics
suggests a gradual shift with some tumor cells still with
epithelial characteristics and some with transitional or
mesenchymal phenotype which may imply an altered
driver kinase dependency in the context of the cellular
tumorigenic network.
The main cause of treatment resistance is the
emergence of resistant tumor cells after therapy, described
in many different tumor entities [83]. Cancer stem cells
(CSCs) are suspected being the origin of outgrowing
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therapy resistant tumor cells. CSC have a high capacity
for self-renewal and multilineage differentiation and are
believed to be responsible for tumorigenesis, therapeutic
resistance, metastasis and recurrence of cancer [84]. In
NSCLC tumor cells resistant to the EGFR TKI gefitinib
the expression of CXCR4 maintains stemness through
JAK/STAT3 downstream signaling. In these drug resistant
tumor cells the CXCR4 inhibitor plerixafor (AMD3100)
exhibits significant anti-tumorigenic effects [85]. Most
interestingly Phillip et al., showed that activation of
EGFR by its ligand under hypoxic conditions enhances
CXCR4 expression leading to malignant transformation
through increased proliferation, survival and motility
[86]. Treatment with plerixafor is also capable to sensitize
prostate cancer cells and pancreatic cancer cells to
chemotherapy [87,88] and it is believed that attachment
of CXCR4 expressing cells to the ECM protects cancer
cells from chemotherapy. In line with these results antitumor activity also was observed for the SDF-1 peptide
analogue CTCE-9908 in different tumor entities including
breast and prostate cancer [89-91]. CTCE-9908 was
shown to enhance the efficacy of anti-VEGF treatment
in an experimental mouse model [90] consisting with the
observation that a high expression of CXCR4 was found
to correlate with insensitivity against treatment with
the VEGR inhibitor sunitinib [92]. Tumor cells are also
tightly linked to tumor endothelial cells since they are the
main source of VEGF secretion inducing and maintaining
angiogenesis by paracrine signaling [64]. Antiangiogenesis therapy, such as bevacizumab treatment,
has an indirect effect on tumor cells as described above
but leads to the activation of the hypoxia HIF-1α program
resulting in the upregulation of drug resistance pathways
[62,63,93].

and survival factors such as SDF-1, bFGF, IGF-II and
HGF and by inducing the expression of their respective
receptors CXCR4, IGF-1R, HGFR [85,97,98]. Evidence
is provided that CAF secreted HGF provides resistance
to EGFR TKI therapy in NSCLC patients by cytokine
crosstalk [99] and CAF subsets mediate de novo resistance
to EGFR TKI therapy in EGFRm NSCLC [100]. Several
of these factors are also known to be HIF-1 regulated and
become increasingly expressed in different cell types in
hypoxia. CAFs were also shown to modulate the tumor
microenvironment by the expression of VEGF-A [101]
and EGF [58] and thus contribute to angiogenesis. Among
the CAF secreted cytokines the SDF-1/CXCR4 axis is
best investigated. SDF-1 of fibroblast origin can promote
tumor growth and angiogenesis [102]. CXCR4 expression
on tumor cells has been associated with a negative
prognostic value for survival, homing to tissues with
SDF-1 expression, resistance to angiogenesis inhibition
and resistance to chemotherapy [91,103].
High expression of CXCR4 also correlates with
insensitivity against treatment with the VEGR inhibitor
sunitinib in renal cancer [92]. In addition, CAFs also
display a proinflammatory gene signature mediated by
NF-kB signaling [104]. Together with the cancer cell they
are a source for immunosuppressive factors like IL-6, IL11, COX2 and also for VEGF, all of which are STAT3
induced as well as being inducers of immunosuppressive
STAT3 signaling [81]. Expression of COX2 and PGE2
within the cellular tumorigenic network has been shown
to increase tumor invasiveness and function as mediators
of tumor progression [105]. COX2 produced PGE2 was
recently shown to be a mediator of resistance to the
VEGFR-inhibitor axitinib and the combination of axitinib
and COX2 inhibition was suggested to be a potential
target to suppress metastasizing potential [106,107].
IL-6 secreted by CAFs mediates EMT and contributes
to platinum resistance in NSCLC cell lines and isolated
cancer cells of NSCLC patients [108].

Cancer associated fibroblasts (CAFs)
The
connective
tissue
of
the
tumor
microenvironement consists of the extracellular matrix
(ECM), and fibroblasts of which cancer-associated
fibroblasts (CAFs) as a distinct class are being discerned
from tissue-associated native fibroblasts [57]. CAFs
are thought to derive from epithelial and endothelial
mesenchymal transitions, from myeloid precursors
and from host fibroblasts [57,94]. They are thought to
coevolve with the tumor and migrate, differentiate and
secrete factors which may influence both tumor cells as
well as the surrounding immune cells [94]. Their role
and their contribution to tumorigenesis, angiogenesis
and invasiveness within the cellular tumorigenic network
became increasingly recognized during the last years
[58]. Increasing evidence is provided that CAFs provide a
target for chemoprevention in lung cancer and other tumor
entities [95,96].
CAFs orchestrate the cellular tumorigenic network
and contribute to cancer stemness by secreting growth
www.impactjournals.com/oncotarget

Immune cells (ICs)
Immune cells have long been known to play an
important role in tumorigenic processes. Inflammatory
cells infiltrating the tumor contribute to angiogenesis,
tumor cell proliferation and metastasis. These effects
are based on signaling within the cellular tumorigenic
network by the release of factors such as VEGF, EGF,
cytokines and chemokines [57,100,110]. Despite the
potential localization of inflammatory cells and their proinflammatory effects within this network, such as NK
cells and CD8+ CTLs, neo-antigens from tumor cells
are rarely recognized due a state of immunosuppression.
Tumor cells express factors that inhibit an anti-tumor
immune response, such as programmed cell death 1
ligand 1 (PD-L1), indoleamine 2,3-dioxygenase (IDO),
IL-10 and transforming growth factor-β (TGF-β). The
43562

Oncotarget

immunomodulatory effects of these factors prevent
the process of antigen recognition, CTL activation
and immune response towards antigen-expressing
cells [111]. Tumor-specific antigens may originate
from oncogenic viruses, differentiation antigens and
epigenetically modified molecules or from mutationinduced neo-antigens [112]. As described above the
underlying mechanism of the suppression of T-cell
effector functions is based on constitutively overexpressed
immunosuppressive cell surface molecules on tumor cells,
such as PD-L1 [38]. Breaking the immune-checkpoint
inhibition within the cellular tumorigenic network is
currently one of the most promising therapy concepts in
oncology. However, patient populations with NSCLC
tumors driven by EGFR mutations or EML4-ALK
translocations treated with PD-1/PD-L1 inhibitors showed
reduced ORRs compared to patient populations harboring
EGFR and ALK wild-type tumors. This observation is in
line with low rates of PD-L1 expression and CD8+ tumorinfiltrating cells (TILs) in corresponding tumors [113].
In T-cell infiltrated tumors with a signature indicative of
active Th1-type response tumor escape is characterized by
PD-L1 upregulation, by induction of and infiltration with
CD25+FOXP3+Tregs and by T-cell anergy characterized
by defective IL-2 secretion upon antigen stimulation
[114]. An antibody against CTLA-4 in combination with
anti PD-L1 was shown to revert T-cell anergy in this
setting as shown by increased proliferation and increased
production of IL-2 and TNF-α indicative of functional
T cells [114]. Most interestingly PD-L1 has recently
been described as a direct target of HIF-1α consisting of
an active HIF response element (HRE) in its promotor
region. Experiments in tumor-bearing mice under hypoxic
conditions resulted in a significant up-regulation of PDL1 on macrophages, dendritic cells, and tumor cells
[115]. This observation underscores the multiplicity of
pathway interactions and their interdependencies between
the components of the cellular tumorigenic network once
again. Still, remission rates induced by PD-1 antibody
nivolumab second line after platinum based chemotherapy
in both squamous and non-squamous carcinoma of the
lung are in the range of 20% with a median PFS in the
range of 2.2-3.5 months [43,44].
In the cellular tumorigenic network, the balance
between tumor cells and the cells of the surrounding
innate and adaptive immune system is determined by
elements with both tumor repressive and tumor supportive
features. The cell types that act in a tumor-repressive
immunogenic way are governed by NK/NKT-cells and
Th1-cells. Macrophages and Neutrophils display type 1
characteristics and IFNγ, IL-2 and IL-12 are important
cytokines [116]. The tumor promoting arm of that balance
is determined by the presence of cells of myeloid origin,
Type 2 suppressive T-cells (Tregs) and Th2-cells and IL4, IL-6, IL-10 and IL-13 are relevant cytokines. The ratio
of Th2/Th1 cells correlates with parameters of clinical
www.impactjournals.com/oncotarget

progression in breast cancers [116]. The role of Th17cells is considered to be context dependent and can be
both repressive and supportive [57, 109, 110, 116]. STAT
signaling plays a major role in the crosstalk between
somatic and immune cells and STATS 1, 2 and 4 contribute
to a tumor suppressive response whereas STATs 3, 5 and 6
act more immunosuppressive [81]. Tumor cells are able to
induce a suppressive phenotype by STAT3-signaling which
leads to secretion of IL-6 and may suppress the activity
of several cell types relevant to antigen presentation and
cytotoxic T-cell responses. Numerous genes are being
influenced by STAT3. They include proliferation and
survival related genes and angiogenesis genes like VEGF,
HIF1α, bFGF and HGF as well as immunosuppressive
factors like IL-6 and IL-10 [117]. STAT3 also suppresses
the expression of Th1-associated gene products like IFNb,
IFNγ and IL-12 and induces genes like COX2 and NOS
that are associated with an inflammatory phenotype. IL-6
induced genes may themselves induce STAT3 and thus
contribute to maintenance via a feedforward loop [118].
COX2 as a STAT3 induced gene is by itself a suppressor of
antigen-specific immunity. Local overexpression of COX2
generates an immunosuppressive milieu by mechanisms
that involve IL-4, IDO and IFNγ [119]. PGE2 as a product
of COX2 amplifies the suppressive activity of CD25+
Tregs and induces FOXP3+ in both CD25- and CD25+cells thus contributing to immunosuppression [120]. In
NSCLC a large share of tumor infiltrating leukocytes are
CD25+ Tregs that may suppress T-cell proliferation. An
increased number of CD4+FOXP3+ Tregs correlates with
poor prognosis in NSCLC suggesting that differentiation
of CD4+ to CD4+FOXP3+ cells may contribute to tumor
escape. Thus, influencing factors such as COX2 and IL-6
display effects on tumor progression.

THERAPEUTIC APPROACHES FOR
DISRUPTING
KEY
SIGNALING
CROSSTALK IN THE CELLULAR
TUMORIGENIC NETWORK OF NSCLC
As described above the cellular tumorigenic
network can be described as an interdependent network
of intercellular signaling via cell surface receptors of its
different cell types. As an example in case of EGFRm
NSCLC these dependencies are profoundly skewed in
favor of the EGFR as a driver stimulus. Recently the
combination therapy of bevacizumab plus erlotinib
was approved for first line therapy of patients with
EGFR mutated advanced NSCLC based on a Japanese
clinical phase 2 study. In this trial, median progression
free survival in the combination arm was 16.0 months
(95%CI 13·9-18·1) versus 9.7 months with erlotinib
alone [HR 0.54; 95%CI, 0·36- 0·79]; log-rank P =
0·0015). Three complete responses (CRs) were observed
in the combination arm versus one CR in the erlotinib
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monotherapy arm. Interestingly, overall response rates
of 69% in the combination arm compared to 64% in the
monotherapy arm were not significantly different. The
incidence of grade 3-4 adverse events was elevated in
the combination arm. However, no new AE categories
were identified and the safety profile was manageable in
both groups [121]. For the first time these results show
a significant additive effect in the treatment of advanced
NSCLC patients by combining the two different treatment
concepts of anti-angiogenesis and inhibition of tumor cell
proliferation based on EGFR driver mutations. Because
the combination therapy only had a minimal effect on the
initial response rates (ORRs 69% versus 64%), blocking
of both mechanisms must have had at least an effect on
the adaptive cellular resistance preventing the outgrowth
of erlotinib drug resistant tumor cell subclones for a
longer time in the combination arm than under erlotinib
monotherapy. Obviously, in this setting of a kinaseaddicted tumor the addition of bevacizumab to erlotinib
potentiated the effect of erlotinib, resulting in what can
be called an evolutionary bottleneck to the tumor in its
cellular tumorigenic network. For this combination, one
may speculate that after an initial depletion of tumor
cells by erlotinib outgrowth of drug resistant tumor cell
clones, harboring resistance mutations such as T790M was
prevented by simultaneous inhibition of tumor endothelial
cell growth and their secretion of pro-tumorigenic factors,
such as SDF-1, by bevacizumab [65,122]. This effect may
have prolonged time to an adaptive cellular resistance. A
later occurring loss of efficacy in the combination arm
may have been based on a slowly evolving substitution
of tumor endothelial cell signaling by CAFs or immune
cells within the cellular network. Evidence for a similar
mechanism has recently been provided showing that
a combined suppression of endothelial cells and CAF
growth resulted in synergistic effects when using
bevacizumab in bevacizumab-resistant cancer cells (Table
1) [123].
Taken together the study published by Seto et al.,
confirmed the pronounced efficacy of EGFR TKIs in
NSCLC patients harboring EGFR mutations and for the
first time showed that a meaningful improvement of this
therapy concept is possible by combining drugs with
different mechanisms of action. This effect might be
expected of similarly kinase-addicted types of tumors
such as those with activating translocations of ALK and
ROS. This observation provides the rationale for further
combinations of targeted therapies addressing the factors
of interdependency in the cellular tumorigenic network as
discussed in this review and which may lead to improved
therapeutic efficacies. Therefore, a combination therapy
should address each cell type involved in linking the
cellular tumorigenic network: The proliferation of
malignant tumor cells can be effectively targeted at their
driver mutations if present, such as for EGFR mutated
tumors by EGFR TKIs. The tumor promoting effects
www.impactjournals.com/oncotarget

of tumor endothelial cells (angiogenesis, tumor cell
survival and metastasis) can be targeted by inhibition of
VEGFRs or VEGFs. Mediated survival signals to tumor
cells originating from cancer associated fibroblasts
can be targeted by blocking the SDF-1-CXCR4 axis
and COX2 for example. At the same time immune cell
activation could further elevate the pressure on the
cellular tumorigenic network integrity by PD-1 or PDL1 inhibition. Against all of these different tumor targets
approved drugs are available (Table 1; Figure 1). Concerns
regarding the potential toxicity of combination therapies
should be taken into account. Start dosages of selected
combined drug regimens may be chosen in dose escalation
steps starting significantly below monotherapy dosages,
anticipating additive or synergistic effects and thus
lowering toxicity at the same time. Patient stratification
should be mandatory by expression (e.g. PD-L1, CXCR4,
COX2) or mutational (EGFRm) analysis in tumor biopsies.
In the interest of a valid clinical research rationale, it
would be most desirable that selected targets for the design
of novel therapeutic approaches possess predictive values.
In this approach it holds true for PD-L1 expression and
for EGFR mutations as described above, but it remains
less clear for CXCR4 and COX2. However, in line with
the presented data-based hypothesis the predictivity of
some targets may only be observable in combinational
therapeutic approaches.
In summary, the results reviewed in this article
provide evidence that simultaneous and distinct targeting
of signaling from different cell types forming the cellular
tumorigenic network may break the intercellular crosstalk
and thus may overcome de novo and may delay adaptive
drug resistances. Noteworthy, the direct suppression of
cellular interdependency may most likely be achieved
when targeting paracrine signaling axes of cell surface
receptors and their respective ligands critical for the
respective tumor biology. Based on the findings discussed
in this review we suggest the following five criteria for
selecting a combinational targeted therapy approach in late
stage NSCLC patients:
(i) Target expression or activating mutation proven
by expression and/or mutational analysis
(ii)
Target should be part of a paracrine
signaling pathway mediating intercellular interdependency
within the cellular tumorigenic network (see Table 1)
(iii)
Drug combination should be selected
from non-overlapping intercellular signaling axes targeting
each cell type of the cellular tumorigenic network
(iv)
Selected drugs should have proven antitumor activity in clinical or preclinical studies
(v)		
Manageable safety profile of drug
combinations.

CONFLICTS OF INTEREST
There is no conflict of interest.
43564

Oncotarget

REFERENCES
1.

Hanahan D, Weinberg RA. Hallmarks of cancer: the next
generation. Cell. 2011; 144: 646-674.

2.

Tomasetti C, Marchionni L, Nowak MA, Parmigiani G,
Vogelstein B. Only three driver gene mutations are required
for the development of lung and colorectal cancers. Proc
Natl Acad Sci U S A. 2015; 112: 118-123.

3.

Li T, Kung HJ, Mack PC, Gandara DR. Genotyping
and genomic profiling of non-small-cell lung cancer:
implications for current and future therapies. J Clin Oncol.
2013; 31: 1039-1049.

4.

Azzoli CG, Temin S, Giaccone G. 2011 Focused Update
of 2009 American Society of Clinical Oncology Clinical
Practice Guideline Update on Chemotherapy for Stage IV
Non-Small-Cell Lung Cancer. J Oncol Pract. 2012; 8: 6366.

5.

Chan BA, Hughes BG. Targeted therapy for non-small cell
lung cancer: current standards and the promise of the future.
Transl Lung Cancer Res. 2015; 4: 36-54.

6.

Hirsch FR, Scagliotti GV, Mulshine JL, Kwon R, Curran
WJ Jr, Wu YL, Paz-Ares L. Lung cancer: current therapies
and new targeted treatments. Lancet. 2017; 389: 299-311.

7.

Howlader N, Noone AM, Krapcho M, Garshell J, Miller
D, Altekruse SF, Kosary CL, Yu M, Ruhl J, Tatalovich
Z,Mariotto A, Lewis DR, Chen HS, Feuer EJ, Cronin KA
(eds). SEER Cancer Statistics Review, 1975-2012, National
Cancer Institute. Bethesda, MD, http://seer.cancer.gov/
csr/1975_2012/, based on November 2014 SEER data
submission, posted to the SEER web site, April 2015.

8.

9.

chemotherapy. J Clin Oncol. 2004; 22: 1589-1597.
12. Sandler A, Gray R, Perry MC, Brahmer J, Schiller JH,
Dowlati A, Lilenbaum R, Johnson DH. Paclitaxelcarboplatin alone or with bevacizumab for non-small-cell
lung cancer. N Engl J Med. 2006; 355: 2542-2550.
13. Reck M, von Pawel J, Zatloukal P, Ramlau R, Gorbounova
V, Hirsh V, Leighl N, Mezger J, Archer V, Moore N,
Manegold C. Phase III trial of cisplatin plus gemcitabine
with either placebo or bevacizumab as first-line therapy for
nonsquamous non-small-cell lung cancer: AVAil. J Clin
Oncol. 2009; 27: 1227-1234.
14. Garon EB, Ciuleanu TE, Arrieta O, Prabhash K, Syrigos
KN, Goksel T, Park K, Gorbunova V, Kowalyszyn RD,
Pikiel J, Czyzewicz G, Orlov SV, Lewanski CR, et al.
Ramucirumab plus docetaxel versus placebo plus docetaxel
for second-line treatment of stage IV non-small-cell lung
cancer after disease progression on platinum-based therapy
(REVEL): a multicentre, double-blind, randomised phase 3
trial. Lancet. 2014; 384: 665-673.
15. Reck M, Kaiser R, Mellemgaard A, Douillard JY, Orlov S,
Krzakowski M, von Pawel J, Gottfried M, Bondarenko I,
Liao M, Gann CN, Barrueco J, Gaschler-Markefski B, et al.
Docetaxel plus nintedanib versus docetaxel plus placebo in
patients with previously treated non-small-cell lung cancer
(LUME-Lung 1): a phase 3, double-blind, randomised
controlled trial. Lancet Oncol. 2014; 15: 143-155.
16. Tomasetti C, Vogelstein B. Cancer etiology. Variation in
cancer risk among tissues can be explained by the number
of stem cell divisions. Science. 2015; 347: 78-81.
17. Gupta R, Dastane AM, Forozan F, Riley-Portuguez A,
Chung F, Lopategui J, Marchevsky AM. Evaluation
of EGFR abnormalities in patients with pulmonary
adenocarcinoma: the need to test neoplasms with more than
one method. Mod Pathol. 2009; 22: 128-133.

Schiller JH, Harrington D, Belani CP, Langer C, Sandler A,
Krook J, Zhu J, Johnson DH, Eastern Cooperative Oncology
Group. Comparison of four chemotherapy regimens for
advanced non-small-cell lung cancer. N Engl J Med. 2002;
346: 92-98.

18. Fukuoka M, Yano S, Giaccone G, Tamura T, Nakagawa
K, Douillard JY, Nishiwaki Y, Vansteenkiste J, Kudoh S,
Rischin D, Eek R, Horai T, Noda K, et al. Multi-institutional
randomized phase II trial of gefitinib for previously treated
patients with advanced non-small-cell lung cancer (The
IDEAL 1 Trial) [corrected]. J Clin Oncol. 2003; 21: 22372246.

Scagliotti GV, Parikh P, von Pawel J, Biesma B,
Vansteenkiste J, Manegold C, Serwatowski P, Gatzemeier
U, Digumarti R, Zukin M, Lee JS, Mellemgaard A, Park K,
et al. Phase III study comparing cisplatin plus gemcitabine
with cisplatin plus pemetrexed in chemotherapy-naive
patients with advanced-stage non-small-cell lung cancer. J
Clin Oncol. 2008; 26: 3543-3551.

19. Sharma SV, Bell DW, Settleman J, Haber DA. Epidermal
growth factor receptor mutations in lung cancer. Nat Rev
Cancer. 2007; 7: 169-181.

10. Shepherd FA, Dancey J, Ramlau R, Mattson K, Gralla R,
O’Rourke M, Levitan N, Gressot L, Vincent M, Burkes
R, Coughlin S, Kim Y, Berille J. Prospective randomized
trial of docetaxel versus best supportive care in patients
with non-small-cell lung cancer previously treated with
platinum-based chemotherapy. J Clin Oncol. 2000; 18:
2095-2103.

20. Sequist LV, Waltman BA, Dias-Santagata D, Digumarthy
S, Turke AB, Fidias P, Bergethon K, Shaw AT, Gettinger
S, Cosper AK, Akhavanfard S, Heist RS, Temel J, et al.
Genotypic and histological evolution of lung cancers
acquiring resistance to EGFR inhibitors. Sci Transl Med.
2011; 3: 75ra26.

11. Hanna N, Shepherd FA, Fossella FV, Pereira JR, De
Marinis F, von Pawel J, Gatzemeier U, Tsao TC, Pless M,
Muller T, Lim HL, Desch C, Szondy K, et al. Randomized
phase III trial of pemetrexed versus docetaxel in patients
with non-small-cell lung cancer previously treated with

www.impactjournals.com/oncotarget

21. Maemondo M, Inoue A, Kobayashi K, Sugawara S, Oizumi
S, Isobe H, Gemma A, Harada M, Yoshizawa H, Kinoshita
I, Fujita Y, Okinaga S, Hirano H, et al. Gefitinib or
chemotherapy for non-small-cell lung cancer with mutated
EGFR. N Engl J Med. 2010; 362: 2380-2388.
43565

Oncotarget

22. Shaw AT, Kim DW, Nakagawa K, Seto T, Crino L, Ahn
MJ, De Pas T, Besse B, Solomon BJ, Blackhall F, Wu
YL, Thomas M, O’Byrne KJ, et al. Crizotinib versus
chemotherapy in advanced ALK-positive lung cancer. N
Engl J Med. 2013; 368: 2385-2394.

35. Lundquist LM. Abatacept: a novel treatment for rheumatoid
arthritis. Expert Opin Pharmacother. 2007; 8: 2371-2379.
36. Hodi FS, O‘Day SJ, McDermott DF, Weber RW, Sosman
JA, Haanen JB, Gonzalez R, Robert C, Schadendorf D,
Hassel JC, Akerley W, van den Eertwegh AJ, Lutzky J,
et al. Improved survival with ipilimumab in patients with
metastatic melanoma. N Engl J Med. 2010; 363: 711-723.

23. Minguet J, Smith KH, Bramlage P. Targeted therapies for
treatment of non-small cell lung cancer--Recent advances
and future perspectives. Int J Cancer. 2016; 138: 25492561.

37. Herbst RS, Gordon MS, Fine GD, Sosman JA, Soria JC,
Hamid O, Powderly JD, Burris HA, Mokatrin A, Kowanetz
M, Leabman M, Anderson M, Chen DS, et al. A study of
MPDL3280A, an engineered PD-L1 antibody in patients
with locally advanced or metastatic tumors. J Clin Oncol.
2013; 31: 3000.

24. Pikor LA, Ramnarine VR, Lam S, Lam WL. Genetic
alterations defining NSCLC subtypes and their therapeutic
implications. Lung Cancer. 2013; 82: 179-189.
25. Janne PA, Mann H, Ghiorghiu D. Study Design and
Rationale for a Randomized, Placebo-Controlled,
Double-Blind Study to Assess the Efficacy and Safety of
Selumetinib in Combination With Docetaxel as SecondLine Treatment in Patients With KRAS-Mutant Advanced
Non-Small Cell Lung Cancer (SELECT-1). Clin Lung
Cancer. 2016; 17: e1-4.

38. Ito F, Chang AE. Cancer immunotherapy: current status and
future directions. Surg Oncol Clin N Am. 2013; 22: 765783.
39. Brahmer JR, Tykodi SS, Chow LQ, Hwu WJ, Topalian SL,
Hwu P, Drake CG, Camacho LH, Kauh J, Odunsi K, Pitot
HC, Hamid O, Bhatia S, et al. Safety and activity of antiPD-L1 antibody in patients with advanced cancer. N Engl J
Med. 2012; 366: 2455-2465.

26. Menzies AM, Long GV. Dabrafenib and trametinib, alone
and in combination for BRAF-mutant metastatic melanoma.
Clin Cancer Res. 2014; 20: 2035-2043.

40. Powles T, Eder JP, Fine GD, Braiteh FS, Loriot Y, Cruz
C, Bellmunt J, Burris HA, Petrylak DP, Teng SL, Shen
X, Boyd Z, Hegde PS, et al. MPDL3280A (anti-PD-L1)
treatment leads to clinical activity in metastatic bladder
cancer. Nature. 2014; 515: 558-562.

27. Yu HA, Arcila ME, Rekhtman N, Sima CS, Zakowski
MF, Pao W, Kris MG, Miller VA, Ladanyi M, Riely
GJ. Analysis of tumor specimens at the time of acquired
resistance to EGFR-TKI therapy in 155 patients with
EGFR-mutant lung cancers. Clin Cancer Res. 2013; 19:
2240-2247.

41. Robert C, Long GV, Brady B, Dutriaux C, Maio M, Mortier
L, Hassel JC, Rutkowski P, McNeil C, Kalinka-Warzocha
E, Savage KJ, Hernberg MM, Lebbe C, et al. Nivolumab in
previously untreated melanoma without BRAF mutation. N
Engl J Med. 2015; 372: 320-330.

28. Ramalingam S, Yang JC, Lee CK, Kurata T, Kim DW, John
T, Nogami N, Ohe Y, Janne PA. LBA1_PR: Osimertinib as
first-line treatment for EGFR mutation-positive advanced
NSCLC: updated efficacy and safety results from two Phase
I expansion cohorts. J Thorac Oncol. 2016; 11: S152.

42. Hamid O, Robert C, Daud A, Hodi FS, Hwu WJ, Kefford R,
Wolchok JD, Hersey P, Joseph RW, Weber JS, Dronca R,
Gangadhar TC, Patnaik A, et al. Safety and tumor responses
with lambrolizumab (anti-PD-1) in melanoma. N Engl J
Med. 2013; 369: 134-144.

29. Janne PA, Yang JC, Kim DW, Planchard D, Ohe Y,
Ramalingam SS, Ahn MJ, Kim SW, Su WC, Horn L,
Haggstrom D, Felip E, Kim JH, et al. AZD9291 in EGFR
inhibitor-resistant non-small-cell lung cancer. N Engl J
Med. 2015; 372: 1689-1699.

43. Brahmer J, Reckamp KL, Baas P, Crino L, Eberhardt
WE, Poddubskaya E, Antonia S, Pluzanski A, Vokes
EE, Holgado E, Waterhouse D, Ready N, Gainor J, et al.
Nivolumab versus Docetaxel in Advanced Squamous-Cell
Non-Small-Cell Lung Cancer. N Engl J Med. 2015; 373:
123-135.

30. Dammeijer F, Lievense LA, Veerman GD, Hoogsteden
HC, Hegmans JP, Arends LR, Aerts JG. Efficacy of Tumor
Vaccines and Cellular Immunotherapies in Non-Small-Cell
Lung Cancer: A Systematic Review and Meta-Analysis. J
Clin Oncol. 2016; 34: 3204-3212.

44. Borghaei H, Paz-Ares L, Horn L, Spigel DR, Steins M,
Ready NE, Chow LQ, Vokes EE, Felip E, Holgado E,
Barlesi F, Kohlhaufl M, Arrieta O, et al. Nivolumab versus
Docetaxel in Advanced Nonsquamous Non-Small-Cell
Lung Cancer. N Engl J Med. 2015; 373: 1627-1639.

31. Dunn GP, Bruce AT, Ikeda H, Old LJ, Schreiber RD.
Cancer immunoediting: from immunosurveillance to tumor
escape. Nat Immunol. 2002; 3: 991-998.
32. Vesely MD, Kershaw MH, Schreiber RD, Smyth MJ.
Natural innate and adaptive immunity to cancer. Annu Rev
Immunol. 2011; 29: 235-271.

45. Herbst RS, Baas P, Kim DW, Felip E, Perez-Gracia JL,
Han JY, Molina J, Kim JH, Arvis CD, Ahn MJ, Majem
M, Fidler MJ, de Castro G Jr, et al. Pembrolizumab versus
docetaxel for previously treated, PD-L1-positive, advanced
non-small-cell lung cancer (KEYNOTE-010): a randomised
controlled trial. Lancet. 2016; 387: 1540-1550.

33. Schreiber RD, Old LJ, Smyth MJ. Cancer immunoediting:
integrating immunity‘s roles in cancer suppression and
promotion. Science. 2011; 331: 1565-1570.
34. Pardoll DM. The blockade of immune checkpoints in cancer
immunotherapy. Nat Rev Cancer. 2012; 12: 252-264.
www.impactjournals.com/oncotarget

46. Reck M, Rodríguez-Abreu D, Robinson AG, Hui R, Csőszi

43566

Oncotarget

T, Fülöp A, Gottfried M, Peled N, Tafreshi A, Cuffe S,
O’Brien M, Rao S, Hotta K, et al. Pembrolizumab versus
Chemotherapy for PD-L1-Positive Non-Small-Cell Lung
Cancer. N Engl J Med. 2016; 375: 1823-1833.

Oncol. 2016; 34: suppl; abstr 9016.
56. Stroh M, Carlile DJ, Li CC, Wagg J, Ribba B, Ramanujan
S, Jin J, Xu J, Charoin JE, Xhu ZX, Morcos PN, Davis
JD, Phipps A, et al. Challenges and Opportunities
for Quantitative Clinical Pharmacology in Cancer
Immunotherapy: Something Old, Something New,
Something Borrowed, and Something Blue. CPT
Pharmacometrics Syst. Pharmacol. 2015; 4: 495-497.

47. U.S. Food and Drug Administration, Medication Guide
TECENTRIQ, Reference ID: 4000525, revised 10/2016.
48. Fehrenbacher L, Spira A, Ballinger M, Kowanetz M,
Vansteenkiste J, Mazieres J, Park K, Smith D, ArtalCortes A, Lewanski C, Braiteh F, Waterkamp D, He P,
et al. Atezolizumab versus docetaxel for patients with
previously treated non-small-cell lung cancer (POPLAR): a
multicentre, open-label, phase 2 randomised controlled trial.
Lancet. 2016; 387: 1837-1846.

57. Egeblad M, Nakasone ES, Werb Z. Tumors as organs:
complex tissues that interface with the entire organism. Dev
Cell. 2010; 18: 884-901.
58. Ohlund D, Elyada E, Tuveson D. Fibroblast heterogeneity
in the cancer wound. J Exp Med. 2014; 211: 1503-1523.

49. Rittmeyer A, Barlesi F, Waterkamp D, Park K, Ciardiello
F, von Pawel J, Gadgeel SM, Hida T, Kowalski DM, Dols
MC, Cortinovis DL, Leach J, Polikoff J, et al. Atezolizumab
versus docetaxel in patients with previously treated nonsmall-cell lung cancer (OAK): a phase 3, open-label,
multicentre randomised controlled trial. Lancet. 2017; 389:
255-265.

59. Hanahan D, Folkman J. Patterns and emerging mechanisms
of the angiogenic switch during tumorigenesis. Cell. 1996;
86: 353-364.
60. Smith NR, Baker D, James NH, Ratcliffe K, Jenkins
M, Ashton SE, Sproat G, Swann R, Gray N, Ryan A,
Jurgensmeier JM, Womack C. Vascular endothelial growth
factor receptors VEGFR-2 and VEGFR-3 are localized
primarily to the vasculature in human primary solid cancers.
Clin Cancer Res. 2010; 16: 3548-3561.

50. Bustamante Alvarez JG, Gonzalez-Cao M, Karachaliou N,
Santarpia M, Viteri S, Teixido C, Rosell R. Advances in
immunotherapy for treatment of lung cancer. Cancer Biol
Med. 2015; 12: 209-222.

61. Gerber
HP,
Ferrara
N.
Pharmacology
and
pharmacodynamics of bevacizumab as monotherapy or in
combination with cytotoxic therapy in preclinical studies.
Cancer Res. 2005; 65: 671-680.

51. Gubens MA, Sequist LV, Stevenson J, Powell SF, Villaruz
LC, Gadgeel SM, Langer CJ, Patnaik A, Borghaei H, Jalal
SI, Fiore J, Ge JY, Raftopoulos H, et al. Phase 1/2 Study of
Pembrolizumab Plus Ipilimumab as Second-Line Therapy
for NSCLC: KEYNOTE-021 Cohorts D and H. J Clin
Oncol. 2016; 34: suppl; abstr 9072.

62. Jain RK. Antiangiogenesis strategies revisited: from
starving tumors to alleviating hypoxia. Cancer Cell. 2014;
26: 605-622.
63. Bergers G, Hanahan D. Modes of resistance to antiangiogenic therapy. Nat Rev Cancer. 2008; 8: 592-603.

52. Hellmann MD, Rizvi NA, Goldman JW, Gettinger SN,
Borghaei H, Brahmer JR, Ready NE, Gerber DE, Chow
LQ, Juergens RA, Shepherd FA, Laurie SA, Geese WJ, et
al. Nivolumab plus ipilimumab as first-line treatment for
advanced non-small-cell lung cancer (CheckMate 012):
results of an open-label, phase 1, multicohort study. Lancet
Oncol. 2017; 18: 31-41.

64. Folkman J. Role of angiogenesis in tumor growth and
metastasis. Semin Oncol. 2002; 29: 15-18.
65. Krock BL, Skuli N, Simon MC. Hypoxia-induced
angiogenesis: good and evil. Genes Cancer. 2011; 2: 11171133. doi: 10.1177/1947601911423654.
66. Palazon A, Aragones J, Morales-Kastresana A, de
Landazuri MO, Melero I. Molecular pathways: hypoxia
response in immune cells fighting or promoting cancer. Clin
Cancer Res. 2012; 18: 1207-1213.

53. Rizvi NA, Hellmann MD, Brahmer JR, Juergens RA,
Borghaei H, Gettinger S, Chow LQ, Gerber DE, Laurie
SA, Goldman JW, Shepherd FA, Chen AC, Shen Y, et al.
Nivolumab in Combination With Platinum-Based Doublet
Chemotherapy for First-Line Treatment of Advanced NonSmall-Cell Lung Cancer. J Clin Oncol. 2016; 34: 29692979.

67. Basanta D, Simon M, Hatzikirou H, Deutsch A.
Evolutionary game theory elucidates the role of glycolysis
in glioma progression and invasion. Cell Prolif. 2008; 41:
980-987.

54. Gettinger S, Rizvi NA, Chow LQ, Borghaei H, Brahmer J,
Ready N, Gerber DE, Shepherd FA, Antonia S, Goldman
JW, Juergens RA, Laurie SA, Nathan FE, et al. Nivolumab
Monotherapy for First-Line Treatment of Advanced NonSmall-Cell Lung Cancer. J Clin Oncol. 2016; 34: 29802987.

68. Hammerman PS, Lawrence MS, Voet D, Jing R, Cibulskis
K, Sivachenko A, Stojanov P, McKenna A, Lander
ES, Gabriel S, Getz G, Sougnez C, Imielinski M, et al.
Comprehensive genomic characterization of squamous cell
lung cancers. Nature. 2012; 489: 519-525.
69. Collisson EA, Campbell JD, Brooks AN, Berger AH, Lee
W, Chmielecki J, Beer DG, Cope L, Creighton CJ, Danilova
L, Ding L, Getz G, Hammerman PS, et al. Comprehensive
molecular profiling of lung adenocarcinoma. Nature. 2014;
511: 543-550.

55. Gadgeel SM, Stevenson J, Langer CJ, Gandhi L, Borghaei
H, Patnaik A, Villaruz LC, Gubens MA, Hauke RJ, Yang
JC, Sequist LV, Bachman RD, Ge JY, et al. Pembrolizumab
(pembro) plus chemotherapy as front-line therapy for
advanced NSCLC: KEYNOTE-021 cohorts A-C. J Clin
www.impactjournals.com/oncotarget

43567

Oncotarget

70. Lockwood WW, Wilson IM, Coe BP, Chari R, Pikor LA,
Thu KL, Solis LM, Nunez MI, Behrens C, Yee J, English
J, Murray N, Tsao MS, et al. Divergent genomic and
epigenomic landscapes of lung cancer subtypes underscore
the selection of different oncogenic pathways during tumor
development. PLoS One. 2012; 7: e37775.

signaling. Mol Cancer Ther. 2011; 10: 481-494.
83. Visvader JE, Lindeman GJ. Cancer stem cells in solid
tumours: accumulating evidence and unresolved questions.
Nat Rev Cancer. 2008; 8: 755-768.
84. Jordan CT, Guzman ML, Noble M. Cancer stem cells. N
Engl J Med. 2006; 355: 1253-1261.

71. Kolch W, Halasz M, Granovskaya M, Kholodenko BN. The
dynamic control of signal transduction networks in cancer
cells. Nat Rev Cancer. 2015; 15: 515-527.

85. Jung MJ, Rho JK, Kim YM, Jung JE, Jin YB, Ko YG, Lee
JS, Lee SJ, Lee JC, Park MJ. Upregulation of CXCR4 is
functionally crucial for maintenance of stemness in drugresistant non-small cell lung cancer cells. Oncogene. 2013;
32: 209-221.

72. Caunt CJ, Sale MJ, Smith PD, Cook SJ. MEK1 and MEK2
inhibitors and cancer therapy: the long and winding road.
Nat Rev Cancer. 2015; 15: 577-592.

74. Han W, Lo HW. Landscape of EGFR signaling network in
human cancers: biology and therapeutic response in relation
to receptor subcellular locations. Cancer Lett. 2012; 318:
124-134.

86. Phillips RJ, Mestas J, Gharaee-Kermani M, Burdick MD,
Sica A, Belperio JA, Keane MP, Strieter RM. Epidermal
growth factor and hypoxia-induced expression of CXC
chemokine receptor 4 on non-small cell lung cancer cells
is regulated by the phosphatidylinositol 3-kinase/PTEN/
AKT/mammalian target of rapamycin signaling pathway
and activation of hypoxia inducible factor-1alpha. J Biol
Chem. 2005; 280: 22473-22481.

75. Kurai J, Chikumi H, Hashimoto K, Yamaguchi K, Yamasaki
A, Sako T, Touge H, Makino H, Takata M, Miyata M,
Nakamoto M, Burioka N, Shimizu E. Antibody-dependent
cellular cytotoxicity mediated by cetuximab against lung
cancer cell lines. Clin Cancer Res. 2007; 13: 1552-1561.

87. Domanska UM, Timmer-Bosscha H, Nagengast WB, Oude
Munnink TH, Kruizinga RC, Ananias HJ, Kliphuis NM,
Huls G, De Vries EG, de Jong IJ, Walenkamp AM. CXCR4
inhibition with AMD3100 sensitizes prostate cancer to
docetaxel chemotherapy. Neoplasia. 2012; 14: 709-718.

76. Valley CC, Arndt-Jovin DJ, Karedla N, Steinkamp MP,
Chizhik AI, Hlavacek WS, Wilson BS, Lidke KA, Lidke
DS. Enhanced dimerization drives ligand-independent
activity of mutant epidermal growth factor receptor in lung
cancer. Mol Biol Cell. 2015; 26: 4087-4099.

88. Singh S, Srivastava SK, Bhardwaj A, Owen LB, Singh
AP. CXCL12-CXCR4 signalling axis confers gemcitabine
resistance to pancreatic cancer cells: a novel target for
therapy. Br J Cancer. 2010; 103: 1671-1679.

73. McLornan DP, List A, Mufti GJ. Applying synthetic
lethality for the selective targeting of cancer. N Engl J Med.
2014; 371: 1725-1735.

89. Porvasnik S, Sakamoto N, Kusmartsev S, Eruslanov E,
Kim WJ, Cao W, Urbanek C, Wong D, Goodison S, Rosser
CJ. Effects of CXCR4 antagonist CTCE-9908 on prostate
tumor growth. Prostate. 2009; 69: 1460-1469.

77. Torti D, Trusolino L. Oncogene addiction as a foundational
rationale for targeted anti-cancer therapy: promises and
perils. EMBO Mol Med. 2011; 3: 623-636.
78. Paz-Ares L, Socinski MA, Shahidi J, Hozak RR,
Soldatenkova V, Kurek R, Varella-Garcia M, Thatcher N,
Hirsch FR. Correlation of EGFR-expression with safety and
efficacy outcomes in SQUIRE: a randomized, multicenter,
open-label, phase III study of gemcitabine-cisplatin plus
necitumumab versus gemcitabine-cisplatin alone in the
first-line treatment of patients with stage IV squamous nonsmall-cell lung cancer. Ann Oncol. 2016; 27: 1573-1579.

90. Hassan S, Buchanan M, Jahan K, Aguilar-Mahecha A,
Gaboury L, Muller WJ, Alsawafi Y, Mourskaia AA, Siegel
PM, Salvucci O, Basik M. CXCR4 peptide antagonist
inhibits primary breast tumor growth, metastasis and
enhances the efficacy of anti-VEGF treatment or docetaxel
in a transgenic mouse model. Int J Cancer. 2011; 129: 225232.
91. Domanska UM, Kruizinga RC, Nagengast WB, TimmerBosscha H, Huls G, de Vries EG, Walenkamp AM. A
review on CXCR4/CXCL12 axis in oncology: no place to
hide. Eur J Cancer. 2013; 49: 219-230.

79. Sordella R, Bell DW, Haber DA, Settleman J. Gefitinibsensitizing EGFR mutations in lung cancer activate antiapoptotic pathways. Science. 2004; 305: 1163-1167.
80. Gao SP, Mark KG, Leslie K, Pao W, Motoi N, Gerald
WL, Travis WD, Bornmann W, Veach D, Clarkson B,
Bromberg JF. Mutations in the EGFR kinase domain
mediate STAT3 activation via IL-6 production in human
lung adenocarcinomas. J Clin Invest. 2007; 117: 3846-3856.

92. D’ Alterio C, Portella L, Ottaiano A, Rizzo M, Carteni G,
Pignata S, Facchini G, Perdona S, Di Lorenzo G, Autorino
R, Franco R, La Mura A, Nappi O, et al. Curr Cancer Drug
Targets. 2012; 12: 693-702.
93. Heijmen L, Ter Voert EG, Punt CJ, Heerschap A, Oyen WJ,
Bussink J, Sweep CG, Laverman P, Span PN, de Geus-Oei
LF, Boerman OC, van Laarhoven HW. Monitoring hypoxia
and vasculature during bevacizumab treatment in a murine
colorectal cancer model. Contrast Media Mol Imaging.
2014; 9: 237-245.

81. Yu H, Pardoll D, Jove R. STATs in cancer inflammation
and immunity: a leading role for STAT3. Nat Rev Cancer.
2009; 9: 798-809.
82. Song L, Rawal B, Nemeth JA, Haura EB. JAK1 activates
STAT3 activity in non-small-cell lung cancer cells and
IL-6 neutralizing antibodies can suppress JAK1-STAT3
www.impactjournals.com/oncotarget

94. Ostman A, Augsten M. Cancer-associated fibroblasts and
43568

Oncotarget

tumor growth--bystanders turning into key players. Curr
Opin Genet Dev. 2009; 19: 67-73.

Veenstra TD, Logsdon D, Morris H, Swing DA, Patel NL,
Kalen J, Haines DC, Zudaire E, et al. COX-2 inhibition
potentiates antiangiogenic cancer therapy and prevents
metastasis in preclinical models. Sci Transl Med. 2014; 6:
242ra84.

95. Mahale J, Smagurauskaite G, Brown K, Thomas A, Howells
LM. The role of stromal fibroblasts in lung carcinogenesis:
A target for chemoprevention? Int J Cancer. 2016; 138: 3044.

107. Krysan K, Reckamp KL, Sharma S, Dubinett SM. The
potential and rationale for COX-2 inhibitors in lung cancer.
Anticancer Agents Med Chem. 2006; 6: 209-220.

96. Mercier I, Camacho J, Titchen K, Gonzales DM, Quann
K, Bryant KG, Molchansky A, Milliman JN, WhitakerMenezes D, Sotgia F, Jasmin JF, Schwarting R, Pestell
RG, et al. Caveolin-1 and accelerated host aging in the
breast tumor microenvironment: chemoprevention with
rapamycin, an mTOR inhibitor and anti-aging drug. Am J
Pathol. 2012: 181: 278-293.

108. Shintani Y, Fujiwara A, Kimura T, Kawamura T, Funaki
S, Minami M, Okumura M. IL-6 Secreted from CancerAssociated Fibroblasts Mediates Chemoresistance in
NSCLC by Increasing Epithelial-Mesenchymal Transition
Signaling. J Thorac Oncol. 2016; 11: 1482-1492.

97. Chen WJ, Ho CC, Chang YL, Chen HY, Lin CA, Ling TY,
Yu SL, Yuan SS, Chen YJ, Lin CY, Pan SH, Chou HY,
Chen YJ, et al. Cancer-associated fibroblasts regulate the
plasticity of lung cancer stemness via paracrine signalling.
Nat Commun. 2014; 5: 3472.

109. Coffelt SB, Lewis CE, Naldini L, Brown JM, Ferrara N, De
Palma M. Elusive identities and overlapping phenotypes of
proangiogenic myeloid cells in tumors. Am J Pathol. 2010;
176: 1564-1576.
110. Mantovani A. Molecular pathways linking inflammation
and cancer. Curr Mol Med. 2010; 10: 369-373.

98. Cirri P, Chiarugi P. Cancer associated fibroblasts: the dark
side of the coin. Am J Cancer Res. 2011; 1: 482-497.

111. Mahoney KM, Rennert PD, Freeman GJ. Combination
cancer immunotherapy and new immunomodulatory targets.
Nat Rev Drug Discov. 2015; 14: 561-584.

99. Wang W, Li Q, Yamada T, Matsumoto K, Matsumoto I,
Oda M, Watanabe G, Kayano Y, Nishioka Y, Sone S, Yano
S. Crosstalk to stromal fibroblasts induces resistance of lung
cancer to epidermal growth factor receptor tyrosine kinase
inhibitors. Clin Cancer Res. 2009; 15: 6630-6638.

112. Schumacher TN, Schreiber RD. Neoantigens in cancer
immunotherapy. Science. 2015; 348: 69-74.
113. Gainor JF, Shaw AT, Sequist LV, Fu X, Azzoli CG,
Piotrowska Z, Huynh TG, Zhao L, Fulton L, Schultz KR,
Howe E, Farago AF, Sullivan RJ, et al. EGFR Mutations
and ALK Rearrangements Are Associated with Low
Response Rates to PD-1 Pathway Blockade in Non-Small
Cell Lung Cancer: A Retrospective Analysis. Clin Cancer
Res. 2016; 22: 4585-4593.

100. Yoshida T, Ishii G, Goto K, Neri S, Hashimoto H, Yoh
K, Niho S, Umemura S, Matsumoto S, Ohmatsu H, Iida
S, Niimi A, Nagai K, et al. Podoplanin-positive cancerassociated fibroblasts in the tumor microenvironment induce
primary resistance to EGFR-TKIs in lung adenocarcinoma
with EGFR mutation. Clin Cancer Res. 2015; 21: 642-651.
101. Guo X, Oshima H, Kitmura T, Taketo MM, Oshima M.
Stromal fibroblasts activated by tumor cells promote
angiogenesis in mouse gastric cancer. J Biol Chem. 2008;
283: 19864-198671.

114. Spranger S, Koblish HK, Horton B, Scherle PA, Newton R,
Gajewski TF. Mechanism of tumor rejection with doublets
of CTLA-4, PD-1/PD-L1, or IDO blockade involves
restored IL-2 production and proliferation of CD8(+) T cells
directly within the tumor microenvironment. J Immunother
Cancer. 2014; 2: 3.

102. Orimo A, Gupta PB, Sgroi DC, Arenzana-Seisdedos
F, Delaunay T, Naeem R, Carey VJ, Richardson AL,
Weinberg RA. Stromal fibroblasts present in invasive
human breast carcinomas promote tumor growth and
angiogenesis through elevated SDF-1/CXCL12 secretion.
Cell. 2005; 121: 335-348.

115. Noman MZ, Desantis G, Janji B, Hasmim M, Karray S,
Dessen P, Bronte V, Chouaib S. PD-L1 is a novel direct
target of HIF-1alpha, and its blockade under hypoxia
enhanced MDSC-mediated T cell activation. J Exp Med.
2014; 211: 781-790.

103. Wang H, Xie F, Hu Z, Chen L. Elevated expression of
CXCR4 and correlation with clinicopathological features
and prognosis of non-small cell lung cancer patients: a
meta-analysis. Genet Mol Res. 2015; 14: 17893-17903.

116. DeNardo DG, Andreu P, Coussens LM. Interactions
between lymphocytes and myeloid cells regulate proversus anti-tumor immunity. Cancer Metastasis Rev. 2010;
29: 309-316.

104. Erez N, Truitt M, Olson P, Arron ST, Hanahan D. CancerAssociated Fibroblasts Are Activated in Incipient Neoplasia
to Orchestrate Tumor-Promoting Inflammation in an NFkappaB-Dependent Manner. Cancer Cell. 2010; 17: 135147.

117. Yu H, Kortylewski M, Pardoll D. Crosstalk between
cancer and immune cells: role of STAT3 in the tumour
microenvironment. Nat Rev Immunol. 2007; 7: 41-51.
118. Song MK, Lee HS, Choi HS, Shin CY, Kim YJ, Park
YK, Ryu JC. Octanal-induced inflammatory responses in
cells relevant for lung toxicity: expression and release of
cytokines in A549 human alveolar cells. Hum Exp Toxicol.
2014; 33: 710-721.

105. Williams CS, Tsujii M, Reese J, Dey SK, DuBois RN. Host
cyclooxygenase-2 modulates carcinoma growth. J Clin
Invest. 2000; 105: 1589-1594.
106. Xu L, Stevens J, Hilton MB, Seaman S, Conrads TP,
www.impactjournals.com/oncotarget

43569

Oncotarget

119. Gobel C, Breitenbuecher F, Kalkavan H, Hahnel PS, Kasper
S, Hoffarth S, Merches K, Schild H, Lang KS, Schuler
M. Functional expression cloning identifies COX-2 as a
suppressor of antigen-specific cancer immunity. Cell Death
Dis. 2014; 5: e1568.

125. Costa DB, Halmos B, Kumar A, Schumer ST, Huberman
MS, Boggon TJ, Tenen DG, Kobayashi S. BIM mediates
EGFR tyrosine kinase inhibitor-induced apoptosis in lung
cancers with oncogenic EGFR mutations. PLoS Med. 2007;
4: 1669-79; discussion 80.

120. Sharma S, Yang SC, Zhu L, Reckamp K, Gardner B,
Baratelli F, Huang M, Batra RK, Dubinett SM. Tumor
cyclooxygenase-2/prostaglandin E2-dependent promotion
of FOXP3 expression and CD4+ CD25+ T regulatory cell
activities in lung cancer. Cancer Res. 2005; 65: 5211-5220.

126. Engelman JA, Zejnullahu K, Mitsudomi T, Song Y, Hyland
C, Park JO, Lindeman N, Gale CM, Zhao X, Christensen
J, Kosaka T, Holmes AJ, Rogers AM, et al. MET
amplification leads to gefitinib resistance in lung cancer
by activating ERBB3 signaling. Science. 2007; 316: 10391043.

121. Seto T, Kato T, Nishio M, Goto K, Atagi S, Hosomi Y,
Yamamoto N, Hida T, Maemondo M, Nakagawa K, Nagase
S, Okamoto I, Yamanaka T, et al. Erlotinib alone or with
bevacizumab as first-line therapy in patients with advanced
non-squamous non-small-cell lung cancer harbouring
EGFR mutations (JO25567): an open-label, randomised,
multicentre, phase 2 study. Lancet Oncol. 2014; 15: 12361244.

127. Akbay EA, Koyama S, Carretero J, Altabef A, Tchaicha
JH, Christensen CL, Mikse OR, Cherniack AD, Beauchamp
EM, Pugh TJ, Wilkerson MD, Fecci PE, Butaney M, et al.
Activation of the PD-1 pathway contributes to immune
escape in EGFR-driven lung tumors. Cancer Discov. 2013;
3: 1355-1363.
128. Koyama S, Akbay EA, Li YY, Herter-Sprie GS,
Buczkowski KA, Richards WG, Gandhi L, Redig AJ,
Rodig SJ, Asahina H, Jones RE, Kulkarni MM, Kuraguchi
M, et al. Adaptive resistance to therapeutic PD-1 blockade
is associated with upregulation of alternative immune
checkpoints. Nat Commun. 2016; 7: 10501.

122. Tobelem, G. VEGF: a key therapeutic target for
the treatment of cancer—insights into its role and
pharmacological inhibition. Targ Oncol. 2007; 2; 153-164.
123. Hara M, Nagasaki T, Shiga K, Takeyama H. Suppression
of Cancer-associated Fibroblasts and Endothelial Cells
by Itraconazole in Bevacizumab-resistant Gastrointestinal
Cancer. Anticancer Res. 2016; 36: 169-177.

129. Langhammer S. Rationale for the design of an oncology
trial using a generic targeted therapy multidrug regimen for
NSCLC patients without treatment options (Review). Oncol
Rep. 2013; 30: 1535-1541.

124. O‘Connor JP, Carano RA, Clamp AR, Ross J, Ho CC,
Jackson A, Parker GJ, Rose CJ, Peale FV, Friesenhahn
M, Mitchell CL, Watson Y, Roberts C, et al. Quantifying
antivascular effects of monoclonal antibodies to vascular
endothelial growth factor: insights from imaging. Clin
Cancer Res. 2009; 15: 6674-6682.

www.impactjournals.com/oncotarget

43570

Oncotarget

