1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

"% NIH Public Access
@@‘ Author Manuscript

2 HEpst

o WATIG,

Published in final edited form as:
Expert Opin Ther Targets. 2010 October ; 14(10): 1047-1057. doi:10.1517/14728222.2010.511617.

HIF, hypoxia and the role of angiogenesis in non-small cell lung
cancer

Autumn L Jackson, Bing Zhou, and William Y KimT
The University of North Carolina, The Lineberger Comprehensive Cancer Center, Chapel Hill,
NC, USA

Abstract

Importance of the field—The role of angiogenesis in the initiation and progression of NSCLC
and the molecular alterations leading to the growth of tumor vasculature are areas of great interest
and recent therapeutic success.

Areas covered in this review—VEGF and its receptors play critical roles in the development
of tumor vasculature and can be targeted by agents such as bevacizumab in the treatment of
NSCLC. Furthermore, tumor hypoxia and the expression of the hypoxia-inducible factor (HIF)
family of proteins are also linked to poorer survival in these patients. Recent studies using
genetically engineered mouse models expressing stabilized HIF validate the importance of HIF in
the evolution of NSCLC and demonstrate genetically that HIF is involved in NSCLC.

What the reader will gain—An overview of the key pathways and mediators of tumor
angiogenesis, their relevance to the pathogenesis of NSCLC, and an update on the current status of
angiogenesis inhibitors in NSCLC.

Take home message—Angiogenesis is a key mediator of NSCLC progression. Several
antiangiogenic strategies are in clinical use and under development. While candidate predictive
biomarkers of response to antiangiogenic therapy exist, they await independent and prospective
validation.

Keywords

angiogenesis; bevacizumab; hypoxia; hypoxia-inducible factor; lung cancer; sorafenib; sunitinib;
vandetinib; vascular endothelial growth factor

1. Introduction

Lung cancer is the leading cause of cancer-related deaths in both men and women. In 2009,
it is estimated that approximately 160,000 people will die of lung cancer in the USA, which
is more than colon, breast, and prostate cancer deaths combined [1]. Non-small cell lung
cancer (NSCLC) represents 80 — 85% of lung cancer cases and 70% of patients present with
advanced-stage disease. With a response rate of only 20% to combination chemotherapy, the
median survival of patients presenting with advanced disease is a mere 10 months [2].
Therefore, novel approaches to treat such a common killer are urgently needed.
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The role of angiogenesis in the initiation and progression of NSCLC and the molecular
pathways leading to the growth of tumor vasculature have emerged as areas of great interest
and therapeutic success in translational research. The VEGF and its receptors, VEGFR1,
VEGFR2 and VEGFR3, are now well documented to play critical roles in the development
of tumor vasculature and can be targeted by agents such as bevacizumab in the treatment of
NSCLC [3]. Tumor hypoxia and the expression of the hypoxia-inducible factor (HIF) family
of proteins are also linked to poorer survival in these patients. Therefore, more attention is
being placed on the intricate relationship between hypoxia, angiogenesis and the
development of NSCLC with an emphasis on targeting these processes to improve clinical
outcomes.

2. Key molecules involved in tumor angiogenesis

Angiogenesis is defined as the growth of new vessels from an area of pre-existing
vasculature. During the process of solid tumor formation and progression, tumors require an
adequate supply of oxygen and nutrients. At early stages of growth, tumors often rely on
vessels from the host vascular system. Ultimately, however, as tumors exceed a size that
outgrows their vascular supply, they require the stimulation of neoangiogenesis (the
sprouting of vessels from pre-existing capillaries) and/or vasculogenesis (the development
of vessels primarily through the recruitment of bone-marrow-derived endothelial precursor
cells) for their growth [4,5]. This step, termed the ‘angiogenic switch’, occurs when the
balance of pro-angiogenic factors (e.g., VEGFA, placental growth factor (PIGF), IL-8, and
angiopoietin-1 (ANG1)) outweighs anti-angiogenic factors (e.g., thrombospondin-1,
angiostatin, etc.) [5-7].

Physiologic angiogenesis proceeds in a rapid and well-organized fashion resulting in mature
and non-permeable vessels that are bolstered by supporting pericytes. These endothelial cell
— pericyte interactions normally restrain endothelial cell proliferation and reduce their
dependence on VEGF for survival [8]. In contrast, tumor vascular development is
disorganized, resulting in blood vessels that are irregular in shape and size, tortuous and
sometimes even incorporate cancer cells into the vessel wall (so called vasculogenic
mimicry) [9-11]. These characteristics of tumor vessels along with an increased intratumoral
pressure (secondary to increased vascular permeability) can create variable and turbulent
blood flow, at times even resulting in the reversal of flow within a vessel [12]. Collectively,
these abnormalities result in changes of the tumor microenvironment such as the
development of hypoxia, acidosis and interstitial hypertension that may play a role in the
ineffective delivery of therapeutics as well as the selection of more malignant cells with
increased potential for metastases [9]. Whether or not the normalization of tumor
vasculature results in the effective delivery of therapeutics or improves tumor oxygenation
remains to be determined.

2.1 The hypoxia-inducible factor (HIF)

Intratumoral hypoxia results in the stabilization the HIF family of transcription factors. HIF
is a heterodimeric transcription factor composed of a labile alpha subunit and a stable beta
subunit [13]. The human genome contains three HIFa genes (HIFla, HIF2a and HIF3a)
and three HIFp genes [13]. Under low oxygen conditions, HIFa accumulates, binds to
HIFp, and transcriptionally activates genes whose promoters contain hypoxia-response
elements (HREs), many of which are involved in the adaptation to both cellular and
organismal hypoxia. These include genes involved in the uptake and metabolism of glucose
(GLUT1, LDH), apoptosis (BNIP3), angiogenesis (VEGFA, PDGF), control of extracellular
pH (CA9), mitogenesis (7GFa), and erythropoiesis (£PO) [13].
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HIF is polyubiquitinated by the VHL (von Hippel-Lindau) gene product, pVHL. The
binding of pVHL to HIF is governed by an oxygen- and iron-dependent, post-translational
prolyl hydroxylation of HIFa subunits [14]. Thus, HIFa subunits are normally degraded in
the presence of oxygen but are stabilized under hypoxic conditions or in the setting of pVHL
loss, leading to transactivation of HIF target genes. While HIF protein levels are primarily
determined by the pVHL status of cells as well as oxygenation levels, HIF mRNA and
protein synthesis is largely regulated by oxygen-independent mechanisms, such as activation
of the MAPK and PI3K pathways [15]. For example, HIF can be upregulated at the
transcriptional level by activating mutations in RAS family members or in BRAF with
resultant increases in HIF mRNA levels [16,17]. Additionally, translation of HIF mRNA is
dependent upon mammalian target of rapamycin (mTOR) activity, as inhibition of the
mTOR/Raptor complex by drugs such as rapamycin or rapamycin analogs result in lowered
HIF protein levels [18-20]. This effect is at least partially mediated by the presence of
terminal oligopyrimidine (TOP) tracts located in the 5" untranslated region (5" UTR) of both
HIF1 and HIF2 as protein levels of HIF variants lacking their native 5"UTRs are insensitive
to mTOR inhibitors and their growth inhibitory effects [19].

Despite significant sequence homology, the functions of HIF1a and HIF2a appear to differ.
While germline deletion of either gene in mice results in embryonic lethality, both the
timing and cause of death differ. In HIF1a ™~ mice, death occurs in mid-gestation with
evidence of vascular defects [21]. In contrast, mice lacking HIF2a die earlier in
embryogenesis with defects in lung development and catecholamine deficiency [22,23].
Finally, multiple studies have now shown that HIF1 and HIF2 activation produce
overlapping yet distinct gene expression profiles and that certain target genes are uniquely
regulated by either HIF1 or HIF2 both /n vitroand in vivo [24-28].

2.2 VEGF and VEGF receptors

One of the key downstream targets of the HIF pathway is VEGF, a family of endothelial
growth factors that plays a central role in angiogenesis through their effects on endothelial
cell migration, proliferation, permeability and survival [29]. VEGF-A (henceforth referred to
as VEGF) is the most abundant of the ligands and binds to VEGFR-1 and VEGFR-2 (also
known as FLT1 and KDR, respectively), the latter being considered a critical receptor in
regulating angiogenesis (Figure 1). Therefore, VEGFR-2 remains the primary target of most
anti-angiogenic therapies. VEGFR-3 (also known as FLT4) is predominantly located on
lymphatic endothelial cells and through binding with its ligands, VEGF-C and D, is thought
to be primarily responsible for lymphagiogenesis [29].

Through alternative splicing of the full length VEGF mRNA, several isoforms of VEGF-A
have been described, namely VEGF131 VEGF145 VEGF165, VEGF1g9 and VEGFypg [29].
These forms differ primarily on the presence or absence of heparin-binding domains
encoded by exons 6 and 7, which decreases their bioavailability by tethering VEGF to the
extracellular matrix (ECM). VEGF19; is freely diffusible as it is lacking this domain and is
hence highly soluble. In contrast, VEGF1gg and VEGFyqg are highly basic and therefore
bind heparin tightly, sequestering them on both the cell surface and the ECM (extracellular
matrix). VEGF145 and VEGF 445, the most abundant isoforms, have intermediate properties
and are secreted as well as partially bound by the ECM. The sequestered isoforms can,
however, be released by plasmin-mediated cleavage of the COOH terminus or by loss of the
heparin-binding domain. While the role of VEGF is crucial to normal tissue function by
inducing endothelial proliferation and vascular permeability, VEGF can also be produced by
tumor cells and tumor-associated stromal cells, promoting tumor growth and metastases
[30-32].
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3. The role of HIF transcription factors in NSCLC

Protein levels of HIF1a and HIF2a are frequently over-expressed in NSCLC. In a study of
108 patients with early stage resectable NSCLC, HIF1la and HIF2a protein expression by
immunohistochemisty (IHC) was found in 62 and 50% of samples, respectively [33].
Despite the fact that more samples appeared to have high levels of HIF1a expression, only
elevated HIF2a expression correlated with an increased density of microvessels that stained
positively for the VEGF--VEGFR-2 complex [33]. In a separate study of 74 early NSCLC
stage patients, high levels of HIF1a expression by IHC correlated with a decreased disease
free survival as well as carbonic anhydrase 1X (CA IX) staining. Only CA IX expression,
however, was found to be an independent prognostic factor by multivariate analysis [34].

The interaction between HIF2a and NSCLC has been examined genetically in a KRas-
induced mouse model of lung cancer that dually expresses stabilized HIF2a and mutant
KRas®12D[35]. Lung tumors from these mice were larger and resulted in a decreased
overall survival when compared with mice with mutant KRas expression alone.
Additionally, production of stabilized HIF2a led to the development of tumors with a poorly
differentiated, pleomorphic histology that displayed markers of epithelial to mesenchymal
transition (EMT). Consistent with HIF’s role in promoting angiogenesis, the HIF2a.-
producing lung tumors were found to have increased vascularity and blood flow associated
with higher levels of angiogenic, bone-marrow-derived circulating endothelial progenitor
cells (CEPs) in their peripheral blood. This finding suggests that tumors that produce HIF2a
can mobilize CEPs from the bone marrow. Collectively, these results build upon the clinical
data implicating HIF2a as a poor prognostic factor in human NSCLC and demonstrate in an
autochthonous cancer model that HIF2a can promote lung tumor progression [35].

4. Current state of anti-angiogenic therapy for NSCLC

In vitro studies have shown that the levels of hypoxia-induced VEGFmRNA in highly
metastatic lung cancer cells are significantly greater than those for lung cancer cell lines
with low metastatic potential [36]. Similarly, in human NSCLC, high VEGF mRNA levels
have been correlated with shorter survival and earlier post-operative relapse rates [37]. The
molecular evidence that VEGF plays an important role in the development of aberrant tumor
vasculature in NSCLC has resulted in the development of targeted therapies that prevent
unregulated angiogenesis and promote tumor regression.

4.1 VEGF inhibition: bevacizumab

Bevacizumab is a humanized monoclonal antibody with a high affinity to soluble VEGF. By
binding VEGF in the circulation, bevacizumab decreases the likelihood of VEGF engaging
its receptor. This strategy for inhibiting the VEGF axis has been shown to be clinically
useful in a number of solid tumors including NSCLC (Table 1). An early randomized Phase
Il trial that enrolled 99 patients with advanced-stage NSCLC assigned patients to receive
doublet chemotherapy with carboplatin and paclitaxel with or without bevacizumab dosed at
either 7.5 or 15 mg/kg [38]. The median time to progression (TTP) was significantly longer
in patients who received chemotherapy with the higher dose of bevacizumab relative to
patients who received chemotherapy only or patients who received chemotherapy with the
lower dose of bevacizumab.

These encouraging results led to the pivotal randomized Phase 111 trial, Eastern Cooperative
Oncology Group (ECOG) 4599, in which 878 patients with Stage 111B or IV NSCLC were
randomized to receive carboplatin and paclitaxel with or without bevacizumab at 15 mg/kg
every three weeks [3]. Based on the toxicities seen in the randomized Phase |1 trial above,
patients with hemoptysis, squamous histology and CNS metastases were excluded. Patients
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receiving carboplatin/paclitaxel with bevacizumab had a statistically significant longer
median overall survival than patients receiving carboplatin/paclitaxel with placebo (12.3
months and 10.3 months respectively). A second Phase 111 trial (Avastin in Lung Study
(AVAIL)) comparing the combination of cisplatin and gemcitabine with or without
bevacizumab in advanced-stage NSCLC patients confirmed an improvement in progression-
free survival (PFS)and objective response rates in patients receiving chemotherapy plus
bevacizumab compared with those receiving chemotherapy alone [39]. It is currently not
known whether the addition of bevacizumab to adjuvant chemotherapy regimens improves
clinical outcomes. An ongoing cooperative group trial, ECOG 1505, hopes to address this
question in patients with surgically resected stage 1B, Il, and 11l NSCLC.

4.2 VEGF-R tyrosine kinase inhibitors

Bevacizumab directly targets the VEGF ligand; however, small-molecule tyrosine kinase
inhibitors (TKIs), which bind to and inhibit the interaction of VEGFR with ATP, have also
shown promise in treating NSCLC. Sorafenib is a multi-targeted small molecule TKI that
blocks several kinases including the RAF kinase, VEGFR-2, VEGFR-3, C-KIT, and
platelet-derived growth factor receptor (PDGFR), as well as FMS proto-oncogene-like
tyrosine kinase 3 (FLT3) and receptor tyrosine kinase proto-oncogene (RET) [40]. Ina
Phase Il single-arm study of 52 patients with advanced NSCLC of all histologies, an overall
response rate of 29% was seen in patients receiving single-agent sorafenib at the standard
dose of 400 mg twice daily [41]. Based on the bevacizumab trials, which suggested
increased efficacy when combined with chemotherapy, a randomized Phase 111 trial
(Evaluation of Sorafenib, Carboplatin, and Paclitaxel Efficacy in NSCLC (ESCAPE)) was
performed that compared carboplatin/paclitaxel with or without sorafenib in 926
chemotherapy-naive patients with advanced NSCLC [42]. This trial was closed early after a
planned interim analysis revealed no difference in response rate, progression free survival or
overall survival between the two groups. A subset analysis showed poorer overall survival
(OS) in patients with squamous histology; therefore, these patients were subsequently
excluded from the ongoing Phase 111 NSCLC research Experience Utilizing Sorafenib
(NExuS) trial that is evaluating cisplatin and gemcitabine with or without sorafenib.

Sunitinib is a small-molecule tyrosine kinase inhibitor of VEGFR, PDGFR, C-KIT, and
FLT-3 that has been examined for clinical activity in NSCLC. A randomized Phase Il trial
of 63 patients with platinum-refractory, advanced NSCLC received single agent sunitinib at
the standard dose (50mg/day for four weeks on treatment, two weeks off treatment) [43]. An
overall response rate of 11% was seen, and an additional 29% of patients had stable disease
with a median survival of 23.9 weeks. A second Phase |1 trial examining the efficacy of
continuously dosed sunitinib at 37.5 mg in patients with refractory NSCLC showed a low
overall response rate of only 2% but a one-year survival of 38% [44]. A randomized,
double-blind, placebo controlled, Phase 111 cooperative group trial, Cancer and Leukemia
Group B (CALGB) 30607, of sunitinib as maintenance therapy in non-progressing patients
following an initial four cycles of platinum-based chemotherapy is currently ongoing [45].

4.3 Dual VEGF and EGFR blockade

Inhibition of EGFR in NSCLC is often cited as an example of therapeutic success in targeted
therapy [46]. The prevalence of activating EGFR mutations in NSCLC is approximately 10
and 40% in North America/Western Europe and East Asia respectively [46]. These patients
are typically female with an increased likelihood of being never-smokers. While the
majority of EGFR mutations are either in-frame deletions of exon 19 or single-amino acid
substitutions of exon 21, approximately 10% involve exon 18 or exon 20, the latter of which
can confer resistance to EGFR TKI therapy [46]. It is now clear that EGFR mutations confer
sensitivity to EGFR inhibition and that treatment of patients with advanced NSCLC
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harboring EGFR mutations with the small-molecule EGFR inhibitor, gefitinib, can result in
a significant prolongation in PFS [47-49].

As activation of EGFR has been shown to upregulate VEGF levels, it is postulated that
EGFR dependent increases in VEGF levels may result in decreased efficacy of agents
targeting EGFR [50]. In this regard, dual inhibition of both pathways may provide a
mechanism for overcoming this mode of resistance. Vandetanib, a small molecule TKI of
both VEGFR and EGFR (as well as RET kinase) has been studied in four Phase Il trials as
either a single agent or in combination with chemotherapy [51-54]. These trials in both
chemotherapy naive and previously treated patients have shown encouraging results with
notable improvements in PFS compared with standard chemotherapy regimens alone or the
EGFR inhibitor gefitinib. Whether dual VEGFR/EGFR inhibition with vandetanib as a
single agent or in combination with chemotherapy truly has clinical benefit is being tested in
four randomized, double blind, placebo-controlled Phase 111 trials (Zactima Efficacy when
Studied versus Tarceva (ZEST), Zactima in Combination with Docetaxel In non-small cell
lung Cancer (ZODIAC), Zactima Efficacy with Alimta in Lung cancer (ZEAL), and
Zactima Efficacy trial for NSCLC Patients with History of EGFR and Chemo-Resistance
(ZEPHYR)).

An alternative approach to dual EGFR/VEGFR targeting is the combined use of
bevacizumab and erlotinib. After a Phase I/11 trial of patients with advanced stage NSCLC
showed no dose-limiting toxicities, a randomized, double-blind, placebo-controlled Phase I11
study (ATLAS) enrolled 1157 patients (who were non-progressing after four cycles of
platinum based chemotherapy plus bevacizumab) to receive maintenance bevacizumab
every three weeks with or without erlotinib [55]. The data safety monitoring committee
(DSMC) recommended halting the trial early after a pre-planned interim analysis
demonstrated a significant improvement in progression free survival (the primary endpoint
of the study). A second randomized Phase Il trial (the Bevacizumab/Tarceva (BeTa) lung
trial) evaluated the addition of erlotinib to bevacizumab as second-line therapy in patients
with advanced NSCLC [56]. Although the primary endpoint of improved overall survival
was not met, PFS was doubled in patients enrolled on the combination arm relative to those
treated with erlotinib alone (3.4 months versus 1.7 months). In aggregate, these data suggest
a benefit, in select NSCLC populations, to the combined inhibition of the VEGFR and
EGFR compared with either alone.

5. Potential biomarkers to predict response to anti-angiogenic therapy

Finding an accurate and consistent biomarker to predict response to targeted anti-angiogenic
therapies has been a challenge. This is at least partially due to the complexities and
redundancies found within angiogenic pathways as well as the cytostatic effects (as opposed
to the cytotoxic effects of chemotherapy) of molecular treatments. Therefore, there is a need
to develop markers that can predict the long-term efficacy of these agents early in the
treatment course, particularly in light of their cost and toxicity.

5.1 Plasma or serum VEGF

While many markers of angiogenesis in NSCLC have been investigated, the ability of
cytokines and angiogenic growth factors in the serum or tumor to accurately predict
response or prognosis has been variable. A 2006 review of prognostic markers of
angiogenesis in NSCLC found that 10 of 16 studies reported elevated serum VEGF levels as
being associated with a poor prognosis [57]. At least partially in keeping with this notion, a
prospective correlative study of ECOG 4599 analyzed the relationship between baseline
plasma VEGF levels and clinical outcomes. In this study, baseline VEGF levels appeared to
be predictive of response to bevacizumab treatment. For patients with low levels of VEGF,
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individuals had the same response rate regardless of whether they were treated with
chemotherapy alone or chemotherapy plus bevacizumab. In contrast, patients with high
levels of VEGF were more likely to respond to bevacizumab, with a 33% overall response
rate in patients receiving chemotherapy plus bevacizumab versus a 7% response rate in
patients receiving chemotherapy alone [58]. While there was no association between
baseline VEGF levels and overall survival, patients with low baseline serum VEGF had a
statistically significant prolonged disease-free survival (6 months versus 4.5 months)
regardless of treatment.

Hanrahan ef al. retrospectively examined the predictive role of baseline plasma VEGF levels
in patients receiving vandetanib in three separate randomized Phase 11 trials [59]. In a study
of 168 patients randomized to receive vandetanib versus gefitinib, patients receiving
vandetanib with low VEGF levels at baseline had superior PFS compared with patients
receiving gefitinib. In a separate trial in which patients were treated with vandetanib
combined with docetaxel versus docetaxel with placebo, patients with low baseline VEGF
levels that received a lower dose of vandetanib combined with docetaxel had longer PFS
compared with those treated with doctaxel plus placebo [53]. There was no difference in
survival between the two treatment groups in patients with high VEGF levels. While the
molecular basis behind these correlations remains unknown, potential explanations include
the inability of vandetanib to fully achieve adequate VEGFR blockade in the face of higher
VEGEF levels. Alternatively, increased VEGF levels may merely be a surrogate marker for
alternate, VEGF-independent modes of angiogenesis.

5.2 Cytokines and angiogenic factors (CAFs)

Increases in serum or plasma VEGF and decreases in soluble VEGFR 2 (sSVEGFR-2) in
response to VEGFR inhibition have been reported [60]. Along these lines, Hanrahan and
colleagues used cytokine arrays to analyze the profiles of 35 cytokines and angiogenic
factors (CAFs) and correlated the changes in their levels with the risk of progression [61].
Plasma from 123 NSCLC patients enrolled in a randomized Phase Il trial of vandetanib
monotherapy, carboplatin and paclitaxel (CP), or the combination of vandetanib and
chemotherapy (VCP), was analyzed at distinct time points during treatment [61]. In the
vandetanib-only arm, VEGF levels had significantly increased by day 43 of treatment while
SVEGFR-2 levels decreased in keeping with reports from other trials involving VEGFR
TKIs [60]. There were also distinct patterns of CAF expression changes in chemotherapy
treated patients, regardless of whether they received vandetanib. These included decreased
levels of IL-12, IL-1 receptor antagonist (IL-1 RA) and MMP-9 [61]. Because white blood
cells are a common source of these factors, the authors postulated that this decrease could be
a result of treatment effects on leukocytes.

In each treatment arm, changes in the levels of different CAFs were associated with the risk
of disease progression [61]. For example, patients receiving VCP had increases in I1L-8,
which interestingly has been found to be a compensatory mechanism of inducing VEGF
expression and angiogenesis in colon cancer and renal cell carcinoma [62,63]. In patients
receiving chemotherapy alone, increases in MMP-9 were associated with increased risk of
progression [61]. This proangiogenic factor, which is expressed by tumor cells or delivered
to the tumor microenvironment by pro-angiogenic bone-marrow-derived cells (BMDCs),
plays a crucial role in development of tumor neovasculature [64]. Finally, in patients
receiving vandentanib monotherapy as well as those treated with VVCP, there was a
significantly longer PFS in patients with increased levels of intracellular cell adhesion
molecule-1 (ICAM-1) on day 8 of treatment. Similar findings were seen in the plasma from
bevacizumab-treated patients on ECOG 4599 in which baseline ICAM-1 levels were
prognostic for survival and predictive of response to chemotherapy with or without
bevacizumab [58].
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5.3 Intratumoral VEGF

While measuring plasma levels of VEGF is appealing due to its convenience and
accessibility, VEGF tumor expression has also been investigated as a biomarker of
prognosis [65,66]. The expression of four VEGF mRNA isoforms was examined in 57
NSCLC tumors by reverse transcriptase-PCR (RT-PCR) and correlated with markers of
angiogenesis, patient survival and postoperative relapse. A high level of VEGF;gg mMRNA
was associated with a high microvessel count within the tumor as well as a shorter survival
and earlier postoperative relapse [37]. Other studies have shown, however, that no clear
association exists between the amount of VEGF detected in tumors with that of circulating
plasma levels [67-69]. From the above data, it remains clear that more precise and predictive
biomarkers of response to VEGF-targeted agents are necessary.

6. Expert opinion

Inhibition of the VEGF axis has proven to be a tractable therapeutic strategy in the treatment
of NSCLC, yet ultimately patients’ tumors progress despite these therapies. A better
understanding of the molecular or microenvironmental events and conditions that lead to
VEGF upregulation will result in improved treatments for NSCLC and a more effective
selection of patients most likely to respond to anti-angiogenic therapy. Intratumoral hypoxia
is found relatively frequently in NSCLC and is a well known regulator of VEGF levels.
There are a number of other molecular alterations that lead to VEGF upregulation in
NSCLC such as activation of the MEK/ERK and PI3K pathways via activating mutations of
KRAS, EGFR and PI3K or loss of phosphatase and tensin homologue (PTEN) (Figure 2)
[15,16,70,71]. While MEK/ERK and PI3K activation have been shown to elevate HIF
MRNA levels, activation of these pathways likely increases VEGF levels in both HIF-
dependent and -independent manners.

A second common path to VEGF upregulation in NSCLC is activation of the mTOR
pathway. Activation of mTOR is known to increase HIF and VEGF levels both
transcriptionally and translationally, and in NSCLC mTOR can be activated by a number of
genetic events such as loss of the tuberous sclerosis complex, PTEN, or LKB1 tumor
suppressor genes (Figure 2) [72]. While homozygous deletion of the tuberous sclerosis
complex (either TSC1 or TSC2) appears to be a relatively rare event in NSCLC, somatic
mutations of the PTEN and LKB1 tumor suppressor genes have been found in up to 6 and
30% of NSCLC patients respectively [73-75]. Because inactivation of tumor suppressor
genes such as TSC1/2, PTEN and LKB1 are loss of function mutations, these genetic events
have typically proven to be difficult therapeutic targets. However, targeting mTOR may
result in the silencing of the downstream effects of their loss. This therapeutic strategy is
being actively investigated in clinical trials aimed at NSCLC.

The past decade has delivered a clearer understanding of the genetic events involved in the
development and progression of NSCLC, including critical mutations that are targetable,
such as EGFR, and those that remain elusive therapeutic targets, such as KRAS. Moreover,
clinical studies have confirmed the importance of the VEGF pathway and other angiogenic
molecules as modulators of the tumor microenvironment. Recent studies using genetically
engineered mouse models expressing stabilized forms of HIF point towards the importance
of HIF in the evolution of NSCLC angiogenesis and tumor progression and demonstrate
genetically that HIF is causally involved in NSCLC. These insights as well as the defined
role of VEGF axis inhibitors in the treatment of NSCLC will impart clues as to the modes of
resistance to angiogenesis inhibitors and further possible targeting strategies.
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Article highlights

Several angiogenic molecules have been shown to play a key role in NSCLC
angiogenesis including the VEGF and hypoxia-inducible factor families.

Genetically engineered mouse models of lung cancer suggest that expression of
HIF can promote more vascular, invasive and metastatic tumors.

Current antiangiogenic strategies target VEGF through either humanized
monoclonal antibodies (e.g., bevacizumab), by inhibition of the VEGF receptor
by small-molecular tyrosine kinase inhibitors (e.g., sunitinib and sorafenib), or
by dual VEGFR/EGFR inhibition (e.g., vandetanib).

Bevacizumab in combination with chemotherapy has been shown to prolong
overall survival in patients with advanced NSCLC.

Several predictive biomarkers of response to anti-VEGF therapy are under
evaluation including serum/plasma VEGF levels, cytokine and angiogenic
growth factors, and intratumoral VEGF levels.

There are multiple modes of VEGF upregulation, some of which are tenable
therapeutic targets (e.g., PI3K or mTOR activation), others which are not (e.qg.,
hypoxia).
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Figure 1. The VEGF receptorsand ligands

VEGF comprises a family of endothelial growth factors that play a central role in
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angiogenesis through their effects on endothelial cell migration, proliferation, permeability

and survival. VEGF-A is the most abundant of the ligands and binds to VEGFR-1 and

VEGFR-2 (also known as FMS-like tyrosine kinase 1 (FLT1) and kinase insert domain
protein receptor (KDR) fetal liver kinase-1 (FIk-1), respectively), the latter being considered

a critical receptor in regulating angiogenesis. VEGFR-3 (also known as FLT4) is

predominantly located on lymphatic endothelial cells and through binding with its ligands,

VEGF-C and D, is thought to be primarily responsible for lymphagiogenesis.
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Figure 2. The molecular pathways leading to VEGF upregulation in NSCLC

Intratumoral hypoxia is found relatively frequently in NSCLC, and hypoxia --inducible
factor (HIF) is a well-known regulator of VEGF levels. A number of other molecular
alterations exist that probably lead to VEGF upregulation in NSCLC such as activation of
the MEK/ERK and PI3K pathways via activating mutations of KRAS, EGFR and PI3K or
loss of phosphatase and tensin homologue (PTEN). A second common route to VEGF
upregulation in NSCLC is activation of the mammalian target of rapamycin (nTOR)
pathway. Activation of mTOR is known to increase HIF and VEGF levels both
transcriptionally and translationally, and in NSCLC mTOR can be activated by loss of the
tuberous sclerosis complex, deletion of PTEN, or via inactivating mutations of the LKB1
tumor suppressor gene. Activating events are shown in green. Loss of function events in
blue. AMPK: AMP-activated protein kinase.
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