Chapter 2
Resistance to Tyrosine Kinase Inhibitors
in Different Types of Solid Cancer
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Abstract Development of therapeutic resistance limits the efficacy of current can-
cer treatment. Understanding the molecular basis for therapeutic resistance should
facilitate the identification of actionable targets and development of new combina-
tion therapies for cancer patients. Although extensive studies have been applied to
elucidate the underlying mechanisms, evidence is far from enough to establish a
well-defined picture to correct resistance. The unveiling point mutations within the
kinase domain, gene amplification or overexpression, or modification of signaling
pathway have been implicated in drug resistance. In the review, we will describe
different currently developed strategies that have the potential to overcome drug
resistance in different types of cancer therapies and facilitate prolonged anticancer
effects of the first-line therapies. The knowledge obtained from these studies will
allow to design better strategies to offer significant challenges on the path towards
superior cancer treatment.
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BCR-ABL Breakpoint cluster region-Abelson

BIRC2 Baculoviral IAP repeat-containing 2

B-Raf v-Raf murine sarcoma viral oncogene homolog B

CBL Casitas B-lineage lymphoma

Cdk Cyclin-dependent kinase

c-FLIP Caspase 8 and FAS-associated protein with death domain-like
apoptosis regulator

CI Confidence interval

CR Complete response

CREB cAMP-responsive element binding protein

CRTC2 CREB-regulated transcription coactivator 2

CXCR4 C-S-C chemokine receptor type 4

CYP3A4 Cytochrome P450 3A4

DDRI1 Discoidin domain receptor 1

DFS Disease free survival

EGFR Epidermal growth factor receptor

ErbB2 Epidermal growth factor receptor II (Her 2)

EREG Epiregulin

EZH2 Enhancer of zeste homolog 2

FGF2 Fibroblast growth factor

FLT1 FMI-like tyrosine kinase 1

FLT3 FMS-like tyrosine kinase 3

FOLFIRI Folinic acid, Fluorouracil and Irinotecan

FOLFOX Folinic acid (FA)-Fluorouracil (5FU)-Oxaliplatin (OX)

FOXO3a Forkhead box O3 isoform a

GDNFR Glial-cell-line-derived neurotrophic factor receptor

GSK Glycogen synthase kinase

H2AFX H2A histone family-member X

HR Hazard ratio

HRG Heregulin HGFR hepatocyte growth factor receptor

IGFR 1 Insulin-like growth factor receptor 1

IeG Immunoglobulin G

IRS-1 Insulin receptor substrate 1

JAK Janus kinase

KDR Kinase insert domain-containing receptor tyrosine kinase

LA-HNSCC Locally advanced head and neck squamous cell carcinoma

LOH Loss of heterozygosity

m-AMSA 4'-(9-Acridinylamino)methanesulfon-m-aniside

MET Mesenchymal epithelial transition

MMR DNA mismatch repair

MR Minor response

MSI Microsatellite instability

MTD Maximum tolerated dose

p27kipl (p27) A cyclin-dependent kinase inhibitor
p70S6K (p70) S6 kinase
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PDGFR Platelet-derived growth factor receptor
PIK3CA Phosphatidylinositol 3-kinase catalytic subunit
PLGF Placental growth factor

PR Partial response

RR Relative risk

SCFR Stem cell factor receptor

SD Stable disease

SDF-1 Stromal-derived-factor-1

siRNA Small interfering RNA

Skp2 S-phase kinase-associated protein 2

TAM Tyro3/Axl/Mer

TGF-a Transforming growth factor a

TOPO-II Topoisomerase-II

TRIAP1 TP53 regulated inhibitor of apoptosis 1
VEGFR Vascular endothelial growth factor receptors

2.1 Introduction

In the recent past, deregulated activity of kinases is shown to have significant role in
several cancers making them an attractive targets for therapy. The development of
ATP-competitive inhibitors to target oncogenic tyrosine kinases yielded significant
success in treating certain cancer types [1]. The results achieved in treating such
cancers arising due to mutated kinases with these inhibitors is significant [2]. The
target specificity of these drugs is affected by the sequence/structural homology
shared by most kinases [1]. Thus, several small molecule inhibitors have more than
one target kinase [1]. For example, the ABL inhibitor imatinib that targets onco-
genic BCR-ABL, also targets c-KIT and PDGFR kinase [3]. This resulted in testing
of imatinib in c-KIT and PDGFR mutated cancers also with significant success [4,
5]. On the other hand, EGFR inhibitors like gefitinib and lapatinib are highly selec-
tive with few or no known additional targets. Most of the small molecule targeted
drugs are ATP competitive reversible inhibitors although selective irreversible
inhibitors were also reported [6]. In addition there are monoclonal antibodies, that
they enter tumor cells and directly interfere with Tyrosine Kinase (TK) enzymes
that are aberrantly activated in tumor cells and are critical to the growth of the
tumor. Different targeted therapies have achieved various degrees of success in can-
cer treatment but in many cases, cancer patients develop primary or secondary drug
resistance over time. Primary (intrinsic) resistance means lack of response to ther-
apy, whereas secondary resistance emerges in cancer patients which become refrac-
tory to treatment, after an initial response. The possible mechanisms have been
investigated in several studies which displayed that the coexistent genetic altera-
tions of cancer-related genes could explain primary resistance or the activation of
alternative signalling pathway could explain the development of secondary
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resistance. This knowledge can be leveraged to facilitate the development of new
therapeutic modules for future cancer patients.

2.2 Tyrosine Kinases and Their Signaling Pathways
in Cancer

Tyrosine phosphorylation is an important type of protein modification for signal
transduction when a cell receives extracellular stimuli such as hormones, cytokines
and growth factors [7]. Tyrosine phosphorylation regulates numerous cellular pro-
cesses such as cell proliferation, embryonic development, transcriptional activation,
metabolism, cell migration, immune system function as well as neural transmission
[7, 8]. The proteins that perform tyrosine phosphorylation are the tyrosine kinases.
These kinases are enzymes that catalyze the transfer of the y phosphate of ATP to
tyrosine residues in a protein substrate. Phosphorylation of tyrosine residues serves
two functions in a cell. First, it enables a protein to regulate its enzymatic activity
[9]. Second, tyrosine phosphorylation generates binding sites for proteins contain-
ing Src homology-2 (SH2) and protein tyrosine-binding (PTB) domains [10]. These
kinases consist of a glycosylated extracellular domain that is responsible for bind-
ing to ligands, a transmembrane helix and a cytoplasmic domain that harbor tyro-
sine kinase activity as well as additional regulatory residues that are subjected to
phosphorylation (Fig. 2.1). Because tyrosine kinases play important roles in signal
transduction that mediate numerous cellular processes, their activity is usually
tightly regulated [8]. Activation of receptor tyrosine kinases (RTKSs) is initiated
when a ligand binds to its receptor. This process facilitates dimerization of the
monomeric receptors. Because the two receptors are in close proximity, tyrosine
residues on one receptor are now able to cross-phosphorylate each other. Receptor

Transmembrane Domain

Extracellular
Outer Membrane Domain

Cell Membrane

Cytoplasm

Kinase Domain Cytoplasmic
Domain

Fig. 2.1 Domain organization of receptor tyrosine kinases. Receptor tyrosine kinases consist of
an extracellular domain that contains a ligand-binding site, a transmembrane helix and a cytoplas-
mic domain. The cytoplasmic domain contains a kinase active site that catalyzes tyrosine
phosphorylation
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Fig. 2.2 Mechanism of receptor tyrosine kinase activation

cross-phosphorylation enhances the intrinsic kinase activity of the receptor tyrosine
kinase as well as generating binding sites for the recruitment of downstream signal-
ing proteins (Fig. 2.2) [9, 10]. Because of their substrate recognition sites, kinases
are divided into two major classes-tyrosine kinases (TKs) and serine/threonine
kinases (STKs) [11-13]. In humans, over 100 genes encode protein TKs, many of
which are soluble, intracellular proteins, although others act as cell surface recep-
tors such as EGFR and PDGFR. Fifty eight proteins encode transmembrane recep-
tor protein tyrosine kinases (RPTKs) distributed into 20 subfamilies, and 32 encode
cytoplasmic, non-receptor protein tyrosine kinases in 10 subfamilies [14, 15].
Activation of RTKs catalyzes phosphorylation of a range of cellular pathways con-
trolling cell proliferation, differentiation and survival. Moreover, when RTKs bind
their activating ligand they also catalyze autophosphorylation of their receptor
domains, resulting in sustained receptor activation. Such constitutive activity is par-
ticularly important in the regulation of cellular homeostasis, e.g. cell proliferation,
with the corollary being that its dysregulation is implicated in many cancer etiolo-
gies. Abnormalities in kinase activity, due to either changes in expression level or
mutations in the protein sequence have been responsible in many disease patholo-
gies and in the human genome, over 250 protein kinase genes map to disease loci &
[16]. Many cancers are caused by kinase mutations, and so far, >100 dominant
oncogenes are known of which protein kinases, in particular protein tyrosine
kinases, comprise the largest group. Examples of dominant protein tyrosine kinase
oncogenes are listed in Table 2.1. Since kinases regulate cell growth, differentiation
and proliferation, abnormal functioning leads to uncontrolled growth, neoplasias or
metastasis, and ultimately cancer. Many of the processes involved in tumor growth,
progression and metastasis are mediated by signaling molecules acting downstream
of activated RTKSs. In particular, several members of the split kinase domain super-
family of RTKs are expressed on solid tumor cells and participate in autocrine loops
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Table 2.1 Examples of dominant protein tyrosine kinase oncogenes [8]

Viral
oncogene
PTK (viral
proto-oncogene oncoproteins) | Oncogenic alteration Tumor/cancer type
EGFR/ErbB1 v-erB from v-ErB v-ErbB fibrosarcoma
C-ErbB AEV Truncated EGFR PTK c-ErbB mammary
c-erbB carcinoma, glioblastoma
Overexpression multiforme, ovarian,
(amplification) non-small-cell lung and
Extracellular domain other cancers
deletion
ErbB2/HER2/Neu Overexpression Mammary ovarian,
(amplification) non-small-cell lung and
No recurrent human other cancers
mutations (V664G in
rodents)
ErbB3/HER3 Overexpression, Mammary carcinoma
constitutive tyrosine
phosphorylation
(heterodimer with ErbB2)
ErbB3/HER3 Overexpression Mammary carcinoma,
granulosa cell tumours
PDGFRa Overexpression Glioma, glioblastoma,
(amplification) mammary carcinoma
PDGFRp Tel-PDGFR [t(5;12) Tel-PDGFRp: chronic
translocation fusing myelomonocytic leukemia
Ets-like Tel with PDGFRp
PTK domain]
PDGFR glioma
FGFR1 ZNF198-FGFR1 [t(1;1) ZNF198-FGFR1: acute

translocation fusing a
novel Zn finger protein
with FGFR1 PTK domain]

myelogenous leukemia
(8p11 myeloproliferative
syndrome), lymphoma

Overexpression

Overexpression: various
tumours

Point mutations

Point mutations: autosomal
skeletal/disorder and
dysplasia

FGFR2/K-SAM

Overexpression,
amplification and
C-terminal truncation

Gastric carcinoma
(mammary and prostate
carcinomas)

VEGFR

IgH locus/MMSET
translocation [t(4;14)
translocation placing
FGFR3 PTK downstream
of IgH locus/MMSET].
Additional activation
FGFR3 point mutations in
skeletal dysplasia

Multiple myelomas
(achondroplasia,
thanatophoric dysplasia and
hypocondronplasia)

(continued)
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Table 2.1 (continued)

Viral
oncogene
PTK (viral
proto-oncogene oncoproteins) | Oncogenic alteration Tumor/cancer type
FGFR4 Overexpression Mammalian, ovarian
(amplification) carcinoma
Scr v-Scr from v-Scr pp-60"*T avian sarcoma
c-Scr RSV C-terminal truncation and | c-Scr truncation: colon
point mutations (increased | cancer
kinase activity) c-Scr overexpression
c-Ser mammary and pancreatic
C-terminal truncation cancers, neuroblastoma and
increased kinase activity) others
Overexpression or/and
increased kinase activity)

implicated in cancer growth and survival (Fig. 2.3) (e.g. VEGF receptors in mela-
noma, PDGF receptors in gliomas, KIT in small cell lung cancer and EGFR in col-
onrectal cancer). The role of tyrosine kinases in cancer etiology was initially
suggested by the observation that viral oncogenes express constitutively active pro-
tein kinases. In 1978, Ray Erikson found that the transforming factor of the Rous
sarcoma virus (v-Src) was a protein kinase [17]. Already 2 years earlier, the Nobel
laureates Michael Bishop and Harold Varmus described the first link of protein
tyrosine phosphorylation with cancer. They found that the Rous sarcoma virus
oncogene product is of cellular origin speculated that deregulation of this oncogene
could lead to cancer [18]. This was confirmed in 1980 by the finding that v-Src is a
protein tyrosine kinase [19, 20]. The breakthrough discovery of Bishop and Varmus
that cancer-inducing genes of animal retroviruses such as v-Src and v-Ras represent
mutated host genes that were recombined into the viral genome raised the question
of whether the oncogenes concept was also relevant to human cancer [21]. The first
cloning and sequence analysis of a cDNA encoding a cell surface protein, the human
EGFR by Axel Ullrich in 1984, provided a partial answer to this question by reveal-
ing a close relationship with the v-erbB oncogenes [22, 23]. This first connection
between a human gene product that regulates normal cell proliferation and a viral
oncogene strongly suggested that human cancer development may also involve
abnormalities in the expression and structure of endogenous genes that have regula-
tory roles in cell proliferation. A search for such genetic aberrations in tumor tissues
using cDNA probes of EGFR and an EGFR-related gene, termed HER2 (human
EGFR-related gene), resulted in the discovery that the gene encoding the HER2/neu
receptor-like tyrosine kinase is amplified up to 100-fold in tumors of about 30 % of
patients with invasive breast cancer. A significant clinical correlation was shown
between HER2/neu gene amplification and overexpression and parameters of
malignancy, including reduced survival and reduced time to relapse, relative to
patients with normal receptor levels [24, 25]. Later it could be shown that EGFR
expression is linked to activation of ErbB-2 in human breast cancers [26].
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Fig. 2.3 Intracellular signalling pathways activated by receptor tyrosine kinases

Abnormalities in kinase activity have also been elucidated for many other protein
tyrosine kinases such as Ret/GDNFR in multiple endocrine neoplasia, KIT/SCFR in
gastrointestinal stromal tumors and acute myeloid leukaemia, Met/HGFR in papil-
lary thyroid carcinomas and Src in colon cancer [27].

2.3 Protein Kinase Inhibitors in Targeted Cancer Therapy

Protein kinases mediate most of the signal transduction in eukaryotic cells by modi-
fication of substrate activity and they also control many other cellular processes,
including metabolism, transcription, cell cycle progression, cytoskeletal rearrange-
ment and cell movement, apoptosis, and differentiation. Protein phosphorylation
also plays a critical role in intercellular communication during development, in
physiological responses, in homeostasis, and in the functioning of the nervous and
immune systems. Protein kinases are among the largest families of genes in eukary-
otes [28, 29]. Mutations and dysregulation of protein kinases play causal roles in
human diseases [27, 30]. As such, protein kinases are important targets in drug
discovery aimed at treating many devastating diseases, including autoimmune dis-
orders, diabetes, neurological disorders and cancer. The idea that one could actually
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target protein kinases came up in the late 1980s with the discovery that rapamycin.
Such molecule inhibits the protein kinase mMTOR (mammalian target of rapamycin),
a member of the phosphatidylinositide 3-kinase (PI-3 K) superfamily, which is
required for interleukin-2-(IL-2)dependent T cell proliferation. In the field of can-
cer, Herceptin, an anti-HER2 monoclonal antibody (trastuzumab), was the first
genomic research-based, targeted anti-kinase therapeutic approved for cancer ther-
apy [31, 32]. In general, protein kinase inhibitors can be divided into two functional
groups, namely therapeutic antibodies (biologics) and small-molecule kinase inhib-
itors, respectively, both in clinical use for cancer-specific targeted therapies of a
broad range of different tumor indications. Most of the FDA approved TKIs for the
treatment of cancer are multi-targeted inhibitors of several intracellular tyrosine
kinases and a few specifically inhibit the members of a family. These inhibitors are
commonly used in the treatment of cancers including: non-small-cell lung cancer
(NSCLC), head and neck, colorectal, renal, prostate, breast, and primary brain can-
cer. This drug type has only been around since the 1980s, so some drugs are cur-
rently still in clinical trials while others are in current use. Small-molecule inhibitors
of tyrosine kinases compete with the ATP binding site of the catalytic domain of
several oncogenic kinases with the kinase activation loop in the active (type 1 inhib-
itor) or inactive (type 2 inhibitor) conformation. They are orally active, have a
favourable safety profile and can be easily combined with other forms of chemo-
therapy or radiation therapy. To date, approximately 80 inhibitors have been
advanced to some stage of clinical evaluation.

2.3.1 Epithelial Growth Factor Receptor (EGFR) Family
and Specific/Selective TKIs

EGFR also is commonly overexpressed in many cancers such as glioblastoma, non-
small cell lung, breast, colorectal, bladder, prostate, head-neck and ovarian carcino-
mas. Overexpression of EGFR correlates with poor prognosis, worse clinical
outcome, and chemoresistance in a large number of the previous listed cancers.
EGEFR belongs to the ErbB receptor family of tyrosine kinases. There are four mem-
bers of the ErbB family; EGF receptor (EGFR/erbB1), c-erbB2/HER2, c-erbB3-/
HER3 and c-erbB4/HER4. EGFR is a 170-kd glycoprotein that consists of a glyco-
sylated, extracellular-ligand binding domain, a transmembrane region, and an intra-
cellular tyrosine kinase domain. There are many different ligands that are able to
bind to the EGFR extracellular domain such as, epidermal growth factor (EGF),
transforming growth factor-beta (TGF-f), amphiregulin, heparin-binding, and beta-
cellulin. EGF and TGF-f are believed to be the most important ligands for EGFR
[33]. In addition, increased receptor concentration is also associated with an
increased production of EGFR activating ligands by the same tumor. This autocrine
pathway leads to activation of the receptor and secondary downstream signaling. In
the absence of a ligand, monomeric receptors reside within the cell membrane in an
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inactive state distributed rather evenly over the cell membrane. Upon ligand bind-
ing, the ErbB receptors homo- or hetero- dimerize. This leads to activation of the
intrinsic kinase domain, resulting in the auto-phosphorylation of tyrosine residues
found within the cytosplasmic tail. It is now evident that further oligomerization of
these receptors occurs in response to ligand binding and second messenger recruit-
ment. Once dimerization occurs, the receptors serve as “signaling platforms” by
recruiting different receptors and other secondary messengers [34]. The phosphory-
lated tyrosine residues serve as binding sites for a range of proteins. These proteins
recognize the phosphorylated tyrosine residues on the EGFR cytoplasmic tail using
their Src homology 2 (SH2) domain or phosphotyrosine (PTP) binding domain
[34]. Important signaling effectors resulting from EGFR activation include signal
transducer and activator of transcription (STAT), SRC tyrosine kinase, GRB2
(Growth Factor Receptor-Bound Protein-2), Nck (Nck Adaptor Protein), PLC-
Gamma (Phospholipase-C-Gamma), and SHC (Src Homology-2 Domain
Containing Transforming Protein) [34]. These effectors are involved in two main
pathways activated by EGFR: the mitogen-activated protein kinase (MAPK) and
the phosphotidylinositol 3-kinase (PI3K)-AKT pathway. When these pathways are
activated they lead to cell growth, differentiation, proliferation, cell survival, and
motility via up-regulation of transcription factors [35]. Therefore, specific/selective
inhibition of EGFR is an ideal approach to cancer treatment. The approaches used
to target EGFR signaling include EGFR blocking monoclonal antibodies targeting
the extracellular ligand binding domain, and small molecular weight EGFR tyrosine
kinase compounds [35]. Treatment of tumors with these inhibitors affects down-
stream signaling pathways that are essential for cancer development and progres-
sion [33]. The efficacy of these inhibitors has been shown when translated from
mice to patients in clinical trials. These chemotherapeutics have been introduced
into clinical practice by the development of the EGFR monoclonal antibody and
the EGFR tyrosine kinase inhibitors. The best known monoclonal antibody is
trastuzumab (proprietary name: Herceptin) developed by Gentech. It is a human-
ized monoclonal antibody which blocks overexpression of EGFR and HER2 in
breast cancer.

Cetuximab is humanized monoclonal antibody targeted against HER-2/ErbB2
member of the EGFR family. In vitro experiment revealed that cetuximab effective
against a wide range of human cancer including those of the pancreas, kidney,
breast, colon, prostate, and head and neck. It was approved for treatment in patients
with locally or regionally advanced HNSCC and EGFR-expressing, metastatic,
colorectal cancer in 2006 and 2004 respectively [36].

Panitumumab is a fully humanized IgG2 monoclonal antibody that binds to the
extracellular domain of the EGFR with high affinity but whose binding prevents
cancer cells TK autophosphorylation process, cell growth and metastasis [37].
This also results in downregulation of EGF receptors through receptor internal-
ization, induction of apoptosis, autophagy and inhibition of angiogenesis [38—40].
The response to panitumumab can be affected by KRAS mutations. A phase 3 trial
that compared the effects of panitumumab monotherapy with those of best sup-
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portive care in patients with metastatic Colon Rectal Cancer (mCRC) showed that
panitumumab was only effective in patients with tumors with wild-type K-ras;
response rates were 17 % vs. 0% in patients with mutant vs. wild-type KRAS
tumors [40].

Gefitinib (ZD1839, Iressa) and erlotinib (OSI-774, Tarceva) belong to the first
generation of TKIs and are selective EGFR-TKISs that were approved on May 2003
and November 2004 for the treatment of NSCLC patients, respectively. Erlotinib
was approved for use in non small lung cell carcinoma (NSCLC) in 2004 and pan-
creatic cancer 2005. Gefitinib was approved for use in locally advanced and meta-
static NSCLC in 2003 [41, 42]. Furthermore, these drugs are been used in different
trials on patients with different types of cancer, including gastric [43], gastroesoph-
ageal, esophageal [44], cervical [45] renal cell carcinoma [46], and hepatocellular
carcinoma [47], but they have not demonstrated many clinical benefits [48].

Lapatinib is an orally active, low molecular weight TKI. It is a selective, revers-
ible inhibitor of EGFR and HER?2 and it binds to the ATP binding site of both recep-
tors preventing signal transduction through both the MAPK and PI3K/AKT
pathways, leading to an increase in apoptosis and decrease in cellular proliferation.
Lapatinib is one of the most specific kinase inhibitors approved for the treatment of
cancer. When 20 kinase inhibitors (at 10 pM) were compared in an in vitro binding
assay against a panel of 113 substrates, lapatinib was one of the most specific, tar-
geting HER2 and EGFR with 10-fold greater affinity than any off-target substrates.
Lapatinib inhibits HER2 with an IC50 of 9.2 nM, EGFR with an IC50 of 10.8 nM,
HER4 with an IC50 of 0.367 pM and c-Src with an IC50 of 3.5 pM making lapa-
tinib a highly selective HER2/EGFR inhibitor [49]. Lapatinib inhibits the tyrosine
kinase domain of both EGFR and the ErbB2 receptor and was approved for HER-2
overexpressing, metastatic breast cancer use in 2007 [50, 51]. In the first preclinical
studies, the activity of such drug were evaluated in human cell lines over-expressing
EGFR or HER2 including HNS (head and neck), A-431 (vulva), BT474 (breast),
CaLu-3 (lung), and, N87 (gastric) cell lines. In this cell lines, it was able to block
the cell growth mediating the EGFR, HER2 and AKT dephosphorylation and to
inhibit tumor xenograft growth of the HN5 and BT474 cells in mice [49]. Lapatinib
was approved for HER-2 overexpressing, metastatic breast cancer use in 2007 [51]
as the second-line treatment and for treatment of postmenopausal women with
estrogen/HER?2 receptor-positive breast cancer in combination with an aromatase
inhibitor as first-line therapy.

Canertinib was designed as a pan-ErbB tyrosine kinase inhibitor. It inhibits all
four ErbB receptor family members. Canertinib is an irreversible inhibitor that
binds covalently to specific cysteine residues in the ATP-binding pocket such as
cysteine 773 of EGFR, cysteine 784 of ErbB2 and cysteine 778 of ErbB4 thereby
blocking the ATP binding site in the kinase domain of ErbB proteins, preventing
their kinase activity and downstream signaling and additionally, it also prevents
transmodulation of ErbB2 [52]. The covalent binding of canertinib results in
prolonged suppression of ErbB activity [53]. Since canertinib blocks signaling
through all members of the ErbB receptor family, it is more efficient than inhibitors
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that only prevent signaling from one of the ErbB receptors [54, 55]. Canertinib has
been shown to inhibit growth and induce apoptosis in several cancer cell lines and
xenografts [56-58]. In clinical studies it has been shown to have acceptable side-
effects. However, in phase II studies canertinib was only able to show modest effects
on breast cancer and NSCLC patients [59, 60]. Such drug is able to dephosphorylate
p70S6-kinase T389 in a dose-dependent manner as well as to block downstream
signaling molecules in ALL cell lines. Additionally, it induces the apoptosis through
an increased expression of the pro-apoptotic protein BIM (Bcl2-interacting medi-
ato), caspase-3 cleavage and inhibits proliferation BCR/ABL-cells resistant to TKIs
[61]. It is able to bind not only to the ErbB receptor family, but also to intracellular
proteins. For instance, the Src kinase family consists of eight members, five of
which are mainly expressed in hematopoeitic cells, Blk, Hck, Lck, Fyn, and Lyn,
where the Lck protein seems to have a stronger binding to canertinib as shown in a
protein binding assay [62].

Dacomitinib is an orally administered, highly selective irreversible pan-ErbB
(EGFR, HER2, and HER4) TK-inhibitor. This inhibitor was active in preclinical
studies against first-generation TKI-resistant tumor cells and human tumor xeno-
graft models [63]. Furthermore, dacomitinib showed antitumor activity against
tumors with activating EGFR mutations and tumors harbouring the T790M muta-
tion, but very limited response was reported for K-RAS mutated tumors. It irrevers-
ibly inhibited tumor growth in H125, SKOV3 and A431 cells of xenografted mice
models and its therapeutic activity ranged from delayed progression to complete
regressions [64]. Furthermore, such TKI is able to inhibit HER2 phosphorylation at
tyrosine residue (Tyr) 1248 in experiments using the A431 human squamous cell
carcinoma xenografted model which over-expresses EGFR, HER2 and HER3 [65].
The preliminary data of a phase II clinical trial as a first-line agent in squamous cell
carcinoma of the head and neck showed a median progression-free survival (PFS)
of 2.8 months and overall survival (OS) of 8.3 months. Based on the results of this
study, a phase III trial (ARCHER study) of second- or third-line dacomitinib vs.
erlotinib has been started in patients with NSCLC and KRAS wild-type NSCLC
(ClinicalTrials.gov, NCT01360554) [64]. Two phase I dose-escalation studies
investigating dacomitinib pharmacokinetics in Western (NCT00225121) and
Japanese (NCT007833328) patients with advanced solid tumors assessed the MTD
in 45 mg once daily [65, 66]. In particular, the U.S. trial enrolled 121 patients, of
whom 47 % were NSCLC patients and the majority of them had received a previous
treatment with first-generation EGFR-TKIs. In agreement with the Western study,
the Japanese trial showed that dacomitinib was generally safe and well tolerated.
Antitumor activity was also reported, particularly in NSCLC [67]. A phase II trial
evaluated dacomitinib efficacy in patients with NSCLC (wild-type K-RAS) who
progressed after at least one prior chemotherapy regimen and erlotinib
(NCTO00548093), suggested diarrhea and mucositis as the most common adverse
drug-related effects [68]. The safety and efficacy of the inhibitor were also investi-
gated in a phase I/II study conducted in Asians refractory to chemotherapy, and
erlotinib or gefitinib treatment. Preliminary data of the 30 evaluable patients showed
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Progression-Free-Survival (PES) (4 months) 35 %, OS (6 months) 87 %, overall RR
8 %, and clinical benefit rate (PR or SD > 24 weeks) 20 % [69]. Based on the encour-
aging results provided during previous studies, a randomized, phase III trial
(JBR.26) comparing dacomitinib to placebo as third-line setting is ongoing in
advanced NSCLC patients with varying histology and molecular subtypes, who
have failed chemotherapy and EGFR-TKIs (NCT01000025). A randomized phase
II study comparing dacomitinib with erlotinib as second-line therapy in 188 patients
with advanced NSCLC who progressed after upfront chemotherapy has been
designed (NCT00769067) [70]. Baseline features were equally distributed between
the two treatments with the exception of performance status 2 (19.1 % [dacomitinib]
and 3.2 % [erlotinib]) and positive EGFR-mutation status (20.2 % [dacomitinib] and
11.7 % [erlotinib]). Among the overall population, longer median PFS was achieved
with dacomitinib treatment compared to erlotinib (12.4 vs. 8.3 weeks, respectively;
HR=0.681; CI, 0.490-0.945; P=0.019), as well as increased RR (17 % vs. 4 %) and
clinical benefit (PR or SD for>24 weeks: 27.7% vs. 13.8%, respectively).
Moreover, consistent benefits from dacomitinib treatment were observed across
several subsets including wild-type EGFR patients (PFS: 11.1 weeks [dacomitinib]
vs. 8.0 weeks [erlotinib]; HR=0.624; CI, 0.389-1.002; P=0.047). Thus, based on
phase II data, a randomized phase III trial was launched to compare the efficacy of
dacomitinib with erlotinib as second-line treatment setting in unselected advanced
NSCLC patients (ARCHER 1009; NCT01360554) [68]. Furthermore, an open-
label phase II study evaluating dacomitinib as first-line treatment in adenocarci-
noma patients who were never-smokers/former light-smokers, or patients who
harbour EGFR mutations is ongoing (NCT00818441) [71]. A total of 92 patients
have been already enrolled. Thirty-four of 46 EGFR-activating mutation-positive
patients had PR (74 %; CI: 59-86; exon 19=72 %; exon 21 =76 %) and the reported
median PFS was 17 months. PR rates and preliminary PFS were not significantly
different for exons 19 and 21. Patients with wild-type EGFR had PR 7 % (n=14; CI:
0-34) and PFS at 4 months 33 % (n=14; CI: 11-58). Another multi-cohort, phase II
safety study is now ongoing to assess the impact of daily dacomitinib as prophylac-
tic treatment on the incidence of adverse events in advanced refractory NSCLC
patients (ARCHER 1042-NCT01465802). Moreover, the impact of an interrupted
drug dosing schedule in first-line treatment of EGFR mutation-positive NSCLC
patients (EGFR mutation or HER2 mutation/amplification) will be investigated.
More recently, a dose-related tumor shrinkage rate was observed in the combined
analysis of multiple tumor size measurements collected from 200 patients from 4
clinical trials (3 phase I and 1 phase II) treated with 15-45 mg once daily dacomi-
tinib [72]. Of note, 83 % less shrinkage was observed in patients with wild-type
EGFR when compared with mutants. Thus, further research is ongoing to evaluate
the potential of this inhibitor in the treatment of EGFR-mutated NSCLCs.

Afatinib (second-generation tyrosine kinase inhibitors BIBW-2992) binds EGFR
and HER2, and inhibits the kinase activity of both wild-type and mutant receptors
[73]. This drug is being examined extensively as a treatment for lung cancer in the
LUX-Lung program, and early results indicate that afatinib significantly prolongs
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Progression-FreeSurvival (PFS) compared with placebo in pretreated patients with
clinically acquired resistance to gefitinib or erlotinib [74]. Afatinib is also being
investigated in several trials in HER2 positive patients alone and in combination
with paclitaxel or vinorelbine in patients who have progressed on prior HER2-
targeted therapy [75], as a single agent vs. lapatinib or trastuzumab in HER?2 posi-
tive treatment naive patients [76] and also in HER2 positive Inflammatory Breast
Cancer (IBC) [77]. A phase III trial of afatinib in combination with vinorelbine
compared to trastuzumab and vinorelbine is currently underway in trastuzumab
refractory breast cancer [78].

Neratinib (second-generation tyrosine kinase inhibitors HKI-272) inhibits HER2
phosphorylation in irreversible manner [79]. Preclinical studies have found the
promising activity of neratinib in NSCLC and breast cancer. Different cell lines
(breast cell lines transformed with HER2, NSCLC cell line and Calu-3, over-
expressing HER2) and HER2 over-expressing BT474 cells xenografts were highly
sensitive to the neratinib. In a phase II study, neratinib monotherapy showed clinical
benefit among patients with HER2-positive breast cancer who were pre-treated with
trastuzumab, the median PFS was 23 weeks and the objective response rate was
24 %. This study also evaluated neratinib as a monotherapy in HER2-positive breast
cancer patients who had not been pre-treated with trastuzumab, interestingly the
PFS doubled to 40 weeks and the objective response rate rose to 56 % [80].
Neratinib-monotherapy is being evaluated in a phase III trial in HER2 positive
breast cancer following adjuvant trastuzumab therapy [81]. Neratinib is currently in
multiple clinical trials including; a phase I/II study in combination with paclitaxel
[82], in combination with trastuzumab [83], a phase II studying comparing neratinib
and paclitaxel vs. trastuzumab and paclitaxel (NEFERTT) [84] and a phase II study
evaluating neratinib vs. lapatinib and capecitabine in HER2 positive advanced
breast cancer [85].

Nimotuzumab is an EGFR-specific monoclonal antibody which binds to an epi-
tope in domain IIT of EGFR that highly overlaps with that of cetuximab, and inhibits
ligand binding and EGFR activation [86]. Similar to cetuximab, nimotuzumab sen-
sitizes cells to radiation. Treatment with nimotuzumab as a monotherapy adminis-
tered following standard treatment in newly diagnosed glioblastoma patients
demonstrated no significant improvement in overall survival, but may benefit a sub-
set of patients with EGFR amplified tumors with non-methylated MGMT promot-
ers. When combined with radiation therapy, nimotuzumab demonstrated significant
survival benefit for patients with high grade gliomas (grade III anaplastic astrocyto-
mas and grade I'V glioblastomas) and excellent tolerability [87].

Zalutumumab is a fully human IgGl monoclonal antibody (mAb) directed
towards the EGFR. Specifically, zalutumumab is designed for the treatment of squa-
mous cell carcinoma of the head and neck (SCCHN).

Although the advanced development of these clinical available EGFR TKIs
shows some efficacy in certain cancers, the issue of poor response and/or constitu-
tive resistance in a large number of patients and the development of acquired resis-
tance in the responders remains an important area of research.
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2.3.2 Platelet-Derived Growth Factor Receptor (PDGFR)
and Specific/Selective TKIs

There are four types of PDGF ligands (PDGF-A to -D) and two different receptors
exists (PDGFR alpha and beta). Overexpression of PDGF ligands or their receptors
is frequent in malignancies, including NSCLC and glioblastoma [88]. PDGF signal
activation can influence cell survival, proliferation, motility and also affect neigh-
boring cells. In part, PDGF signaling maintains tumor growth by formation of intra-
tumoral blood vessel network and also by recruiting stromal cell components to the
tumor [89-91]. A cross-talk of PDGF and other secreted factors like VEGF and
FGF2 was also observed, resulting in modulation of angiogenic properties. This is
evident from the high expression levels of both PDGFR alpha and VEGFR2 in sev-
eral human gliomas [92]. All approved PDGFR-TKIs are multi-targeted and a few
specific/selective inhibitors are in preclinical and clinical settings. One of these
inhibitors, imatinib (also named Glivec or STI 571), has been used clinically for
treatment of chronic myeloid leukemia (CML), gastrointestitial stromal tumor
(GIST), and gliomas [93]. Imatinib inhibits the kinase activities of PDGFR, c-KIT,
BCR-ABL and c-ABL and was shown to inhibit the growth of dermatofibrosarcoma
protuberans (DFSP) tumors by suppressing the activity of the PDGF receptor.
Targeting PDGFRp positive cancer-associated fibroblasts by imatinib was shown to
dramatically reduce proliferation and angiogenesis of cervical carcinoma [94]. The
multi-kinase targeting characteristic of imatinib makes it difficult to determine
whether the effect seen is due to specific inhibition of PDGFR or to inhibition of
other kinases. Therefore, more selective inhibitors specifically targeting PDGFR are
urgently needed.

CP-673451 is an inhibitor of both PDGFRa and PDGFR. Different studies have
observed that this drug blocked cell growth of mesenchymal-like NSCLC cell line
H1703 with high expression of PDGFRa, but not in the epithelial cell line H292
lacking PDGFR [95]. Additionally, it dephosphorylated PDGFR, AKT, GSK-3a,
GSK-3p, and impaired rhabdosphere-forming capacity in both RD and RUCH2
rhabdomyosarcoma cells [96]. It reduced proliferation, tumor growth and stromal
cell infiltration in xenografted mice with RD and RUCH2 cell lines with high
expression of PDGFR, whereas no effects were observed in PDGFR negative cell
line RMS [96]. More studies are necessary on various PDGFR over-expressing
tumors in clinical settings.

Crenolanib (CP-868596) inhibits cellular proliferation in different cell lines such
as BaF3 D842V and EOL-1 cell lines with PDGFRa-dependent growth. In addition,
several results indicated that it was significantly more potent than imatinib in inhib-
iting the kinase activity in imatinib-resistant mutated PDGFRa cell line with D842I,
D842V, D842Y, DI842-843IM mutations and deletion 1843. It showed to be more
potent than imatinib against primary gastrointestinal stromal tumors cells express-
ing PDGFRa with D842V deletion [97].
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2.3.3 Fibroblast Growth Factor Receptors (FGFRs)
and Specific/Selective TKIs

There are five FGF receptors. FGFRs1-4 are single pass transmembrane tyrosine
kinase receptors. FGFRS5 lacks the intracellular tyrosine kinase domain and so
although it has a high affinity for FGF, its function is not well understood [98].
Aberrant signalling from FGFRs is likely to cause the development and progression
of tumours due to their effect on cell proliferation, anti-apoptotic and angiogenesis
factors. Mutations causing ligand independent promotion of dimerization has been
seen repeatedly with FGFR3 in bladder cancer and with FGFR2 in endometrial
cancers [99]. Mutations in the tyrosine kinase domain of FGFRs can also cause
ligand independent constitutive activation. Mutations of the kinase domain of
FGFR4 have been identified as potential oncogenes in rhabdomyosarcoma (RMS),
a childhood skeletal muscle cancer [100]. Constitutive activation of the kinase
domain may also occur through the formation of a fusion protein such as the fusion
of the kinase domain of FGFRI1 to a dimerization domain of a separate protein seen
in stem cell leukaemia lymphoma syndrome (SCLL) [101]. Single nucleotide poly-
morphism (SNP) found in FGFRs are also associated with cancers. The SNP G388R
found in FGFR4 is thought to confer sustained signalling capabilities compared to
wild type and therefore is suggested to contribute to the progression of the several
forms of cancer [101]. SNPs found in FGFR2 causing increased expression of the
receptor are also liked with increased risk of breast cancer. Amplification of the
FGFR gene can cause overexpression of the receptor leading to more frequent
ligand independent dimerization and therefore signalling. Roughly 10 % of breast
cancers contains amplification of the chromosomal region 8pl11-12 containing
FGFR1 [102]. This amplification has been shown to correlate to overexpression of
the receptor and increased downstream signalling [103]. Amplification of FGFR?2 is
seen in a further 1-3 % of breast cancers and has been shown to cause ligand inde-
pendent signalling. Its inibition with siRNA or selective drug provoked a reduced
survival of breast cancer cell line MFM223, with amplified FGFR2, compared to
non-amplified cell lines. This suggests that the downstream kinase signalling from
the amplified FGFR2 was required for the growth and survival of the cells and is a
main component of the development and progression of the cancer. This all indi-
cates how effective FGFRs may be as a therapeutic target in cancer and there are
currently several FGFR inhibitors in clinical trials.

PD173074 is often referred to as a selective inhibitor of FGFRs with an IC50 of
~25 nM, whereas it effectively blocks VEGFR2 only at a four-fold higher concen-
tration, which was reported in the original paper [104]. Nevertheless, PD173074 is
used only in vitro and in experimental models, where it is shown to inhibit cancer
cell proliferation, angiogenesis and tumour growth [105, 106]. TKI168 has been
recently shown to be a more selective FGFR inhibitor in breast cancer cells and to
effectively inhibit mammary tumour growth [107]. In a phase I clinical study, it
caused a partial response in only a small portion (2/35) of cancer patients with
advanced solid cancers [108]. Because of the problems in simultaneously targeting
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several RTK families, more selective FGFR inhibitors are being developed, but no
data on their efficacy or toxicity are available yet. Side-effects can also be expected
with the selective FGFR inhibitors. In particular, the endocrine FGFs (FGF-19, -21
and -23) are important in regulating the metabolism and tissue calcification [109],
so it is quite likely that inhibiting these FGFs will result in significant side effects.

2.3.4 MET Oncogene and Specific/Selective TKlIs

The c-MET proto-oncogene is located on chromosome 7q31.2 [110], with its tran-
scription being regulated by multiple transcription factors such as Ets (E-twenty
six), Pax3 (paired box 3), AP2 (activator protein-2) and Tcf-4 (transcription factor
4) [111]. The protein product of this gene is the receptor for HGF, known as HGFR
or more commonly as cMET. This cell-surface receptor tyrosine kinase is expressed
in endothelial and epithelial cells during both embryogenesis and adulthood [112],
while its ligand is expressed mainly in cells of mesenchymal origin, although some
reports have shown that HGF is also expressed by some neoplastic epithelial cells
[113]. c-MET is translated from single transcript, although the mature protein is
formed by proteolytic processing into a disulphide-linked-heterodimer [114]. The
extracellular portion of c-MET is composed of three domain types. The 500
N-terminal residues form the SEMA domain (semaphorins), which has been found
to function as a protein-protein interaction domain [115-119]. Data collected from
in vitro and in vivo tumour models suggest that oncogenic c-MET signalling typi-
cally occurs via one of three mechanisms: (a) the occurrence of specific genetic
lesions, including translocations, gene amplifications and activating mutations; (b)
transcriptional upregulation of the c-MET protein in the absence of gene amplifica-
tion; or (c) ligand-dependent autocrine or paracrine mechanisms.

Proof of concept for the role of c-MET in human cancers was provided following
the identification of activating point mutations in the germline of patients with hered-
itary papillary renal carcinomas [120, 121]. Activating mutations have been described
mainly in gastric cancers, NSCLC, hereditary and spontaneous renal carcinomas,
hepatocellular carcinomas, gliomas, squamous cell carcinoma of the head and neck,
and breast carcinomas [122—126]. Potentially oncogenic point mutations that were
reported in cancers include those that generate an alternative splice variant lacking
exon 14, which encodes for the juxtamembrane domain of c-MET [124, 127]; point
mutations in the kinase domain that render the enzyme constitutively active [122];
and a mutation at Y1003 that abrogates CBL binding leading to constitutive c-MET
expression [128]. High protein expression, detected by immunohistochemistry, as a
result of c-MET amplification has been associated with poor prognosis in colorectal
cancer, NSCLC and gastric cancers [129-131]. Reports that c-MET is more fre-
quently amplified in metastatic compared to primary tumours suggest a role for this
gene in the late phases of malignant progression [129]. Additionally, increased pro-
tein expression as a consequence of transcriptional up-regulation in the absence of
gene amplification is the most frequent cause of constitutive c-MET activation in
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human tumours [112], and it has been reported in a growing number of carcinomas
including thyroid, colorectal, ovarian, lung and breast [48]. Overall, reports tend to
show that high levels of c-MET and/or HGF expression is found in a significant
subset of primary patient samples, and, importantly, high levels of these proteins in
distant metastases are often correlated with worse prognosis. c-MET has been impli-
cated in the development and progression of a number of cancers, and is therefore
being investigated as the target of anti-cancer therapies [48]. In pre-clinical animal
models, inhibition of c-MET impairs tumourigenic and metastatic properties of can-
cer cells [132, 133]. c-MET inhibitors are being formulated as either small molecule
tyrosine kinase inhibitors or antibodies that target either the ligand or the receptor
[134]. Currently, the only phase II trial using ¢c-MET inhibitors to treat metastatic
colorectal cancer involves onartuzumab (MetMAb or OA-5D5), a human monova-
lent antagonistic anti-cMET antibody [135], in combination with FOLFOX and
bevacizumab (a monoclonal VEGFR antibody) vs. placebo [136, 137]. Monovalent
antibody treatment prevents ligand binding to the c-MET receptor, thereby prevent-
ing receptor dimerization and activation. So far, monoclonal antibodies in preclinical
and clinical studies have only demonstrated partial or complete response in patients
(or cell lines) with high ¢c-MET levels or an HGF/c-MET autocrine loop [138—141].
As such, the MetMAD phase II mCRC trial has the goal of determining if patients
expressing higher levels of c-MET mRNA or protein receive greater benefit from this
treatment than those with lower levels. Another c-MET inhibitor in clinical trials is
tivantinib (ARQ 197), a non-ATP competitive small molecule for which a mecha-
nism of action is not yet fully described [142, 143].

Tivantinib recently completed a phase II study showing that it, in combination
with erlotinib, showed an increase response rate and overall survival compared to
erlotinib alone in KRAS mutation positive NSCLC [144]. However, the phase III
MARQUEE trial that was created to further these results was terminated early, when
it was concluded that although this combination significantly decreased progression-
free survival, it did not appear to be affecting overall survival. Clinical trials testing
the efficacy of tivantinib in mCRC include a phase I trial assessing the combination
of tivantinib, cetuximab and irinotecan against irinotecan and cetuximab alone in
wild type KRAS patients (NCT01075048 2010) and a phase I/II trial accepting
patients with any type of solid tumour, including mCRC, to asses the efficacy of
tivantinib+FOLFOX vs. FOLFOX alone [145]. Recently, two studies have shown
that the inhibitory effect of tivantinib may be due to its targeting of microtubule
dynamics, and may be completely or partially independent of c-MET inhibition [ 146,
147]. These studies suggest that negative results in clinical trials should not cast
doubt on the effectiveness of “true” c-MET inhibitors, and that patients should not be
selected for treatment with tivantinib based solely on c-MET expression status.

Rilotumumab (AMG102) is an anti-HGF monoclonal antibody that interferes
with cMET activation by HGF. Rilotumumab is currently being evaluated in phase
I/IT studies alone or in combination with EGFR blocking antibody panitumumab
[148] in WT KRAS mCRC. Previous studies have shown that rilotumumab
decreases cMET phosphorylation and can stabilize the progression of certain solid
tumours [140, 141].
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EMD1214063 and EMD1204831 are two selective and ATP-competitive MET—
TKIs that were identified recently [149]. Both drugs are able to inhibit HGF-induced
MET phosphorylation in A549 cells and induced regression of human tumors in
xenografted mice [149]. Ain one study, the authors found that EMD1214063 treat-
ment in xenograft tumor model mice bearing NIH3T3 cells lead a complete regres-
sion of the sensitive H1112L mutant-derived tumors, but not in mice with L1213V
tumors [150]. Such drug is able to trigger autophagy in gastric adenocarcinoma cell
lines and additionally, the combination with autophagy inhibitors and EMD1214063
induced cell death [151]. This TKI reduced neuroblastoma tumor growth in immu-
nocompromised xenografted mice [152].

2.3.5 TAM RTK Family: AXL and MER Inhibitors

AXL and MER are two receptor tyrosine kinases from the TAM family of receptor
tyrosine kinases Both are important to signal transduction in many normal cell types
and malignant (T-lymphoblastic lymphoma/leukemia) T-ALL cells. Signaling path-
ways downstream from the AXL and MER tyrosine kinases also activate other path-
ways that control platelet aggregation, pro-inflammatory cytokine production,
regulation of the actin cytoskeleton, cell survival, growth, and metabolism [153,
154]. Therefore AXL and MER receptor tyrosine kinases play key roles in cancer
development. Both AXL and MER are implicated in several human cancers, includ-
ing MER over-expression seen in T-ALL lymphoblasts, but not during any develop-
mental stages of normal T-cells [153].

R428 (BGB324) is a first-in-class, highly selective AXL—TKI that reduces the
AXL dephosphorylation in both human MDA-MB-231 and murine 4 T1 breast can-
cer cell lines in vitro [155]. This drug blocks liver and lung metastases in a breast
cancer mouse model in association with cisplatin [155]. It has an anti-proliferation
effect on NCI-H1299 (mesenchymal, EGFR wild-type, erlotinib-resistant) human
NSCLC cells and sensitizes the such cells xenografted mice to docetaxel. Moreover,
treatment of A549 NSCLC cell line with R428 and in combination with either erlo-
tinib or anti-VEGF human antibody bevacizumab displayed additive anti-tumor
activity [156].

2.4 Vascular Endothelial Growth Factor Receptor (VEGFR)
and Anti-Angiogenesis TKIs

The critical role of angiogenesis in cancer was first proposed more than 30 years
ago by Folkman [157] and led to the development of the small-molecule kinase
inhibitors. Angiogenesis is essential for tumors to grow beyond 1-2 mm?, and
switch from local vascular supply to novel microcapillary formation. It also allows
tumor cells to enter the circulation, enabling the spread of cancer cells to multiple
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organs (metastasis). Angiogenesis correlates with tumor progression and disease
severity, and is controlled by pro-angiogenic factors such as VEGFs and PDGFs.
The VEGF family (VEGF-A (usually referred to VEGF), VEGF-B, VEGF-C,
VEGF-D, and placental growth factor (PGF) are over-expressed by various solid
tumors and bind to its receptors (VEGFRs: VEGFR1, VEGFR2 and VEGFR3) on
the vascular endothelium and induce angiogenesis. At present, various selective
VEGFR-TKIs, including vatalanib, tivozanib, cediranib, and lenvatinib, are under
investigation for the treatment of various solid tumors.

Vatalanib, also named as PKT787/ZK 222584, is a novel, potent, orally bio-
available angiogenesis inhibitor which blocks all known VEGF receptor tyrosine
kinases in the submicromolar range. Besides VEGF receptor tyrosine kinases, it
can also inhibit the PDGFR-f tyrosine kinase, c¢-KIT, and c-Fms, but at higher
concentrations. The mechanism of action of vatalanib is mainly through the spe-
cific inhibition of angiogenesis in solid tumors or hematological malignancies.
Vascular changes. that have been detected using Dynamic contrast-enhanced mag-
netic resonance imaging (DCE-MRI), decreased plasma angiogenesis factor levels
in a murine melanoma cell model have supported such mechanism of action [158].
Vatalanib inhibits the growth and metastasis of tumors in animal models. Due to
this promising potential, vatalanib is being studied for the treatment of patients
with solid tumors, including breast cancers, lung cancers, prostate cancers, gastro-
intestinal tract cancers, ovary cancers, liver cancers, brain cancers, renal cancers,
and bladder cancers, and hematological malignancies, such as acute myeloid leu-
kemia (AML) and myelodysplastic syndromes (MDS) [159]. In preclinical studies,
vatalanib was well tolerated in animal models. In an in vitro study done by JM
Wood et al., it was shown that vatalanib had no impairment on wound healing, no
significant hematological effect on leukocytes in bone marrow or circulating blood
cells, and no impairment on bone marrow recovery after a cytotoxic agent treat-
ment [160].

Tivozanib (AV-951, KRN-951) is an oral quinoline urea derivative that sup-
presses angiogenesis by being selectively inhibitory against the VEGFR family. It
inhibits the cellular proliferation in human breast, colon, liver, lung, ovarian, pan-
creas, and prostate cancer and in brain xenografted models. It attenuated VEGFR2
phosphorylation in tumor endothelium and displayed anti-tumor activity against a
wide variety of human tumor xenografts. DCE-MRI has shown a reduction in tumor
vascular hyper-permeability associated with the tivozanib anti-tumor activity [161].
This effects have been evaluated in a rat colon cancer RCN-9 syngeneic model in
which the tumor cells have been transplanted into the peritoneal cavity of F344 rats.
Treatment of transplanted mice model reduced angiogenesis, the formation of tumor
nodules and the accumulation of malignant ascites. Such drug has been evaluated in
different clinical trials in phases II and III for patients with renal cell carcinoma and
breast cancer with a good results [162], and other clinical trials are ongoing for the
treatment of different cancers using tivozanib alone or in combination [162, 163].

Cediranib, an indole-ether quinazoline, inhibits tyrosine kinase receptors, par-
ticularly all subtypes of the VEGF receptor, and has some activity against the
PDGEF and c-KIT receptors [164]. In gliomas cediranib was shown to induce nor-
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malization of the vasculature by inhibiting pathological proliferation of endothelial
cells and immature vessel [165—168]. This drug has also exhibited antitumor and
antiangiogenic activity in various cell lines [169—171] and xenografts including
colon, lung, prostate, breast and ovary [169, 172]. Its pharmacological effect has
been evaluated in Phase II/III clinical trials for advanced non-small cell lung can-
cer, advanced colorectal cancer, metastatic renal cell carcinoma, and recurrent
glioblastoma, etc [173].

Sunitinib is an orally available inhibitor of VEGFR, PDGFR, c-KIT, and FLT-3
kinase activity. In a phase II study in patients with immunotherapy refractory meta-
static renal cell carcinoma treated with sunitinib (6-week cycles: 50 mg orally once
daily for 4 weeks, followed by 2 weeks of), 40 % of patient showed a partial response
and 27 % stable disease [174]. When the results were combined with a second study
with an identical patient population, the total evaluable patient population was 168
patients. Objective responses were seen in 42 % and stable disease of 3 or more
months in 24 %. Median progression free survival was 8.2 months [175]. These
response rates were much higher than seen with any other systemic treatment in
Renal Cell Carcinoma (RCC). Motzer reported the results of a phase III study com-
paring sunitinib (6-week cycles: 50 mg orally once daily for 4 weeks, followed by 2
weeks off) to IFN-alpha (6-week cycles: subcutaneous injection 9 MU given three
times weekly) as first line therapy for metastatic renal cell cancer patients. There
was a statistically significant improvement in median progression free survival
(47.3 vs. 24.9 weeks) and objective response rate (24.8 % vs. 4.9 %) for sunitinib
over IFN-a (Interferon) [176]. Sunitinib might therefore now be considered the new
standard first-line treatment for advanced kidney cancer. In January 2006, sunitinib
was not only approved by the FDA for advanced renal cell carcinoma, but also for
imatinib-resistant and imatinib-intolerant GIST. This was based on the early results
of a phase III trial in patients with documented progression of GIST on imatinib
[177, 178]. Patients were treated with a starting dose of 50 mg sunitinib once daily
for four weeks, followed by 2 weeks off treatment, in repetitive 6-week cycles
(N=207) or placebo (N=105). Due to the positive results found at a planned interim
analysis, the trial was unblinded and all patients started treatment with sunitinib.
Partial response was seen in 6.8 % of sunitinib treated patients, compared to 0 % in
the placebo group. Stable disease for more than 22 weeks occurred in 17.4 %, com-
pared to 1.9 %. Time to progression was significantly longer in the sunitinib treated
patients, 27.3 weeks compared to 6.4 weeks. The most common non-hematological
adverse events were fatigue, diarrhea, nausea, sore mouth, and skin discoloration.
From a biological point of view, continuous dosing of sunitinib seems more logical.
A study in 28 patients with advanced imatinib-resistant GIST explored the continu-
ous daily 37.5 mg dosing regimen, which was feasible and associated with similar
tolerability as is seen with intermittent sunitinib dosing [179]. It showed a poten-
tially beneficial effect in previously treated advanced NSCLC and unresectable neu-
roendocrine tumors in phase II studies [180, 181].

Sorafenib is a novel oral Raf-1 kinase, PDGFR and VEGEFR kinase inhibitor with
antitumor effects in colon, pancreas and breast cancer cell lines and in colon, breast
and non-small-cell lung cancer xenograft models [182]. A phase I study in 69



48 G. Mirone et al.

patients with refractory solid tumors reported promising results [183]. In a recent
phase II randomized discontinuation trial in patients with metastatic renal cell car-
cinoma, sorafenib showed anti-tumor activity and was well tolerated [184, 185]. An
interim analysis of a phase III trial randomizing 769 patients with advanced RCC to
sorafenib 400 mg bid or placebo reported an improvement of progression free sur-
vival from 12 weeks to 24 weeks in sorafenib treated patients compared to placebo
[186]. Updated results reported at the ASCO 2006 meeting showed a survival ben-
efit for sorafenib over placebo (median overall survival of 19.3 months vs. 15.9
months) [187]. Such drug was granted FDA fast track approval in December 2005.
Phase III trials in stage III or IV melanoma and in advanced hepatocellular carci-
noma, and phase II trials in multiple tumor types are currently ongoing. It has previ-
ously been suggested that rash commonly associated with EGF-pathway inhibitors
could be predictive of treatment outcome, and that the onset of rash could be used
for optimal dose titration [188]. This might also be effective in treatment with
sorafenib, as it is an inhibitor of Raf kinase, which is a downstream effector mole-
cule of the EGFR signaling pathway. A report combining data from four phase I
trials supported this hypothesis. Patients receiving sorafenib dosed at or close to the
recommended dose of 400 mg bid, and experiencing skin toxicity and/or diarrhea,
had a significantly increased time to progression compared with patients without
such toxicity [189].

Regorafenib is an oral multi kinase inhibitor targeting both tumor cell prolifera-
tion/survival pathways (Raf/MEK/Extracellular-Signal-Regulated Kinases-ERK)
and selected RTKSs such as VEGFR-2/3, TIE-2, PDGFR, RET, and ¢-KIT. In vitro,
it potently inhibits a distinct set of kinases, including the angiogenic and stromal
RTKs VEGFR-1-3 [190]. Regorafenib increases the overall survival of patients
with metastatic CRC [191] and has been approved by the United States Food and
Drug Administration in 2012. Furthermore, a recent study has shown that rego-
rafenib alone or in combination with irinotecan significantly delayed tumor growth
in CRC cell lines, patient-derived (PD) CRC xenografts and a murine CRC liver
metastasis model [192]. Finally, Tang and al reported the clinical history of an
elderly woman with KRAS wild-type colon cancer who was treated with different
agents. Here, they described a protocol treatment with regorafenib in dose modifica-
tion strategies to address adverse events in such patient who was able to remain on
therapy for 11 months and achieve stable disease [193].

Bevacizumab, is a recombinant humanized IgG1 monoclonal antibody with mul-
tiple cancer indications. It has been approved in combination with chemotherapy for
the treatment of metastatic colorectal cancer (CRC), metastatic breast cancer, unre-
sectable advanced, metastatic or recurrent non-small cell lung cancer, advanced or
metastatic renal cell cancer, advanced epithelial cancer of the ovary, the fallopian
tube or the peritoneum and as a single agent for advanced glioblastoma [194].
Bevacizumab targets circulating vascular endothelial growth factor (VEGF or else
VEGF-A), a vasculogenesis and angiogenesis regulator that is overexpressed in
most human tumors. By blocking VEGF-A binding to its receptors (VEGFR-1 and
VEGFR-2) on the surface of endothelial cells, this drug inhibits tumor angiogene-
sis, growth and metastases [195, 196]. Despite its efficacy, it has been associated
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with significant risk of cardiovascular complications, such as hypertension, cardiac
ischemia, and congestive heart failure [197-199].

Aflibercept was designed to block angiogenesis by binding VEGF A, VEGF B,
PIGF1 and PIGF2 and prevent downstream biological effects [200]. It is a recombi-
nant humanized fusion protein which consists of the extracellular domains of
VEGFRI1 and VEGFR2 with the constant region (Fc) of human immunoglobin G1
[200]. It has a higher VEGF A binding affinity than bevacizumab [dissociation con-
stant (Kd) of ~1 pM] [201] compared with around 500 pM for bevacizumab [202].
Its ability to bind to VEGF B and PIGF in addition to the high binding affinity for
VEGF A may provide more complete blockade of angiogenesis. Preclinically, treat-
ment with aflibercept resulted in tumor growth inhibition in a variety of xenograft
models, including human colon cancer [203, 204]. In addition, such drug in a phase
IIT randomized trial in combination with FOLFIRI as second-line treatment of
mCRC, has shown to improve overall survival and progression free survival com-
pared to chemotherapy alone [205].

2.5 Resistance to TKIs in Different in Types of Cancer

2.5.1 Lung Cancer
2.5.1.1 Primary Resistance

This resistance is linked to various EGFR mutations: exon 19 deletions and L858R,
exon 20 insertions or duplications [206-208] and secondary genetic alterations. For
instance, a T790M mutation within EGFR has been occasionally found in tumor
specimens containing classic EGFR mutations [209-211] whereas, MET amplifica-
tion has been revealed in EGFR-mutant tumors before TKI exposure [211-213].
Both alterations are common mechanisms of acquired resistance, but they may trig-
ger intrinsic resistance when there is high allelic frequencies. Alternatively, T790M
or MET amplification may emerge as dominant clones early during therapy.

2.5.1.2 ALK

The anaplastic lymphoma kinase (ALK) is a receptor tyrosine kinase that is aberrant
in a variety of malignancies. Multiple different ALK rearrangements have been
identified in approximately 3—7 % of unselected NSCLC [214, 215] although some
studies have found a slightly lower prevalence [215]. The majority of these ALK
fusion variants result most commonly in fusions of portions of the echinoderm
microtubule-associated protein-like 4 (EML4) gene with chromosome 2p the ALK
gene. At least nine different EML4-ALK fusion variants have been identified in
NSCLC [216-218]. The fusion proteins created by these rearranged genes have
functions of both anaplastic lymphoma kinase and the partner protein. The presence
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of the partner protein allows phosphorylation of anaplastic lymphoma kinase with-
out dimerization. The oncogenic EML4-ALK fusion protein has a constitutively
activated kinase and is linked to cell proliferation and inhibition of apoptosis medi-
ated through the RAS/RAF/MAPK, PI3K/AKT and JAK3-STAT3 signaling path-
ways. ALK rearrangements are more commonly found in Adenocarcinoma (ADC)
from younger patients who are never smokers or light smokers [215, 216]. ALK
rearrangements are usually mutually exclusive with EGFR and KRAS mutations
[215]. The United States Food and Drug Administration approved the ALK Break
Apart fluorescence in situ hybridization (FISH) Probe Kit as a companion diagnos-
tic for targeted therapy with Crizotinib in lung cancers [219]. In the near future,
selection of patients with EML4-ALK fusion oncogene will be important, since
crizotinib, an ALK targeted inhibitor, has shown very promising results in a phase I
and III trials [220, 221].

2.5.1.3 Heterogeneity of TKI Response

The cancer cells can respond to ALK and EGFR TKIs involving differences within
the cellular apoptotic machinery. In particular, recent data found that both Bim
upregulation is correlated to the degree of apoptotic response in EGFR-mutant cell
lines treated with EGFR [222-225]. Similarly, Bim inhibition can favor the selec-
tion of intrinsic resistance to EGFR TKIs. Consistent with these preclinical find-
ings, pretreatment with specific BIM shRNA resulted in decreased tumor shrinkage
in EGFR-mutant patients. Furthermore, one recent report shows that a genetic poly-
morphism in BIM is correlated with both alternative splicing and altered BIM func-
tion. Such association could contribute to intrinsic resistance in some patients [226].

2.5.1.4 Acquired Resistance

Mechanisms of acquired resistance can involve development of additional genetic
alterations in the primary oncogene, which promotes downstream signaling.
Alternatively, resistance can occur through activation of downstream signaling
pathways, changes in tumor histology, or alterations in drug metabolism [221].
Unfortunately, virtually all patients who initially respond to EGFR-TKIs eventu-
ally develop acquired resistance throughout the course of their treatment [227].
Studies have shown in approximately 50 % of these cases that this resistance is due
to a secondary mutation, T790M in exon 20 of the EGFR gene [228-230]. The
EGFR T790M mutation is oncogenic by itself, but when present in conjunction
with another EGFR activating mutation, the double mutant leads to a substantial
increase in EGFR signalling and oncogenic transformation both in vivo and in vitro
[227]. As such, the T790M mutation is associated with a short median progression
free survival (PFS) of only 7.7 months in patients carrying the mutation compared
with 16.5 months in those without the mutation [231]. Biochemical studies com-
bined with the molecular analysis of tumour material from patients whom have
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developed resistance have shown that the T790M mutation is a common cause of
acquired resistance in NSCLC patients. The threonine at position 790 is the ‘gate-
keeper’ residue as its location at the entrance of the hydrophobic pocket of the ATP
binding cleft means it has important role in determining inhibitor specificity in the
receptor [232]. As such, Yun et al. [232] carried out enzyme kinetic assays using an
ATP/NADH coupled assay system whereby they could detect the rate of ATP
hydrolysis in both the wild-type and T790M mutant. The kinetic characterisation
of the WT and the mutant EGFR kinases revealed a marked decrease in the
Michealis-Menton constant (Km) for ATP in the drug resistant T790M mutant
compared with the drug sensitive L858R mutant. Consequently, it is now thought
that the T790M restores the receptors affinity for ATP, enabling ATP to outcompete
TKIs for the ATP binding cleft of the tyrosine kinase domain, re-establishing sig-
nalling from EGFR. Secondary mutations in the ALK kinase domain have found in
approximately 30 % of ALK-positive patients with crizotinib resistance [233, 234].
One report shows that one ALK-positive patient developed disease progression
after 5 months of treatment with crizotinib. Furthermore, analysis of pleural fluid
from this patient found revealed two mutations, L1196M and C1156Y, within the
ALK kinase domain. Both mutations caused crizotinib resistance in vitro. Since
the initial case report of crizotinib resistance, additional second-site ALK muta-
tions have been identified in patient-derived NSCLC specimens (1151Tins,
L1152R, G1202R, S1206Y, and G1269A). Such mutations are present in the kinase
domain, including the solvent front (G1202R, S1206Y), gatekeeper residue
(L1196M), ATP-binding pocket (G1269A), and N-terminal to the C-helix
(1151Tins, L1152R, and C1156Y). In vitro, they confer differential sensitivities to
crizotinib and second-generation ALK TKIs. For example, the ALK S1206Y muta-
tion confers lower degrees of crizotinib resistance compared with G1202R,
L1196M, and 1151Tins mutations. It is noteworthy that ALK-positive patients
develop multiple secondary mutations at the time of TKI resistance. This is in con-
trast to EGFR-mutant patients, in whom T790M is essentially the sole secondary
mutation observed clinically. Gene amplification may also contribute to secondary
resistance in correlation with mutations. In fact, a study on 37 EGFR-mutant
patients with resistance to TKIs found EGFR amplification was identified in three
patients (8 %) [235]. Such patients harbored simultaneous T790M mutations in
EGFR [227, 235]. ALK fusion gene amplification has also been identified as a
cause of crizotinib resistance [236, 237]. One study reported a crizotinib resistance
in cell line models with amplification of wild-type EML4-ALK [237]. Other arti-
cles observed ALK fusion gene amplification in resistant clinical specimens [236].
In particular, a strong amplification was identified in 1 (7 %) of 15 specimens,
whereas a separate study showed ALK copy number gain in 2 (18 %) of 11 patients
[233]. One of these patients also had a secondary ALK G1269A mutation.
Amplification of the MET receptor has also been shown to maintain ErbB3/PI3K/
AKT signaling in the presence of gefitinib and cause resistance to EGFR targeted
therapies in approximately 20 % of NSCLC patients [213]. In fact, clinical trials
using combined EGFR and MET inhibitors in NSCLC patients with acquired resis-
tance to gefitinib/erlotinib are currently underway. Activation of IGF-1R/IRS-1
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signaling through loss of IGF binding proteins also drives gefitinib resistance in
EGFR wild-type cancer cell lines [238]. Additionally, a recent study suggested that
the MET ligand, HGF, can promote short-term resistance in two EGFR mutated
cancer cell lines [239]. Both ligand-dependent resistance mechanisms maintain
PI3K/AKT activation despite EGFR inhibition. However, differences between IGF
and HGF ligand-driven resistance in terms of potency and activation of down-
stream signaling pathways have yet to be thoroughly examined. MET encodes a
trans-membrane RTK for the HGF and is capable of activating ErbB receptors to
drive cell migration, invasion, proliferation, survival and angiogenesis [240]. MET
amplification has been detected in gastric and esophageal cancers [240, 241] and
cell lines derived from such tumors display ligand-independent dependence on
MET [242]. However, it remains unknown whether activation of MET by its
ligand, HGF, is a mechanism utilized by human tumors to develop resistance to
ERBB-targeted therapies. Recently, HER2 amplification was identified in 3 (12 %)
of 26 EGFR-mutant patients with acquired resistance to TKIs [243]. Addional
effectors downstream from EGFR have also been identified as potential mediators
of resistance [235, 244, 245]. For example, PIK3CA mutations have been found in
5% of EGFR-mutant patients with acquired resistance [235]. Different studies
reported point mutations in BRAF in secondary resistance to TKIs [244]. Bypass
tracts also contribute to resistance in ALK-positive NSCLC. Addional preclinical
studies have shown that EGFR activation plays a crucial role in crizotinib resis-
tance [236, 246]. In these models, two EGFR ligands such as EGF86 and amphi-
regulin are involved in the activation of EGFR [246]. In a latter report, one
ALK-positive patient treated with crizotinib had an EGFR mutation and a negative
ALK FISH test in a repeat biopsy specimen. Furthermore, KRAS mutations were
also found in two ALK-positive patients during treatment with crizotinib, although
one patient harbored this mutation pretreatment. Lastly, KIT gene amplification
has been identified in 2 (15 %) of 13 crizotinib-resistant specimens, suggesting that
this signaling pathway may also be co-opted to mediate resistance. Recently,
Sequist and colleagues published a study detailing the histological and genetic
alterations of 37 patients with drug-resistant NSCLC with EGFR mutations [235].
In this study, they identified the previously known T790M mutation and MET
amplification as well as some novel mechanisms of resistance. The most surprising
finding was the histological transition of 5 patients’ tumours from NSCLC to Small
Cell Lung Carcinoma (SCLC), and their subsequent sensitisation to standard
SCLC treatments. Another rebiopsy study also revealed this phenomenon, albeit at
a lower frequency. Arcila and colleagues [247] found 2 % of patients exhibited
SCLC morphology in resistant tumours, where NSCLC had been observed before
treatment, a substantially lower percentage than the 14 % identified by Sequist
et al. [235]. Detection of EGFR-TKI refractory SCLC after an initial diagnosis of
EGFR-mutant adenocarcinoma is rare but had been reported prior to the new stud-
ies. Zakowski describes one patient with adenocarcinoma who had a partial
response to erlotinib treatment, but after disease progression was found to have
SCLC, however this patient did not respond to etoposide, a common treatment for
SCLC [248].
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2.5.1.5 Other Mechanisms of Resistance

In preclinical models, EGFR TKI resistance has also been associated with insulin
growth factor receptor signaling [249, 250] nuclear factor Nuclear Factor Kappa B
(NFkB) activation, and loss of Phosphatase and tensin homolog (PTEN). Among
ALK-positive patients, loss of the ALK fusion oncogene has also been raised as a
potential mechanism of resistance [233]. In another study, Yu et al. have recently
identified an patient with T790M mutation in one resistant sample and HER2 ampli-
fication [251]. Furthermore, EGFR mutant and ALK-positive patients can experi-
ence a disease “flare” on TKI discontinuation, presumably because of accelerated
growth of TKI-sensitive clones [252, 253]. The dynamic nature of resistance under-
scores the value of repeat biopsies at each new phase of treatment to advance our
understanding of resistance and guide clinical decision making [254, 255]. This also
emphasizes the need to develop non invasive tools for monitoring resistance, such
as mutational analysis of plasma DNA or circulating tumor cells [256].

2.5.2 Gastrointestinal Stromal Tumors

Treatment options for patients with advanced GIST were few until 2000s. Surgical
resection has been the main therapy for GIST, with the main goal of complete
resection and avoidance of tumor rupture [257]. The response rate to conventional
chemotherapy agents was extremely low [258]. The resistance to chemotherapy in
GIST might be due to the increased levels of P-glycoprotein and multidrug resis-
tance protein [259]. Alternatively, oncogenic activation of tyrosine kinases might
cause increased anti-apoptotic signaling and activation of other drug resistance
pathways. Because of the diffuse pattern of recurrence in the liver or the perito-
neum, radiation therapy was beneficial only to palliate patients with bleeding, but
not for treatment. Median overall survival for patients with advanced disease was
18 months until imatinib was introduced [258]. Based on the discovery of KIT
mutations in GIST by Hirota and co-workers in 1998 [260], many scientists inves-
tigated KIT activation as a crucial event in GIST pathogenesis. The mutations
causing constitutive kinase activation and an uncontrolled cell growth behavior in
GIST, was reminiscent of the mechanism of BCR-ABL in CML. These findings
led to the hypothesis of KIT inhibition might be a therapeutic strategy for
GIST. Concurrently, imatinib was shown not only specific to BCR-ABL, but also
blocks the enzymatic activity of the transmembrane receptor tyrosine kinases
KIT, PDGFRa and PDGFRf [261, 262]. The inhibitory effect of imatinib on
mutant KIT was functionally confirmed first in a mast leukemia cell line that har-
bors a similar mutation as clinically relevant GISTs [262, 263], then in the GIST
cell line with a mutant KIT [264]. Inhibition of mutant KIT by imatinib led to
GIST cell growth arrest and apoptosis [264]. Thereafter, clinical development of
imatinib for GIST therapy rapidly progressed, and FDA approved imatinib ther-
apy for advanced or metastatic GIST in 2002. In 2008, FDA approved adjuvant
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use of imatinib for patients with high risk of recurrence. In 2000, imatinib treat-
ment of the first patient with metastatic GIST started in Finland, and a dramatic
response was observed [265]. The following Phase I and II trials reported partial
response rates as 54 % and 68 %, respectively, and majority of the remaining
patients achieved a stable disease [266]. Promising results led to two phase III
trials, comparing the dose levels of imatinib (400 and 800 mg/day). These studies
reported that imatinib achieved disease control in 70-85% of patients with
advanced GIST, median progression-free survival was 20—24 months, and median
overall survival was 50 months [4]. A study evaluated the effect of imatinib ther-
apy using positron emission tomography on fluorodeoxyglucose (FDG) levels
revealed that tumors had a robust response to imatinib present a significant
decrease in FDG signal, even within 24 h of the first dose [267]. This result sug-
gests that a decrease in glycolytic mechanism is one of the initial effects of kinase
inhibition. At molecular level, imatinib was shown to inhibit oncogenic signaling
that down-regulated downstream survival pathways such as PI3K-AKT and
MAPK [268], and to induce cell apoptosis through BIM [269] and soluble histone
H2AX [270]. In addition, imatinib reduces the expression of indoleamine
2,3-dioxygenase (IDO), which is an enzyme produces immunosuppressive metab-
olites [271]. Reduction of IDO causes depletion of regulatory T cells and increase
of tumor-infiltrating CD8+ T cells. Thus, imatinib stimulates an anti-cancer
immune response by diminishing IDO-mediated immunosuppression. Clinical
observations demonstrate that long-term imatinib treatment is not sufficient to
eradicate GIST cells. In order to determine the optimal duration of imatinib ther-
apy, an interesting clinical trial was conducted with patients who had continuous
disease control after 3 years of imatinib treatment [272]. Patients were grouped as
either to continue or to discontinue the treatment. The 2-year progression-free
survival rates were 80 % in the continuous patient cohort and only 16 % in the
discontinuous cohort. The relapse after the discontinuation of imatinib was due to
persistent disease, showing that imatinib fails to eradicate cells although it stops
their proliferation. The progression during continuous imatinib treatment was due
to resistant disease. Another study investigated the histological responses of the
tumors upon imatinib treatment [273]. After a range of 1-31 months of treatment,
tumors showed a size reduction range between 10 and 90 %. Overall responses did
not correlate with duration of treatment or KIT and PDGFRa mutational status.
The residual tumor cells in the 75 % of the tumors were mitotically inactive,
showing a quiescent state. These results demonstrate that GIST cells may avoid
apoptosis by evading the cell cycle under imatinib exposure. Indeed, imatinib was
shown to cause tumor cell quiescence through the APC/CDH1-SKP2-p27Kipl
signaling axis [274], and to induce autophagy that protects tumor cells from cell
death [275]. Only a small percentage of patients (3—5 %) show a complete disap-
pearance of their tumor upon imatinib treatment [276, 277]. However, it was
reported that patients with tumors that shrink or remain stable in size show a simi-
lar clinical benefit from the treatment [278].
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2.5.2.1 Imatinib Resistance

The majority of GIST patients with advanced disease achieve a clinical benefit from
imatinib treatment. However, approximately 10% of patients progress within 6
months of initial therapy, which is defined as primary resistance to imatinib [266,
278-280]. Approximately 50-60 % of the initially responding patients develop dis-
ease progression within 2 years. Such cases are regarded as secondary or acquired
resistance to imatinib [266, 278-280].

2.5.2.2 Primary Imatinib Resistance

Primary resistance can be observed in GISTs with all kind of known mutations, how-
ever, it shows stronger correlation with certain genotypes [281-284]. For example,
wild-type, KIT exon 9 mutated, and PDGFRa D842V mutated GISTs are more likely
to show primary resistance. In experimental cell culture systems, GIST cells express-
ing exon 11 mutant KIT are highly sensitive to imatinib [285]. Correspondingly,
patients with GISTs harboring KIT exon 11 mutations have a better progression-free
and overall survival compared to patients with wild-type GISTs or GISTs harboring
KIT exon 9 mutation [281, 284, 286]. The primary resistance arises in GISTs with no
identifiable KIT or PDGFRA mutations is likely due to different mechanisms caus-
ing the disease development and activation of alternative signaling pathways.
Therefore, treatment of these GISTs with the targeted agents other than imatinib,
such as VEGFR, BRAF or MEK inhibitors, might be a better clinical alternative
[287]. Mutations in exon 9 affect the extracellular KIT domain, mimicking the con-
formation change when Stem Cell Factor (SCF) binds to the receptor, which induces
higher degree of dimerization [288]. Since this mutation does not interfere with the
kinase domain, exon 9 mutated KIT has the kinase domain same as the wild-type
KIT, in which decreased sensitivity to imatinib was observed in vitro compared to
exon 11 mutant KIT [289]. Dose escalation is suggested for treatment of GISTs har-
boring these mutations [286]. Both clinical and in vitro studies have reported that
PDGFRa D842V mutation is strongly resistant to imatinib [284, 290, 291]. This
mutation results in a change in the kinase activation loop that strongly favors the
active conformation of the kinase domain, which consequently disfavors imatinib
binding [283, 292]. Patients with D842V mutant GISTs show low response rates and
short progression-free and overall survival during imatinib treatment [293]. In addi-
tion to mutations, gene amplification of KIT or PDGFRa was shown as a potential
mechanism leading to either primary or secondary resistance [294-296].

2.5.2.3 Secondary Imatinib Resistance
Secondary mutations in the same gene is the main known mechanism for develop-

ing secondary resistance [297-300]. A clinical trial revealed that 67 % of the patients
whose tumors showed secondary resistance had a new mutation in KIT [299].
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Secondary mutations involve two regions in the KIT and PDGFRa kinase domains:
(i) the ATP-binding pocket (encoded by exons 13 and 14) that directly interfere with
imatinib binding, and (ii) the kinase activation loop (encoded by exons 17 and 18)
that can stabilize the kinase in the active conformation and hinder imatinib binding.
It is noted that most of the imatinib-resistant tumors exhibit extensive intra- and
inter-tumor heterogeneity [295, 301, 302]. Five different types of secondary muta-
tions had been observed in different areas of the same tumor, and up to seven differ-
ent secondary mutations across the multiple tumors of the same patient [295]. This
heterogeneity has important implications in regard to the efficacy of second-line
TKI therapy after the first-line imatinib treatment, because the diverse resistant sub-
clones render the complete eradication of GIST cells by any particular TKI. Several
alternative mechanisms of imatinib resistance have been described. Kinase switch-
ing is one of them and number of kinases have been involved in such mechanism.
The first one is AXL, which is an oncogenic RTK that regulates the same down-
stream signaling pathways as KIT. GIST cells switch from KIT to AXL during
acquisition of imatinib resistance in vitro and in vivo [303]. In addition, another
study reported a switch from KIT to Focal Adhesion Kinase (FAK) and FYN activa-
tion in GIST cells upon acquisition of imatinib resistance, and pFAK inhibition can
re-sensitize the resistant cells to imatinib-induced cell death [304]. FAK has also
been implicated in growth and survival of imatinib-resistant GIST cells, and FAK
inhibition induces apoptosis in GIST cells and decreases tumor size in mice [305].

2.5.3 Colorectal Cancer
2.5.3.1 Mechanisms of Primary Resistance to EGFR-Targeted Therapy

In human tumors activating KRAS mutations occur frequently in colorectal cancer
(CRC) where approximately 35-40 % of patients have KRAS mutations, which are
classically described as being associated with progression of a benign adenoma to
a dysplastic adenocarcinoma [306]. From this early role as a candidate target for
directed therapy, today mutated KRAS has emerged as a confirmed predictor of
resistance to many targeted cancer therapies [307]. While, the effects of mutated
KRAS on chemotherapy are still debated, in targeted treatment KRAS is widely
accepted as a resistance mechanism for growth factor receptor directed therapies
such as EGFR inhibitors, where it serves as a clinical marker which excludes such
treatment for patients with colorectal cancer [308]. Mutations in KRAS occurring
at codons 12 and 13 were the first to be causally implicated in resistance to EGFR-
targeted monoclonal antibodies, initially in small patient cohorts [309, 310].
Randomized phase III studies has shown patients with mCRC bearing KRAS
mutations are chemorefractory to treatment with single-agent cetuximab or panitu-
mumab [311, 312]. Additional biomarkers of resistance are found through sequenc-
ing studies. For example, KRAS variants in exon 2 at codons 12 and 13 and
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oncogenic mutations in KRAS codons 59, 61, 117, and 146 colorectal cancer sam-
ples are observed approximately 80 % of colorectal cancer samples [313-315].
Additional mutations of the NRAS isoform are found at codons 12, 13, and 61 in
approximately 3-5 % of colorectal cancer samples [316]. Such mutations are able
to activate the ERK signaling, even if EGFR is blocked. Furthermore, several stud-
ies have recently demostrated that mutations in KRAS exons 3 and 4 or NRAS
exons 2 to 4 can also predict lack of clinical benefit to EGFR-targeted antibodies
given in combination with first-line chemotherapy [317-319]. Thus, mutant NRAS
or KRAS have shown to predict lack of response to EGFR-targeted antibodies.
This is hypothesized to result from redundant growth and survival signals relayed
simultaneously through RAS which activates multiple effecters simultaneously.
This led to the idea that concurrent inhibition of multiple KRAS effects may lead
to patient response in tumors with a mutant KRAS, currently being tested in clini-
cal trials. In CRC, BRAF mutations, occurring in about 10 % of cases, are found in
both hyperplastic polyps and serrated adenomas, suggesting that they represent an
early and critical event in these types of lesions [320]. More importantly, BRAF
mutations are frequently found in sporadic cases characterized by Microsatellite
Instability (MSI), the hallmark of MMR gene deregulation (30 % vs. 5 % of patients
without MMR alteration. Furthermore, it has been shown that BRAF mutations
occur in CRC only when tumors do not carry any mutation in the KRAS gene
[321]. These mutual exclusions have led to the assumption that BRAF and KRAS
alterations could have the same functional effect in colorectal carcinogenesis,
although mutated BRAF protein has 50-fold lower transforming activity than
mutated RAS [322]. Several experiments studies in colorectal cancer cells and
mouse models ahave shown that the presence of BRAFV600E is strongly associ-
ated with resistance to cetuximab or panitumumab [323-325]. The statistical sig-
nificant correlation between BRAFV600E mutations and response to therapy
(patients receiving EGFR-targeted monoclonal antibodies in combination with
first-line chemotherapy) was not confirmed by different studies that have found an
association between BRAFV600E mutations and poor prognosis in mCRC [316,
319]. KRAS gene amplification has been involved in resistance to cetuximab in
functional genetics experiments and has been associated with lack of response to
anti-EGFR treatment [326, 327]. It has recently been proposed that other mecha-
nisms of KRAS activation, such as overexpression by amplification and/or tran-
scriptional changes, may also contribute oncogenesis and/or therapeutic resistance.
KRAS copy number has been examined in gastric and colon cancer cell lines [328]
and non-small cell lung cancer [329, 330], and recently has been studied in a small
cohort of metastatic CRC patients [327]. It is becoming clear that increased KRAS
gene copy number is another way of deregulating KRAS activity, and is likely to
play a role in resistance to targeted treatment, and/or worse prognosis. Furthemore,
other gene amplification such as NRAS, BRAF, and C-RAF are found at at a very
low prevalence (<1 % cases for individual genes) through analysis from the TCGA
colorectal cancer database [331, 332], but the clinical relevance of these findings
is unknown. A very recent study has found that that patients bearing BRAF codons
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594 or 596 mutated tumors had markedly longer overall survival (OS) when com-
pared with patients bearing BRAF VO60OE mutated tumors [333]. Genetic aberra-
tions of the RTK ErbB2 and MET have been shown to bypass EGFR signaling and
activate the MEK-ERK cascade. C-ErbB2 (HER-2/neu) gene amplification, and
consequent overexpression on the protein level, is associated with a small fraction
of RAS and BRAF wild-type mCRC patient-derived xenografts that were insensi-
tive to cetuximab treatment [325]. Concordant data were obtained by Yonesaka
and colleagues [334], who showed that activation of EebB2 signaling, dependent
on either gene amplification or overproduction of the ErbB3 ligand heregulin, was
present in a subset of patients with mCRC exhibiting de novo resistance to cetux-
imab-based therapy. The c-MET gene is amplified in small portion of RAS and
BRAF wild-type mCRC patient—derived xenografts that were insensitive to cetux-
imab treatment mCRC [335]. Additional molecular alterations of genes including
PI3K-AKT-PTEN could also involved in the response to EGFR-targeted mono-
clonal antibodies. In CRC, Phosphoinositide-3-kinase-Catalytic-alpha (PIK3CA)
is altered mainly through activating point mutations in about 10-30% of CRC
[336] but also PIK3CA amplification, although very rare, was reported. A PIK3CA
mutation was also observed in a very advanced tubulovillous adenoma greater than
5 cm in diameter, suggesting that PIK3CA mutations arise late in colorectal tumor-
igenesis. The large majority of PIK3CA mutations cluster in two conserved regions,
the helical domain (encoded by exon 9) and the kinase domain (encoded by exon
20). The hotspot mutations E542K and E545K (in exon 9), and H1047R (in exon
20), are non-synonymous missense mutations that confer a constitutive kinase
activity to the protein. Rare mutations may also occur in exons 6 and 7 [337]. In
CRC PTEN is altered through a mixed genetic/epigenetic mechanisms (intragenic
mutation/epigenetic or 10q23 loss of heterozigosity (LOH)/epigenetic), which lead
to the biallelic inactivation of the protein in 20-30 % of cases. In addition to PTEN
LOH and mutations, PTEN promoter hypermethylation is a frequent event in MSI
sporadic CRC and may constitute an important epigenetic mechanism of PTEN
inactivation in this setting [338]. Moreover, PIK3CA and PTEN alterations (around
10-15 % overall) often co-occur with KRAS or BRAF mutations [331, 332, 339,
340] a feature that further complicates their assessment. In summary, the role of
PIK3CA mutation and PTEN status in conferring resistance to EGFR-directed
therapy in colorectal cancer remains highly controversial. Finally, nongenetic
mechanisms can play a crucial role in resistance to EGFR blockade. In one report,
it has been demonstrated that only a fraction of cells derived from biopsies of
patients who relapsed upon cetuximab or panitumumab therapy, carred RAS muta-
tions, suggesting that wild-type cells can also survive the treatment [341]. This
finding suggests that nongenetic mechanisms could also play a role in driving
acquired resistance to EGFR blockade. For example, a recent report [342] shows
that sensitive (wild-type) cells can survive during the cetuximab treatment in pres-
ence of their resistant derivatives. Notably, it was found that cells bearing acquired
RAS mutations oversecrete the EGFR ligands TGFa and amphiregulin, which pro-
tect the surrounding wild-type cells [342, 343]. This paracrine network could
potentially be targeted to increase the efficacy of anti-EGFR therapies.
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2.5.3.2 Mechanisms of Secondary Resistance to Anti-EGFR Therapy

In a study, Montagut and colleagues [344] found a point mutation in the extracel-
lular domain of EGFR (S492R) in a colorectal cancer cell line that resulted resistant
to cetuximab. This mutation was also found in very few patients at relapse after
cetuximab treatment. Patients, carrying S492R mutation at relapse, could be treated
with panitumumab, since this mutation does not interfere with its binding.
Additionally, these authors found a patients with such mutation after cetuximab
treatment who responded transiently to panitumumab therapy.

ErbB2 or MET gene amplifications are involved in acquired resistance to EGFR
blockade in cell models and patient samples [334, 335]. Several reports confirmed
the initial results on the emergence of MET gene amplification in patients who
develop acquired resistance to EGFR blockade [345, 346]. The secondary resis-
tance to anti-EGFR therapy in colorectal cancer is linked to the KRAS gene point
mutations and gene amplification such as to NRAS and BRAF mutations [347—
349]. A study was performed on circulating cell-free tumor DNA derived from
plasma samples of patients with colorectal cancer at relapse. Mutations in KRAS
(codons 12 or 13) and BRAF (V600E) were found in two patients [349]. Furthermore,
mutations in the kinase domain of EGFR (codons 714 and 794) were identified in
other two patients.

2.5.3.3 Other Mechanisms of Resistance

Bertotti et al. have identified HER2 gene amplification as a potential mechanism of
resistance to cetuximab in mCRC that harbor normal, wild type K-Ras/N-Ras/Braf/
PIK3CA genes. Furthermore, the amplifications of HER2 and increased expression
level of heregulin have been identified in cetuximab-resistant cell lines [325]. A role
for Insulin-like Growth Factor Receptors (IGFR) in acquired resistance to EGFR
targeting therapies is suggested by a study in A431 cells where exposure to increas-
ing amount of gefitinib resulted in a gefitinib-resistant cell line with increased sig-
nalling via the Insulin-like Growth Factor 1 Receptor/Insulin Receptor Substrate
1/(IGF-1R/IRS-1)/PI3K pathway [325]. Notably, gefitinib resistant cells were also
resistant to erlotinib and cetuximab, suggesting that IGF-1R up regulation may con-
fer resistance to both antibody and small molecule TKI EGFR inhibitors. Finally,
the combinatorial inhibition of IGF-1R and EGFR has been shown to enhance the
efficacy of EGFR inhibitors in a variety of cancer cells in vitro [350-353].
Importantly, as for c-MET, antibody-based therapies which target the IGFR such as
AMG 479, are currently in clinical trials including a phase II study in combination
with the EGFR-targeting antibody, panitumumab, in advanced colon. Many reports
suggest that Sphingosine Kinase 1/Sphingosine 1-Phosphate (SphK1/S1P) signal-
ling is involved in the resistance of cancer cell to both chemotherapy and radio-
therapy. More recently, higher levels in SphK1 expression have been observed to
correlate with worse outcomes in a cohort of breast cancer patients [354]. In addi-
tion, it has been shown that enforced overexpression of human SphK1 in MCF-7
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cells increases the resistance to tamoxifen of breast cancer cells, whereas the initial
sensitivity to drugs is replaced through SphK1 knockdown [354]. A recent studies
elucidated the molecular mechanism by which SphK1 induces the acquisition of
resistance to the anticancer agent cetuximab in colorectal cancer cell lines. SphK1
know-down by both pharmacological inhibitor or silencing via siRNA in resistant
cells restores sensitivity to cetuximab, whereas exogenous SphK1 overexpression
in sensitive cells confers resistance to these agents. Moreover, treatment of resistant
cells with fingolimod (FTY720), a SIP receptor (S1PR) antagonist, resulted in
resensitization to cetuximab both in vitro and in vivo, with inhibition of tumor
growth, interference with signal transduction, induction of cancer cells apoptosis,
and prolongation of mice survival [355, 356].

2.5.3.4 Resistance to Angiogenic Inhibitors

Despite proven clinical benefit, virtually all mCRC patients receiving antiangio-
genic therapy in the front-line setting eventually relapse. It is now recognized that
tumors employ a number of mechanisms to escape (evade) anti-VEGF therapy,
which are distinct from classic chemotherapy resistance. Proposed mechanisms of
anti-VEGF escape include: (1) Increased production of VEGF by the tumor in
response to treatment; (2) Upregulation of other proangiogenic growth factors (e.g.,
platelet-derived growth factor [PDGF], fibroblast growth factors [FGF], Ephrin-Al,
angiopoietin-1) with concurrent downregulation of endogenous angiogenic inhibi-
tors (e.g., endostatin, thrombospondin); (3) Cooption of existing blood vessels that
are less susceptible to VEGF blockade; (4) Transformation of the tumor vasculature
towards a more mature, less VEGF-dependent phenotype; (5) Contribution of
VEGF and other growth factors by host stroma; and (6) Genetic selection for tumor
cells exhibiting increased resistance to both hypoxia and chemotherapy [357-361].
In order to underlie molecular mechanisms during the hypoxia, it has been demon-
strated that the Hypoxia-inducible factor 1o (HIF-1ar) increased expression level
induces the release of basic Fibroblast Growth Factor (bFGF). Such release further
augments these hypoxic inductions through the PI3K and MEKI1/ERK pathway
[362]. In addition, under hypoxic conditions, PD98059 (a MEK 1,2 inhibitor) is able
to suppress the HIF-1 activation, suggesting that the ras signaling cascade may also
be involved in the resistance to anti-VEGF agents. Furthermore, a bFGF inhibitor
(brivanib, BMS-582664) can significantly resume both angiogenesis and tumor pro-
gression in mouse resistant bevacizumab model of pancreatic islet [363]. Currently,
only very few drugs are available to target the FGF receptor. Thus far, brivanib has
been evaluated in combination with cetuximab in a phase I trial of patients with
chemorefractory gastrointestinal malignancies. A recent study has been conducted
on 34 patients with advanced or metastatic colorectal cancer (five patients (15 %)
had a PR (palliative resection) and 19 patients (56 %) had stable disease) [364]. In a
subsequent analysis, this effect was restricted to wild-type K-Ras tumors [365]. The
phase III trial is evaluating the combined use of brivanib and cetuximab without
chemotherapy in second/third-line therapy [366]. Thus, it is possible to improve the
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efficacy of antiangiogenic therapies by suppressing bFGF-induced vascular
regrowth. Another important cellular mechanism, underlying refractoriness to anti-
VEGF therapy, has represented recruitment of CD11b+Gr1+ myeloid cells into the
tumor tissue [367]. Broad-spectrum TK inhibitors, including sunitinib and sorafenib,
also exhibit myeloid suppression by inhibiting c-KIT and fit-3 kinase (Fms-like
tyrosine kinase 3) activation [368]. In addition, Granulocyte Colony-stimulating
Factor (G-CSF) and Bv8 (prokineticin 2) show the strongest correlation with refrac-
toriness to anti-VEGF in different tumor models [369]. Administration of anti-Bv8
mAb resulted in reduced tumor angiogenesis and growth, and was additive to anti-
VEGF mAb in refractory tumors. Strikingly, anti-G-CSF treatment reduced circu-
lating and tumor-associated myeloid cells to the levels detected in mice bearing
sensitive tumors [370]. Another recent paper shows Notch-1 was significantly up-
regulated in regorafenib resistant colon cancer (Reg-R-SW480 cells) as well as
HEST (hairy enhancer of split 1) and HEY (Hairy/E (spl)-related (Hey) gene family
members with YRPF motif). Additionally, inhibition of Notch-1 in resistant cells
partially restored sensitivity to regorafenib treatment in vitro. Collectively, these
data suggest a key role of Notch-1 in mediating the resistant effects of regorafenib
in colorectal cancer cells [371]. Research has also shown that tumor vasculature can
regrow aggressively soon after anti-VEGF therapy is halted. Therefore, discontinu-
ing anti-VEGF therapy in the face of tumor growth could initiate even more rapid
disease progression. Several strategies being explored to combat anti-VEGF treat-
ment evasion include the use of dual antiangiogenic agents that target different
growth pathways, sequencing of drugs, and using single agents that target multiple
pathways such as regorafenib.

2.5.4 Kidney Cancer

With an incidence of about 2 % of all solid tumors, cancer of the kidney is not as
common as breast or prostate cancer. However, it still claims 116,000 lives every
year out of the 274,000 new cases diagnosed worldwide. The most common form of
renal cancer is the conventional (clear cell) renal cell carcinoma (CCRCC). It con-
stitutes 75 % of all renal carcinomas.

2.5.4.1 Intrinsic Resistance in ccRCC

Huang et al. have published an article where they believe that sunitinib targets
mainly ccRCC endothelium and it inhibits tumor growth in this way [372]. However,
Adelaiye et al. treated mice bearing two different patient-derived ccRCC xenografts
(PDX) with a dose-escalation schema (40-60-80 mg/kg for 5 days in a week.
Subsequently, they found that PDXs, although initially responsive to sunitinib at
40 mg/kg, eventually developed resistance. The tumor growth was blocked after an
increased dose of sunitinib in PDXs. A resistant phenotype was correlated to both
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with transient increase of tumor vasculature and changes in the expression of the
methyltransferase EZH2. The stable transfected cells, 786-0shEZH2_D were treated
with specific EZH?2 inhibition, the antitumor effect of sunitinib increased in this cell
line. Thi data suggest that epigenetic changes could be correlated with sunitinib
resistance [373].

2.54.2 Epithelial-Mesenchymal Transition (EMT) Mechanism
and Tumor Associated Macrophages (TAMs) and Resistance

In 2011, Gotink et al. have shown that resistance to sunitinib is transient in cell line
models [374]. Such mechanism can be dependent on epithelial to mesenchymal
transition (EMT), where polarized epithelial cells convert into motile mesenchymal
cells. Reverse epithelial-mesenchymal transition and acquired resistance to suni-
tinib were investigated in ccRCC in xenograft studies. A histological examination
from 2011 showed that EMT may be associated with acquired resistance to TKISs.
Consistent with these findings, Hammers et al. [375] have demonstrated in trans-
planting sunitinib resistant cells (obtained from ccRCC skin metastasis biopsy) into
nude mice, that density of microvessels was reduced. Moreover, mesenchymal
marker, vimentin, as well as HIF-1a (which is involved in cell adaptation to the state
of hypoxia; this, in return, induces VEGF and PDGF expression) had an elevated
expression correlated with Sonic hedgehog signaling (Shh). Behnsawy et al. found
that ccRCC is dependent on Shh signaling that induces EMT markers, such as
E-cadherin [376]. Furthermore, Tumor-associated macrophages (TAMs) are also
involved in the process of epithelial mesenchymal transition. Macrophages are a
heterogeneous population of cells derived from monocytes. They show two differ-
ent polarization states, M1 and M2 macrophages, in response to different microen-
vironmental signals. M1 macrophages are proinflammatory and characterized by
the release of mainly inflammatory cytokines and microbicidal/tumoricidal activity.
M2 macrophages have an immunosuppressive phenotype and are polarized by anti-
inflammatory molecules such as Interleukin-4, -3 and -10 (IL-4, IL-13, and IL-10),
apoptotic cells, and immune complexes. M2 macrophages release anti-inflammatory
cytokines and have scavenging potentials as well as supporting angiogenesis and
tissue repair. Monocyte/macrophage cells are important for tumour cell migration,
invasion and metastasis. TAMs represent the M2-type and promote tumour progres-
sion [377, 378]. Monocytes are actively recruited to the tumour stroma, and high
infiltration of TAMs in many tumour types correlates with lymph node involvement
and distant metastasis [379]. Experimental studies show that inhibition of macro-
phage infiltration in tumours may inhibit metastasis and progression of secondary
tumours [380, 381]. The clinical significance of macrophage infiltration in tumour
stroma, however, is still controversial. High infiltration of TAMs is correlated to
poor prognosis in different cancer including breast, prostatic, ovarian cervical car-
cinoma and ccRCC. TAMs contribute to angiogenesis, lymphangiogenesis and
tumour progression by expressing pro-angiogenic growth factors such as Matrix
Metalloproteinase 12 (MMP-12), IL-1, VEGF and IL-8 [382, 383]. Clinical studies
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have shown that increased infiltration of TAMs in ccRCC tumours is associated
with high micro-vessel density and poor prognosis. Dannenmann et al. state that
ccRCC may even attract these macrophages when they are still undifferentiated and
‘change’ them into M2 phenotype. Their analysis confirmed that only M2, but not
M1 macrophage phenotype is associated with more advanced tumor stage [384]. All
in all, TAMs are key components in EMT process and represent a promising target
for anti-ccRCC therapy.

2.5.4.3 Other Mechanisms of Resistance

Huang et al. showed that an elevated expression of interleukin-8 in sunitinib resis-
tant ccRCC cells However, the co-administration of IL-8 neutralizing antibody and
sunitinib rendered sensitive cells resistant to TKIs treatment [385]. In addition, the
authors did not find mutations in FLT1 (VEGFR-1), KDR (VEGFR-2), FLT4
(VEGFR-3), PDGFR-a, PDGFR-f, c-KIT, and RET genes. This means that proba-
bly resistance to TKIs is mediated via VEGF/VEGFR mutation-independent mech-
anism [386]. The ‘angiogenic switch’ was documented not only in the in vitro, but
in the in vivo studies as well in ccRCC animal models.

Pericytes physically surround the capillary endothelium, contacting and com-
municating with associated vascular endothelial cells via cell-cell and cell-matrix
contacts. Pericyte—endothelial cell interactions thus have the potential to modulate
growth and function of the microvasculature. They are well-known to stabilize
blood-vessel endothelial cell function both during homeostasis and tumour-
associated angiogenesi For this reason, they can play a crucial role in pathological
over-angiogenesis of tumors and therefore are now potentially new therapeutic tar-
gets, especially for such well-vascularized tumors as clear-cell renal cell carcinoma
[387,388].In 2013, Cao et al. have showed that higher number of pericyte-generated
microvessels in serum is associated with much more aggressive type of ccRCC and
with its higher resistance to treatment as well [389]. Recent data revealed that suni-
tinib is sequestered in lysosomes during treatment of clear-cell renal cell carcinoma.
Gotink et al. have observed that this drug was concentrated in acidic lysosomes.
This mechanism was assessed as reversible and mainly connected with sunitinib
because of its chemical features [390].

2.5.5 Bladder Cancer
2.5.5.1 Mechanism of Resistance in Bladder Cancer

In one study, activation of glycogen synthase kinase-3f (GSK-3p) predicted sensi-
tivity to gefitinib [391]. Sensitivity to gefitinib in gefitinib-resistant cell lines is
associated with the inhibition of PDGFRp. This study reported that the mechanism
of resistance to gefitinib in a subset of bladder tumors is correlated with PDGFRf
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upregulation, that is able to switch off GSK-3f expression by passing EGFR signal-
ing. In another study, the authors showed that growth inhibition during gefitinib
treatment is correlated with both p27 protein expression and decreased cyclin-
dependent kinase 2 (cdk2) activity [392]. Furthermore, it has also been found that
some bladder cancer cell lines can respond differently to cetuximab treatment.
These data can be associated with mutations in EGFR or differential expression of
molecules that are able to modulate EGFR activity. In particular, the loss of
E-cadherin correlates to resistance to cetuximab in some cell lines [393]. In another
study, the authors were found that the resistance to gefitinib and lapatinib in
UM-UC-5 cells is linked to inhibition of EGFR, HER3, MET and ERK1/2 and acti-
vation of p53 phosphorylation [394]. In addition, Knievel et al. reported the mecha-
nism of resistance in different bladder cancer cell lines treated with sorafenib [395].
The results demonstrate that sorafenib inhibits MAPK signaling only to a limited
degree in T24 cells that carry a known activating HRAS mutation. Such result may
be attributed to the so called “RAF inhibitor paradox™ [396, 397]. Even though RAS
proteins are upstream activators of RAF proteins, RAF inhibitors are poorly active
and can even exert paradoxical effects in cell lines with RAS mutations [396]. Of
note, another study showed that efficacy of sorafenib was also lower in T24 cells
when compared to two other Urothelial Cancer Cell Lines (UCCs) [398]. Moreover,
a more detailed reports detected that this drug did not inhibit such pathway in the
very sensitive cell line, VMCubl. These results were correlated with physiological
feedback effects within the MAPK signaling pathway [399], which contribute to the
RAF inhibitor paradox, but also occur during normal responses to growth factors. In
addition, the crosstalk between the MAPK and the PI3K-pathway may attenuate
sorafenib effects In an experiments study, this crosstalk resulted in an increased
AKT phosphorylation in T24 cells [400]. Additionally, such drug is able to induce
a cell cycle arrest but a limited degree of cell death in UCCs, when it is used at high
concentrations. These results may depend on multiple mechanisms, including the
expression of anti-apoptotic proteins like Myeloid cell leukemia-1(Mcl-1), B-cell
lymphoma-extra large (Bcl-X;) and c-FLIP [401].

2.5.6 Prostate Cancer
2.5.6.1 Mechanism of Resistance in Prostate Cancer

Prostate cancer (PC) has been mostly associated to the EGFR dysfunction, which
after its activation induces cell survival, proliferation, invasion, metastasis, and thus,
drug resistance [402, 403]. Furthermore, PC drug resistance can also occur through
downstream EGFR genetic mutations, such as the KRAS, which in turn could acti-
vate the EGFR in an autocrine manner [404, 405]. One study found that the continu-
ous in vitro exposure of the phosphatase and tensin homologue (deleted from
chromosome 10)-negative prostate cancer PC3 cell line to gefitinib resulted in a
sustained growth inhibition of 50 % for about 2 months, but afterwards the surviving
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cells resumed their usual proliferation rate. During chronic treatment, gefitinib-
treated cells developed drug resistance undergoing a GO/G1 cell cycle arrest, with a
corresponding reduction in the G2/M cells without evident cell apoptosis, and thus
a tyrosine kinase inhibitor-resistant (TKI-R) PC3 cell subline was isolated. TKI-R
cells show (i) an increment in basal ERK activation, (ii) an epidermal growth factor-
mediated and gefitinib insensitive ERK phosporylation, (iii) increased levels of
Her2/Neu, (iv) a significant decrement in EGFR expression, (v) a very low sensitiv-
ity against EGFR TKIs and blocking antibodies, (vi) a moderate increase in the
sensitivity to growth inhibition by the Her2 inhibitor, AG825 or by 2C4, the human-
ized monoclonal antibody which blocks Her2 heterodymerization, (vii) an increased
expression of the neutrophine receptors, Tropomyosin-receptor-kinase A and B
(TrkA and TrkB), and (viii) a significantly increased sensitivity to growth inhibition
by the TrkA inhibitor, CEP701 [406]. IL-6 plays a critical role in prostate cancer
pathogenesis at the molecular level [407] and its upregulation is associated with
disease progression in patients [408, 409]. A report demonstrated that IL-6 increased
in both in-vitro and in-vivo in the presence of TKISs in resistant PC-3 cells but not in
TKI-sensitive DU-145 cells. These findings suggest that IL-6 may represent a bio-
marker for TKI resistance in patients with castration-resistant prostate cancer
(CRPC) [410]. Finally, Siu et al. showed that miR-203 expression suppresses bone
metastasis and induces apoptosis in TKIs-resistant Ras-activated prostate cancer
cells in which miR-203 is down-regulated by EGFR signaling. The authors deter-
mined that the 3" UTR of the mRNAs of EGFR ligands (EREG and TGFA) and
anti-apoptotic proteins (APIS5, BIRC2, and TRIAP1) are direct targets of miR-203.
Importantly, inhibition of miR-203 induced both cell invasion and resistance to
TKIs treatment in prostate cancer cells, implying a dominant biological function for
miR-203 in the EGFR network. These data suggest regulatory mechanisms whereby
tumors with low miR-203 output, have an increase in EGFR ligands (EREG and
TGFA) and anti-apoptotic proteins (API5, BIRC2, and TRIAP1) expression, result-
ing in prostate cancer bone metastasis and TKIs resistance [411]. However, differ-
ent anti-angiogenic drugs have been tested in phase II and III trials in prostate
cancer patients [412], including sunitinib and sorafenib. These two drugs are small
molecule inhibitors of multiple intracellular and receptor protein kinases such as
VEGFRs, PDGFR, cKIT and RET, expressed on the cell membrane. In addition,
sorafenib is also able to directly target on the RAF intracellular pathway [413].
Several experiments have shown the difference between “normal” endothelial cells
and endothelial cells within a tumor-context [414]. Studies have also revealed dis-
tinct gene expression profiles of tumor-derived endothelial cells (TECs) and identi-
fied cell-surface markers distinguishing tumor vs. normal endothelial cells [415]. In
particular, the chromosomal instability is the most remarkable abnormality TECs
[416], that express embryonic genes [417—419]. Finally, such cells show an
increased survival, proliferation and angiogenic properties [417], as well as resis-
tance to chemotherapeutics [418]. In a recent study, the authors have isolated and
characterized three lines of TEC from three different prostate cancer human sam-
ples (PTEC). Moreover, they evaluated the effect of two anti-angiogenic drugs,
sunitinib and sorafenib, on typical aspects of the angiogenic process such as the
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ability to form functional blood vessels in vivo, in vitro proliferation, survival, tubu-
logenesis and motility. They found a resistant behavior of endothelial cells isolated
from prostate cancer to sorafenib, but not sunitinib [419].

2.5.7 Breast Cancer
2.5.7.1 Mechanism of Resistance in Breast Cancer

The heterogeneity of breast cancer requires therapies tailored towards each patient’s
molecular profile. Such individual approaches are currently applied within preci-
sion medicine. As molecular profiles change with tumour development and under
drug treatment, latest therapy approaches imply sequential application of targeted
therapies guided by biomarker changes [420]. HER?2 is such a biomarker including
its downstream targets such as mTOR. Specific therapeutics were designed to pre-
vent HER2 induced deregulated protein signalling, contributing to tumour progres-
sion. The monoclonal antibody drug trastuzumab has especially been designed to
target HER2 [421]. Trastuzumab is a monoclonal antibody that binds to the extra-
cellular domain of ErbB2. FDA approved the use of trastuzumab in clinics in 1998.
Several publications have shown that in conjunction with adjuvant chemotherapy,
trastuzumab lowers the risk of recurrence in ErbB2 positive breast cancer patients,
compared to chemotherapy alone [422] and has significant effect on patient survi-
vorship [423]. So it is in general combined with chemotherapy. The improved out-
come due to the addition of trastuzumab is not completely understood. Besides
inhibition of HER2, its dimerisation and cleavage, it has been associated with dif-
ferent mechanisms of action. These include inhibition of downstream signal trans-
duction pathways like PI3K, antibody-dependent cellular cytotoxicity (ADCC),
induction of cell cycle arrest and apoptosis or inhibition of tumour angiogenesis
[424]. Pertuzumab prevents the formation of HER2 dimers, especially the most
potent ones including HER3. The combination with trastuzumab-based chemother-
apy is synergistically associated with improved clinical outcomes and was approved
as neoadjuvant therapy for HER2-positive breast cancer in 2013 [425]. The small-
molecule inhibitor erlotinib targets the intracellular tyrosine kinase domain of
EGFR and is already in use against non-small cell lung cancer [426] and pancreatic
cancer [427]. However, targeted therapeutics are limited in their success to inhibit
the oncogenic signalling of overexpressed or mutated ErbB receptors. Frequently,
therapy resistance occurs [428], often due to deregulated pathway activity [429,
430] or bypasses of pathway blockades via other RTKs, especially ErbB family
dimers [431]. EGFR in particular plays a major role in overcoming HER?2 targeting.
Resistance to trastuzumab is a major problem in treating HER2-positive breast can-
cer. So-called intrinsic (also termed primary or innate) resistance is preexistent to
drug treatment, e.g. due to mutations like PIK3CA [432]. Acquired resistance on the
contrary is developed over time induced by diverse mechanisms, e.g. due to molecu-
lar changes, despite initial drug response. Possible resistance mechanisms involve
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overexpression of EGFR, HER2 or HER3, which is accompanied by alternative cell
signalling via different ErbB dimers. Alternative signalling pathways can be further
induced by MET receptor or insulin-like growth factor 1 receptor (IGF-IR). Other
mechanisms include constitutive PI3K pathway activation due to mutations in the
PIK3CA gene or PTEN loss, steric hindrance of HER2-antibody interaction or
overexpression of TGF-a, HRG or VEGF [424]. To overcome resistance in the
treatment of HER2-positive breast cancer, diverse novel drugs are in development.
The small molecule tyrosine kinase inhibitor lapatinib and the HER2/3 antibody
pertuzumab for example paved the way for improved therapeutic strategies [433].
These drugs can target either EGFR or both EGFR and ErbB2 receptors. Among
these inhibitors, gefitinib and erlotinib target only one receptor, EGFR, while newer
FDA approved drugs, such as lapatinib target both EGFR and ErbB2. Increased
expression of EGFR and ErbB2 occurs in about 30 % of breast cancers and since
these two receptors are heterodimer partners, strategies in which the use of drugs
like lapatinib or combination of drugs are being considered for clinical trials.
Several studies have shown that targeting both EGFR and ErbB2 may have syner-
gistic effects on proliferation for the BT474 and SkBr3 breast tumor cell lines [434].
In phase I clinical studies, lapatinib was tolerated up to 1800 mg once daily in breast
cancer patients, with side effects of diarrhea, nausea, rash, fatigue, anorexia, and
vomiting. Clinical activity was observed at a minimum of 650 mg/day [435]. A
phase II trial showed that lapatinib was effective in approximately 20 % of patients
with ErbB2-positive metastatic breast cancer who had not received first-line chemo-
therapy [436]. In a phase III trial, it was demonstrated that women with ErbB2-
positive metastatic breast cancer benefit from lapatinib, whereas ErbB2-negative
breast cancer did not [437]. In 2007, FDA approved lapatinib for use in combination
with capecitabine for patients (previously treated with anthracycline, taxane, or
trastuzumab) who have metastatic breast cancer that overexpresses ErbB2 [438],
after several phase III trials that demonstrated the synergistic effect compared to
either alone [439]. Lapatinib offers improvements over trastuzumab. Aside from its
specificity to EGFR and ErbB2, lapatinib induces apoptosis in trastuzumab-resistant
breast SkBr3 cancer cells [48]. In 2009, Scaltriti et al. showed that lapatinib
enhances the effects of trastuzumab in MCF7 and SkBr3 breast cancer cell lines
[440]. Additionally, lapatinib’s anti-tumor activity was observed in Japanese
patients with ErbB2-positive metastatic breast cancer that relapsed after trastu-
zumab-based therapy [441]. Furthermore, several studies demonstrated synergistic
effects for lapatinib in combination with trastuzumab in xenograft tumor reduction
[441, 442]. Therapeutic efficacy of lapatinib in patient populations is limited by
both primary and acquired resistance. Multiple phase II trials have revealed that
only 20-35 % of patients with ErbB2-positive metastatic breast cancer respond to
lapatinib [442]. Similar to trastuzumab, the medium duration of response to lapa-
tinib is less than 1 year [443]. Thus, lapatinib resistance is a vital issue, especially
considering ErbB2 is used as a biomarker to initiate Lapatinib treatment in patients.
However, the mechanisms of drug sensitivity and acquired resistance are not fully
understood at this time. In an in vitro model, it was discovered that lapatinib resis-
tance in BT474 breast tumor cells was mediated in part by estrogen receptor (ER)
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and progesterone receptor (PR) signaling upregulations in response to lapatinib,
with evidence in increased activity in FOXO3a and caveolin-1, as well as Bcl-2
anti-apoptotic protein [444]. Furthermore, ErbB2+/ER+ tumor biopsies after 14
days of lapatinib treatment also reflect increased expression of FOXO3a, PR, and
Bcl-2. Consequently combinational treatment with tamoxifen demonstrated resis-
tance prevention, suggesting such therapeutic approach is appropriate for ErbB2+/
ER+ patients [444]. Within the past decade, many studies have investigated EGFR/
ErbB2 tyrosine kinase inhibitors and the development of subsequent resistance fol-
lowing treatment in lung and breast cancer patients. The major contributing factor
was identified as mutations in the kinase domain of EGFR and/or ErbB2. Another
study by Tam et al. identified mutations in EGFR which confer different degree of
sensitivities to gefitinib in lung adenocarcinomas [445]. These studies confirmed
that mutations in EGFR and ErbB receptors may confer anti-ErbB drug resistance.
Some groups proposed the activation of alternate pathways when EGFR and ErbB2
are inhibited as the sources of resistance. Recent studies have suggested a role for
signal transducer and activator of transcription 3 (STAT3) in anti-ErbB resistance.
In 2005, Greulich et al. observed that cell lines harboring EGFR mutations have
increased levels of phosphorylated STAT3 which correlated with gefitinib sensitiv-
ity [208]. A recent study shows that both gefitinib and lapatinib block doxorubicin,
etoposide, and m-AMSA induced apoptosis in SK-Br-3 HER2-amplified breast can-
cer cell line after longer exposure (48 h) by downregulation of the expression and
activity of Topo Ila [446]. Additionally, in another study, mammary-derived growth
inhibitor (MDGI) was shown to confer cetuximab resistance in both breast and lung
cancer cell models by stimulating the intracellular localization of EGFR [447].
Finally, the gatekeeper T798M mutation in HER2 kinase domain has been observed
to considerably shift drug sensitivity to HER2 in breast cancer therapy. A recent
report found that TKIs can be grouped into three classes in terms of their response
behavior to T798M mutation: class I inhibitors exhibit drug resistance upon the
mutation, such as lapatinib; class II inhibitors are insensitive to the mutation, such
as erlotinib and gefitinib; and class III inhibitors can be sensitized by the mutation,
such as staurosporine. However, kinetic study indicated that the mutation has only a
modest effect on the binding of substrate ATP to HER2 using a synthetic biology
protocol for a drug response of clinical TKIs to the mutation [448].

2.5.8 Ovarian Cancer
2.5.8.1 Mechanism of Resistance in Ovarian Cancer

Ovarian cancer is a leading cause of cancer death among women. Currently, surgery
and chemotherapy are the standard of care for ovarian cancer patients. Despite an
initial response to chemotherapy, patients tend to develop chemoresistance over
time, which leads to poor prognosis Understanding the molecular basis of chemore-
sistance will aid in identification of new targets for ovarian cancer treatment, which
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will eventually improve patient outcomes. Platinum-based agents form the first-line
chemotherapy for ovarian cancer patients. Ovarian cancer microenvironment con-
tributes to tumor growth, angiogenesis, dissemination, and chemoresistance. One of
the critical factors in ovarian cancer microenvironment is VEGF, which is a key
regulator of angiogenesis and is associated with poor prognosis, and chemoresis-
tance [449]. Bevacizumab, a monoclonal antibody against VEGF, has been tested in
platinum-resistant recurrent ovarian cancer as an adjuvant therapy with chemother-
apy in a phase III clinical trial. The combination therapy prolonged tumor progres-
sion free time even though it has not shown significant benefits in overall survival
[450]. Clinical and molecular findings suggest that ovarian cancer represents a
group of heterogeneous neoplasms [451]. Currently there are no differences in treat-
ment strategies among various types of ovarian cancer, however it is becoming evi-
dent that the inherent variances of ovarian cancer influence treatment efficacy and
development of therapeutic resistance [452]. Epithelial tumors account for approxi-
mately 90 % of primary malignant ovarian cancer. Historically, epithelial ovarian
cancer is classified into four major subtypes based on cell type, which include
serous, endometrioid, clear cell, and mucinous subtypes [453]. Next generation
sequencing revealed that both high-grade serous ovarian carcinoma (HGS-OvCa)
and endometriod carcinoma can be further divided into various groups according to
gene expression profiles [454, 455]. Yet the genetic drivers and corresponding bio-
logical features have not been well characterized in these subgroups. Previous
molecular data suggests that the four major subtypes have distinct genetic altera-
tions. For example, K-RAS gene mutations are found in about 85 % mucinous ovar-
ian adenocarcinomas, but are much less frequently observed in other subtypes of
ovarian carcinoma [456]. In addition to the VEGF inhibitors, the EGFR has emerged
as an attractive target. Several therapy that target the EGFR in gynecologic cancers
have included monoclonal antibodies (trastuzumab, pertuzumab, EMD7200) and
tyrosine kinases inhibitors (gefitinib, erlotinib, lapatinib and CI-1033). Different
studies examined trastuzumab in patients with ovarian cancer who reported a low
response rate [457—460]. Gordan et al. [461] showed the clinical activity of pertu-
zumab in patients with advanced ovarian cancer: there were five patients had a
partial responses, eight patients had stable disease lasting at least 6 months, and 10
patients had a CA-125 reduction of at least 50 %. Different trials have been com-
pleted such as the EORTC (erlotinib as maintenance therapy following first-line
chemotherapy in patients with ovarian cancer (NCT00263822) and a phase II open
label trial of erlotinib and bevacizumab conducted in patients with advanced ovarian
cancer (NCT00696670). Schilder et al. [462] reported that mutations in the EGFR
tyrosine kinase domain occurred in 55 ovarian cancer patients following gefitinib
treatment. Other studies [458—462] suggested that patients with platinum resistant
disease and low levels of HER3 mRNA might benefit from pertuzumab. Several
clinical studies are exploring the combination of EGFR inhibitors and VEGF inhibi-
tors [463]. Furthermore, PDGFR is upregulated in 50-80 % of ovarian tumors [464]
and for this reason different trials have been conducted in patients with ovarian
cancer with PDGFr inhibitors [465].
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2.5.9 Liver Cancer
2.5.9.1 Mechanism of Resistance in Liver Cancer

Acquired evasive resistance is a major limitation of hepatocellular carcinoma (HCC)
treatment with the TKIs. Recent findings suggest that resistance to sorafenib may
have a reversible phenotype. In addition, loss of responsiveness has been proposed
to be due to a gradual decrease in sorafenib plasma levels in patients. Several studies
have described the reversible mechanisms toward sorafenib in HCC using mice
bearing intrahepatic human xenografts of Hep3B-hCG cells [466]. In these mice,
sorafenib was able to block the cancer growth but the resistance to TKI occurred
after 1 month, and it was associated with the levels of the secreted urinary protein
tumor biomarker bhCG (b human chorionic gonadotropic hormone) and tumor
weight changes [467]. When the resistant tumor cells were reimplanted into new
hosts, the resultant tumors were completely resensitized to retreatment [467]. In a
very recent article, the authors treated the Hep3B-hCG mice model of HCC with
30 mg/kg sorafenib. They found that drug level changes were tumor dependent and
associated with the induction of tumoral CYP3A4 metabolism, In conclusion, tumor
CYP3A4 induction by sorafenib can play a crucial role in the variability of systemic
drug levels [468].

2.5.10 Glioma

Deregulation of EGFR signaling is associated with poor prognosis in various glio-
mas. There are multiple mechanisms that can lead to deregulation of EGFR signaling
in gliomas. Of these mechanisms, increased EGFR abundance is frequently found in
primary Gliobastomas (GBMs) and can be caused by gene amplification, increased
translation of the EGFR gene, or both. EGFR amplification occurs in 40-70 % of
primary GBMs, but is not observed in lower-grade astrocytomas [469], which indi-
cates that EGFR activation may drive tumorigenesis in primary GBMs. Focal EGFR
amplification occurs usually at an extremely high level (>20 copies). All primary
GBMs with EGFR gene amplification have concurrent EGFR protein overexpres-
sion, but only a subset (70-90 %) of tumors with EGFR protein overexpression also
show EGFR gene amplification, indicating that a fraction of GBM tumors show
increased receptor abundance in the absence of gene amplification [470]. EGFR
overexpression in primary GBMs is occasionally accompanied by increased abun-
dance of its cognate ligands, EGF and TGFa. This suggests the existence of an auto-
crine loop that results in unregulated chronic EGFR signaling. In addition to increases
in receptor and ligand abundance, activating mutations of EGFR have also been
found in GBMs. A number of deletion mutations that occur in the EGFR extracellu-
lar domain are exclusively found in GBMs. These include the mutants that encode
the EGFR type I and type II variants (EGFRvI and vII) [471, 472], which give rise to
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truncated proteins that are believed to be oncogenic. Other point mutations that also
reside primarily in the extracellular region of EGFR are identified in ~14 % of GBMs
[472]. These mutations include R84K and A265V/D/T at the domain I/II interface,
and P545L and G574V at the domain II/IV interface. Interestingly, these mutants are
constitutively active but still capable of binding ligand [472]. The cytoplasmic tail
deletion mutants EGFRVIV and vV are also found exclusively in GBMs [473]. These
mutations are thought to occur at a low frequency (~15 % of EGFR-overexpressing
GBMs) and may exhibit defects in receptor internalization. However, EGFRvIV and
vV can still bind ligand and have the potential to modulate oncogenic signaling path-
ways commonly elicited by wt EGFR [474]. The most common and best-studied
EGFR mutation found in GBM is the type III EGFR variant deletion mutant
(EGFRVIII). This mutation has not been observed in normal tissue [475], but has
been found in 20-30 % of overall GBM patients and 50-60 % in patients with EGFR
amplification GBM [476]. However, EGFRVIII is not reported to be as prevalent in
the secondary GBMs. Moreover, clinical studies have shown a correlation between
the presence of the EGFRVIII receptor and poor prognosis in patients with GBM
[477]. This mutant has similarities to the v-ErbB transforming protein of avian eryth-
roblastosis virus, which also is an EGFR-related auto-activating oncogene generated
by a large extracellular deletion. EGFRVIII activates several downstream pathways,
but a considerable amount of evidence indicates that it preferentially activates the
PI3K/AKT signal transduction pathway [478]. EGFRVIII expression is tightly cor-
related with the activation of downstream targets of PI3K/AKT, including the mam-
malian target of rapamycin (mTOR), the forkhead box (FOX) transcription factor
family and S6 [479]. EGFRVIII could activate CRTC2 via the PI3K/AKT pathway,
which in turn leads to stimulation of the NF-kB pathway and resistance to chemo-
therapy. Selective activation of the PI3K/AKT pathway by EGFRVIII is also thought
to mediate the resistance to radiation in EGFRvIII-positive GBM [479, 480].
Moreover, EGFRVIII signaling via the PI3K/AKT pathway may be facilitated by
associated loss or mutation of the PTEN gene, which occurs in approximately 40 %
of patients with EGFRVIII mutant GBM [480, 481]. The EGFRVIII signaling is also
thought to be associated with the enhanced signaling of angiogenesis in GBM cells.
The tumorigenicity of GBM cell lines can be increased by EGFRVIII transfection
[482-484]. Finally, both EGFRVIII and wt EGFR/ErbB family proteins have been
identified in the nucleus and are thought to drive proliferation and DNA damage
repair through both transcriptional and signaling functions [485]. Moreover, EGFR
is also observed to translocate to the mitochondria [486]. All these provide evidence
that the contributions of EGFR malignancy may not be limited to its conventional
cell membrane location.

2.5.10.1 General Mechanisms of Resistance to EGFR-Targeted Therapies

The molecular heterogeneity of glioblastoma endows the ability to escape mono-
therapy targeted to inhibit EGFR activation, such as TK inhibitors and monoclonal
antibodies, through activation of compensatory signaling through other receptor
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tyrosine kinases (RTK), most commonly MET and PDGFRa and § [487, 488].
Expression of EGFR and PDGFRa in distinct subpopulations of glioblastoma cells
demonstrates a mosaiclike pattern of intratumoral heterogeneity and inhibition of
both required to completely abrogate PI3K signaling [488, 489]. Likewise, expres-
sion of MET has been shown to compensate EGFR inhibition in glioblastoma cell
lines and inhibiting c-Met and EGFR restored sensitivity to treatment [489]. Another
potential explanation for reduced activity of TKIs and monoclonal antibodies in
glioblastoma relates to their relatively large size and difficulty crossing the blood-
brain barrier (BBB). While the BBB is compromised at the site of the tumor, intact
BBB surrounding normal tissue with infiltrating glioblastoma is more difficult to
access by such therapies, reducing overall anti-tumor efficacy. There is mounting
evidence that a population of glioma-initiating stem cells play an important role in
resistance to chemotherapy and radiotherapy, due altered DNA checkpoint activa-
tion and enhanced capacity for DNA repair [490, 491]. For example, cotreatment
with erlotinib and the hedgehog pathway inhibitor cyclopamine had an effect on
sphere initiation in glioblastoma stem cell cultures [492]. In line with these data,
two very recent studies have found two different proteins involved in acquired resis-
tance to EGFR TKIs such as urokinase plasminogen activator (uPA). This proteins
drives signaling through the MAPK pathway, which results in suppression of the
proapoptotic BCL2-family member protein BIM (BCL2L11). In patient-derived
GBM cells and genetic GBM models, urokinase plasminogen activator uPA is
shown to suppress BIM levels through ERK1/2 phosphorylation, which can be
reversed by siRNA-mediated knockdown of uPA. TKI-resistant GBMs are resensi-
tized to EGFR TKIs by pharmacologic inhibition of MEK or a BH3 mimetic drug
to replace BIM function. Whereas, GBM cells that overexpressing EGFR, became
gefitinib-resistant after addition of this drug. These resistant clones were subject to
RNAseq and the expression of several genes was found to be upregulated. These
genes are mainly tyrosine kinase receptors and include Reactive Oxygen Species 1
(ROS1), DDR1 and PDGFRa and are known to control several downstream targets
of EGFR.Treatment with a potent and highly specific pyrazole (ROS1) inhibitor in
ROS1 overexpressing clones led to a sensitization of these cells to low concentra-
tions of gefitinib. Combined treatment with gefitinib and ROS1 inhibitor induces
massive cell death by apoptosis following a prolonged S phase cell cycle [493, 494].

2.5.10.2 Resistance to Therapeutic Approaches Specifically Targeting
EGFRvIII

EGFRVIII has been described as a mediator of glioma cell resistance to chemothera-
peutic drugs in vitro through upregulation of the anti-apoptotic protein B-cell lym-
phoma—extra large [495, 496]. A report elucidated the relationship between
EGFRVIII expression and prolonged overall survival using tumor samples from 73
patients [497]. Furthermore, such study detected that EGFRvIII-negative neuro-
sphere cells are more resistant to temozolomide than EGFRvIII-positive cells, sug-
gesting that expression of EGFRVIII rather acts as a sensitizer to alkylating drugs.
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A subgroup of tumor cells within a glioblastoma with stem cell characteristics
expressed the putative stem cell marker CD133 in association with EGFRVIII [498].
Furthermore, in a small population of glioblastoma cells expressing the EGFRVIII
mutant tumor growth is correlated with the increased expression of several cyto-
kines such as interleukin-6 and leukemia inhibitory factor. Subsequently, these
cytokines accelerated the proliferation of EGFRvIII-negative cells in a paracrine
manner [499]. The expression of EGFRVIII is able to activate different downstream
pathways in EGFRVIII-positive cells with respect to the EGFRVIII negative cells as
revealed by proteomic analyses [500]. In this regard, preclinical data suggest that
combination of EGFRVIII inhibitors with targeting of an additional pathway (such
as c-MET signaling or the urokinase-type plasminogen activator receptor pathway)
can act synergistically [501, 502]. Different studies revealed that that resistance to
anti-EGFR strategies is correlated with increased expression of EGFRVIII, an
induction of the expression of the regulatory 110-kDa delta subunit of PI3K (p1109),
and insulin-like growth factor receptor-I signaling via PI3K [503, 504]. Silencing of
both EGFRVIII and p1103 subunit resulted in a sensitization to the EGFR inhibitor
erlotinib.

2.5.10.3 VEGF-Targeting Therapy in Glioma

Inhibition of angiogenesis seems to be an attractive target for glioma therapy. One
of the most best established anti-angiogenic cancer treatment modality in general is
bevacizumab that is approved for recurrent glioblastoma in the USA since 2009, in
the EU approval was rejected [165, 505]. In addition to antibody-based approaches
targeting free VEGF, compounds have been developed to target the functioning of
the VEGF receptor. An example of this class of inhibitors is cediranib inhibits tyro-
sine kinase receptors, particularly all subtypes of the VEGF receptor, and has some
activity against the PDGF and c-KIT receptors In gliomas cediranib was shown to
induce normalization of the vasculature by inhibiting pathological proliferation of
endothelial cells and immature vessel [506]. However, the proven beneficial effects
of angiogenesis inhibitors targeting the VEGF signaling pathway have not been
translated into a survival benefit of similar extent [506]. Especially for treatment
with bevacizumab, it has been reported that recurrence after therapy is more likely
to be diffuse and distant to the primary tumor location [507]. Referring to this,
increasing evidence suggests that impaired angiogenesis promotes infiltrative tumor
growth. Impaired angiogenesis is therefore supposed to act as ‘detrimental driving
force’ for enhanced tumor cell invasion into the surrounding tissue, a process com-
monly referred to as ‘evasive resistance’ Multiple adaptive mechanisms are sup-
posed to be responsible for the evasive phenotype of increased invasiveness. In
addition, anti-angiogenic therapy further increases hypoxia in the remaining tumor
cells by constricting blood supply [506]. This in turn activates survival pathways
like AKT/PI3K/mTOR and promotes glycolytic energy metabolism and autophagy
[506]. Alternatively, anti-angiogenic therapy induces altered tumor cell invading
patterns. For example, untreated glioblastoma cells often diffusely invade as single
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cells into the surrounding brain tissue, whereas angiogenic impaired cells tend to
invade as multicellular layers along blood vessels which is described as ‘perivascu-
lar invasion’ or ‘vascular cooption’ [508]. Of note, increased invasion is not the only
mediator of ‘evasive resistance’ to angiogenesis inhibitors. Several others, all result-
ing in renewed angiogenesis and tumor growth are described as (I) activation and
upregulation of alternative pro-angiogenic signaling effectors (e.g. fibroblast growth
factor (FGF), angiopoietins), (I) recruitment of vascular progenitor cells from the
bone marrow, and (III) increased pericyte coverage mediated blood vessel protec-
tion [508]. Furthermore, a novel mechanism for irradiation treatment induced eva-
sive resistance was described by Kioi et al. [S09] by suggesting that vasculogenesis
and not angiogenesis is the key process of revascularization that occurs during gli-
oma recurrence after irradiation treatment. For this it is important to mention, that
in general two processes are responsible for the formation of new blood vessels:
angiogenesis and vasculogenesis. The latter describes the process of a de novo for-
mation of new blood vessels from endothelial precursor cells or bone marrow-
derived hematopoietic cells (BMDCs), whereas angiogenesis involves the formation
of new blood vessels by sprouting of loca pre-existing vessels via proliferation of
endothelial cells. Prior to irradiation, tumor growth is mainly directed by angiogen-
esis. After irradiation, the tumor becomes more hypoxic due to a radiation-damaged
vasculature, which leads to increased HIF-1 activity and subsequent CXCR4/SDF-1
mediated recruitment of BMDCs into the tumors to form new vessels [509]. Taken
this into account the concept of anti-angiogenic treatment in recurrent glioblastoma
needs to be reconsidered and probably more oriented on the signaling pathways
involved in vasculogenesis (e.g. CXCR4/SDF-1 inhibitors) in order to counteract
angiogenesis-stimulating side effects of radiation therapy. Taken together, an
approach to overcome the problem of increasing infiltrative tumor growth lies in
treatment modalities which combine anti-angiogenic and anti-invasive mecha-
nisms. Applying such drugs, targeting evasive resistance mechanisms, are therefore
promising options in modern glioblastoma therapy, since they comprise the proba-
bility to reach sustained efficacy of glioma treatment.

2.5.10.4 Resistance to Angiogenic Therapy

Patients with recurrent glioblastoma uncommonly exhibit primary resistance. In
contrast, most new diagnoses either respond or stabilize initially but later develop
acquired resistance. Different resistance mechanisms are acquired via upregulation
of proangiogenic growth factors, mobilization/recruitment of pericytes or bone
marrow-derived endothelial precursor cells, and tumor adaptions to increase inva-
sion/migration or allow survival in a relatively hypoxic/acidotic environment [508].
An increase in circulating proangiogenic factors is observed during the angiogenic
treatment in preclinical orthotopic glioblastoma models [510, 511]. Similar findings
have been found in patients with recurrent glioblastoma treated with cediranib
[166]. Additionally, two studies highlighted an increased tumor cell invasion in
orthotopic glioblastoma xenograft tumors treated with angiogenic inhibitors



2 Resistance to Tyrosine Kinase Inhibitors in Different Types of Solid Cancer 75

[512, 513], whereas a recent preclinical study demonstrated that a decreased tumor-
associated edema and improved overall survival were associate with a single angio-
genic inhibitor [514]. Consistent with these data, evidences have been raised
regarding the emergence of an infiltrative phenotype after anti-VEGF/VEGEFR ther-
apy among some patients with glioblastoma [511].

2.5.11 Pancreatic Cancer

EGEFR is over-expressed in 90 % of pancreatic tumors. Erlotinib is approved by the
Federal Drug Agency (FDA) and the European Medicines Agency (EMA) or use in
combination with gemcitabine for treatment of locally advanced, irresistible or met-
astatic pancreatic cancer, however with only a marginal improval of overall and
progression free survival. Preclinical studies suggest additive effects when anti-
EGFR agents are combined with inhibitors of VEGF [515]. In phase 2 studies of
treatment-naive advanced pancreatic cancer, combining gemcitabine-based chemo-
therapywith bevacizumab (an antibody directed against VEGF) and anti-EGFR
therapy (cetuximab or erlotinib) showed modest benefit,39,40 but these were not
universally considered sufficient to warrant phase 3 evaluation [516]. A phase 3
study of patients with metastatic disease found that adding bevacizumab to gem-
citabine plus erlotinib did not extend OS, but there was a statistically significant
gain in PFS in the overall population and some evidence of survival benefit in
patients with more aggressive disease [517].

2.5.11.1 Potential Predictors of Benefit from EGFR-Directed Therapies
in Pancreatic Cancer

EGEFR expression, EGFR gene amplification, EGFR intron 1 polymorphism, or the
presence of the EGFR exon 12 R497K point mutation are not useful in predicting
the survival benefit of these agents in patients with advanced pancreatic cancer
[518]. Amphiregulin, can be a potential biomarker of response to EGFR-targeted
therapy in patients with advanced pancreatic cancer [518].

2.5.11.2 KRAS Mutation in Pancreatic Cancer

The mutation of KRAS is the first notable genetic alteration identified in pancreatic
cancer. Oncogenic KRAS is involved in the initiation or early phase of pancreatic
tumorigenesis, and more than 85 % of the pancreatic cancer patients have KRAS
gene mutation at the early stage of cancer development. In a recent retrospective
analysis of 136 patients, KRAS wild type was correlated with a significant survival
benefit among those treated with erlotinib but not among patients treated without
erlotinib. Two different retrospective analysis conducted on patients with advanced
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pancreatic, revealed that KRAS mutation status was neither prognostic for OS nor
predictive of therapeutic response to erlotinib therapy [519, 520]. The phase 2
MARK trial (021129; bio Marker trial), where patients with unresectable locally
advanced or metastatic pancreatic cancer were recluted to receive erlotinib or pla-
cebo until disease progression, showed that KRAS mutation status was not associ-
ated with both progression-free survival and response to erlotinib. In the phase 3
AIO trial, KRAS mutations status was analyzed in tumor samples derived from
patients in advanced pancreatic cancer. KRAS mutations was found in the 70 % of
the samples but these mutations were not correlated with erlotinib efficacy [517].
Collectively, these studies failed to demonstrate a definite role for KRAS mutation
status in predicting response to anti-EGFR therapies. Nevertheless, there was some
evidence that KRAS status has a prognostic role in advanced pancreatic cancer.

2.5.11.3 Resistance Mechanisms to Anti-EGFR Therapy in Pancreatic
Cancer

A key issue has been our poor understanding of resistance mechanisms of pancreatic
cancer to traditional chemotherapy and radiotherapy, as well as to targeted therapies.
In order to understand resistance to anti-EGFR agents it could be necessary a good
patient selection by using appropriate including the dense desmoplastic stroma, a
hypoxic microenvironment, and the presence of highly tumorigenic stem cells.

2.5.11.4 Alterations, Redundancies, and Crosstalk in EGFR-Related
Pathways in Pancreatic Cancer

Activation of different pathway such as increased VEGF/VEGF receptor expres-
sion, the dysregulation of EGFR internalization, activation of HER dysregulation of
the PI3K/Akt/mTOR Signaling, KRAS mutations or loss of PTEN, can contributes
to the resistance of pancreatic cancer to EGFR TKIs [518]. Finally, high MET
expression levels have been found in pancreatic cancer cells, and its activation via
exogenous hepatocyte growth factor triggers proliferation and movement [518].

2.5.12 Head and Neck Cancers

Head and neck cancers comprise a spectrum of malignancies arising in the oral cav-
ity, pharynx and larynx with squamous cell carcinoma representing the most com-
mon histology (~85%). Worldwide, head and neck squamous cell carcinoma
(HNSCC) is the/sixth most common cancer with an incidence of over 600,000 and
over 350,000 deaths per year. Of newly diagnosed patients, about two-thirds present
with advanced-stage disease, usually with regional lymph node involvement, and
10% have distant metastases. The most common predisposing factors include
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tobacco exposure and alcohol consumption. In addition, an increasing number of
oropharyngeal cancers are linked with human papilloma virus (HPV) infection [521].
NSCC treatment generally involves several modalities including surgery, radiother-
apy (RT) and chemotherapy (CT) The US FDA to date has approved six agents for
the treatment of HNSCC including five conventional CT drugs (cisplatin, methotrex-
ate, S-flurouracil [5-FU], bleomycin and docetaxel) and one targeted agent (cetux-
imab). Platinums, including cisplatin and carboplatin are the most commonly used
CT agents for HNSCC treatment with responses in 13—40 % of cases. Cetuximab, an
EGFR mAb, is currently the only FDA approved EGFR-targeting strategy for
HNSCC. It is approved based on a results obtained from a randomized Phase III trial
where co-treatment with cetuximab and high-dose RT (211 patients) was compared
with high-dose RT alone (213 patients) in patients with LA-HNSCC [522]. The com-
bination of cetuximab and RT significantly improved median OS (49.0 vs. 29.3
months) and median progression-free survival (PFS; 17.1 vs. 12.4 months) vs. RT
alone. A number of ongoing Phase III trials are attempting to expand the use of
cetuximab in LA-HNSCC, (NCT00716391, NCT00999700 NCTO01233843
NCTO01086826). Although the final results have not been published, the latest report
from a Phase III trial conducted by the Radiation Therapy Oncology Group 0522
investigating the addition of cetuximab to the radiation-cisplatin platform for
LA-HNSCC demonstrated no significant improvement in mortality but higher local
toxicity in the cetuximab arm [522]. Additionally, cetuximab has also been tested
alone or in combination with CT in patients with R/M platinum refractory
HNSCC. Four hundred and forty-two patients with R/M HNSCC in a Phase III
EXTREME trial [523] were randomized to receive platinum-based therapy or in
combination with cetuximab as a first-line palliative regimen. This trial has shown
that improvement in median OS from 7.4 to 10.1 months (p=0.04) after cetuximab
addition. The combination of cetuximab and platinum in patients with R/M HNSCC
is more beneficial than treatment with a single-agent such as effective platinum
[524-526]. Hence, a better understanding of the molecular mechanisms of resistance
to cetuximab may provide insights in new drugs development and identifying predic-
tive biomarkers to optimize treatment strategies and lead to personalized therapy.

2.5.12.1 EGFR-Targeted Therapy and Resistance in Head and Neck
Squamous Cell Carcinoma

A classic example of such targeted therapies involve epidermal growth factor recep-
tor (EGFR), whereby its overexpression has been associated with reduced overall
survival and local regional control in HNSCC [527, 528]. Cetuximab has a RR of
only 13 % as a single agent in HNSCC treatment. Other EGFR-targeted agents such
as TKIs have not demonstrated improved survival in unselected populations. For
example, zalutumumab was associated with a prolonged PFS over best supportive
care (BSC) alone in patients with incurable Recurrent and/or Metastatic (R/M)
HNSCC during a Phase III trial [529]. In another study, panitumumab in combina-
tion with paclitaxel, carboplatin and intensity-modulated RT had partial response in
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all 19 LA-(Locally Advanced) HNSCC patients [530]. A randomized Phase III trial
comparing panitumumab/RT with cisplatin/RT (NCT00820248) in locally advanced
(LA)-HNSCC is ongoing. Several ongoing Phase II trials are evaluating combina-
tion of panitumumab with CT for R/M HNSCC (NCT00756444), as second-line
monotherapy for R/M HNSCC (NCT00446446), or in combination with postopera-
tive CRT for LA-HNSCC (NCT00798655) [530-532].

Nimotuzumab is approved for HNSCC in several countries outside the
USA. Different trials have been performed and in one trial has been found a signifi-
cant relationship between EGFR expression and OS in patients who received nimo-
tuzumab plus CRT. Ongoing Phase III trials in LA-HNSCC are testing the addition
of nimotuzumab to RT (NCT01345084) and to adjuvant CRT (NCT00957086).
Moreover, ongoing Phase II trials may provide additional insights into the use of
nimotuzumab when added to CT for incurable HNSCC (NCT01425736) and to
CRT for LA-HNSCC (NCT01516996; NCT00702481). Erlotinib has demonstrated
efficacy in patients with HNSCC in one trials [533]. In another randomized Phase 11
study, the combination of CRT and lapatinib (followed by lapatinib maintenance
treatment) showed an increased CRR at 6 months post-CRT, and median PFS (55 %
vs. 41 %) at 18 months post-CRT compared with CRT plus placebo in 67 unresected
LA-HNSCC [534]. Another Phase II trial demonstrated that lapatinib monotherapy
was able to stop the tumor progression in LA-HNSCC [535]. Conversely, this drug
showed no CR or PR in either EGFR inhibitor-naive or refractory subjects in R/M
HNSCC [536]. A randomized Phase III trial is currently ongoing to study the com-
bination of RT plus platinum-based CT with lapatinib or placebo in postoperative
setting (NCT00424255). Other Phase 1I trials are testing the use of lapatinib with
RT for LA-HNSCC who cannot tolerate CRT (NCT00490061), in combination with
primary CRT in LA-HNSCC (NCT00387127), and in combination with CRT
(chemoradiotherapy) in HPV negative patients (NCT01711658). A new generation
of TKIs, the irreversible small molecule pan-HER inhibitors, including afatinib and
dacomitinib, have been developed. Afatinib was used on 124 patients with R/M
HNSCC failed with platinum-based therapy. Such drug showed the same antitumor
activity of cetuximab in this study [537]. The low efficacy suggests that other
molecular mechanisms may exist that modulate intrinsic (primary) or acquired (sec-
ondary) resistance of EGFR inhibition. Identifying the mechanisms of resistance to
EGFR-targeted agents may lead to strategies To overcome resistance it could be
important to inhibit other receptor or non-receptor tyrosine kinases (e.g., MET,
IGF-1R, sarcoma-family kinase [Src]), to block both VEGF/VEGFR pathway and
downstream mediators in the EGFR signaling.

2.5.12.2 Angiogenic Therapy Head and Neck Squamous Cell Carcinoma

HNSCC relies upon angiogenesis in order to continue to proliferate and metastasize
[538]. Normal keratinocytes and HNSCC cells are known to produce a variety of
angiogenic factors including IL-8, VEGF, placental growth factor (PIGF) and
FGF. IL-8 expression has been shown to be associated with tumor cells in HNSCC
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samples using immunohistochemistry. In addition, in the closely related broncho-
genic carcinomas, IL-8, the primary mediator of angiogenesis, has been found in
fresh tumor homogenates. VEGF on the other hand, is considered as the prototypi-
cal proangiogenic factor whose biological activity is primarily associated with
endothelial cells. These proangiogenic proteins can bind to their corresponding
receptors located on the surface of endothelial cells and activate signaling cascades
that lead to endothelial cell proliferation, directional migration and vessel forma-
tion. There can also be an indirect induction of angiogenesis by interaction of tumor
cells with their surrounding stroma. HNSCC cells have been shown to attract mono-
cytes and activate them to secrete angiogenic factors Also, macrophages are known
to produce cytokines that stimulate the tumor cells (via paracrine signaling) to pro-
duce increased levels of IL-8 and VEGF [538]. In a study published in 2008, Hasina
et al. [539] demonstrated that expression of VEGF, IL-8/CXCLS8, FGF-2, and HGF
as higher in samples derived from patients affected by HNSCC than in samples
derived from normal and dysplastic mucosa of healthy subjects. Moreover, they
identified two different clusters in HNSCC samples: tumors in Cluster A express
high levels of VEGF and FGF-2 and low levels of IL-8/CXCL8 and HGF, whereas
tumors in Cluster B, had a low expression levels of VEGF and FGF-2 and higher
expression levels of IL-8/CXCLS8 and HGF. In the same study the authors treated
mice bearing different levels of expression of VEGF-derived several HNSCC cell
lines with anti-VEGF antibody, with nonspecific human IgG antibody, or with PBS
(phosphate-buffered saline, a buffer solution isotonic and nontoxic to cells). The
growth of tumor with high levels of VEGF was inhibited by anti-VEGF treatment.
Although bevacizumab is currently being evaluated in phase III clinical trials
(NCTO00588770), results from phase II clinical trials indicate that bevacizumab
shows little activity as single agent in HNSCC. The single-agent response rate is
less than 10 %, and even in patients who do respond, the duration of response is
typically less than 3 months [540, 541]. VEGF has been shown to be a downstream
target of EGFR signaling cascade and VEGF up-regulation through EGFR activa-
tion has been correlated with resistance to EGFR-targeting agents [542]. Using this
rationale, a phase I/II study of bevacizumab in combination with elotinib was con-
ducted by Vokes et al. involving 51 patients with R/M HNSCC [540]. An overall
response rate of about 15 % was seen, which was significantly higher than that with
either agent alone. However, median survival was similar to that with chemotherapy
alone with less toxicity. Two (4 %) of the patients had complete response, five
(10 %) had partial response, twenty-six (56 %) had stable disease and fifteen (30 %)
had progressive disease. Interim analysis of an on-going phase II study of peme-
trexed and bevacizumab in patients with R/M HNSCC at the University of Pittsburgh
(544), showed that two (18 %) of the patients had complete response, three (27 %)
had partial response, six (54 %) had stable disease and none (0 %) had progressive
disease. Sorafenib and sunitinib have been tested in different studies in patients with
R/M HNSCC. A Phase II study conducted to evaluate the tolerability and efficacy
of sunitinib in metastatic and/or recurrent HNSCC patients, also concluded that
sunitinib had low single agent activity [542]. Another study showed that sunitinib
was not able to block the tumor progressoion in 11 out of 17 patients, affected by
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M/R HNSCC [543]. Finally, a third study [544] showed that sunitinib was able to
reduce the tumoral progression the 19 out of 38 patients with recurrent or metastatic
HNSCC refractory to platinum-based treatment or unfit for platinum-based regi-
mens. Sorafenib has shown anti-cancer activity in preclinical studies [545] Phase 11
trials in R/M HNSCC patients with single agent sorafenib showed stable disease in
ten (38 %) patients and a median overall survival of 8 months [546]. The other pub-
lished study, with sorafenib in first-line setting, was conducted on patients with
persistent, recurrent, or metastatic HNSCC [547] and forty-one patients had stable
disease

2.5.12.3 Resistance to VEGF-Targeted Therapeutics in Head and Neck
Squamous Cell Carcinoma

Clinical trials with VEGF-targeted agents in HNSCC and several other cancers indi-
cate that the therapeutic efficacy of these drugs is limited to date. Majority of the
patients demonstrate an initial clinical response to the treatment but eventually
exhibit progressive disease (acquired resistance). In addition, some patients show
pre-existing indifference to angiogenesis inhibition (intrinsic resistance), such that
tumor progression continues unabated. These incomplete drug responses are likely
due to the complexity of signaling networks that the tumor cells can exploit in the
setting of VEGF blockade. Currently, there are no reports that elucidate the molecu-
lar mechanisms of resistance to anti-VEGF therapy in HNSCC.

2.6 Conclusion

An improved molecular understanding of cancer has significantly facilitated the
development of specific, targeted therapies. Such therapies refer to a new generation
of anticancer drugs that are designed to interfere with a specific molecular target,
usually a protein with a critical role in tumor growth or progression. In this sense,
the concept of targeted therapy refers to a therapeutic strategy aimed at targeting
those mutations that drive tumorigenesis. Additionally, targeted therapies provide a
new approach for cancer therapy that has the potential for avoiding some of the
drawbacks associated with cytotoxic chemotherapy. However, the task remains to
balance the degree of empiric or preventative intensification of therapy for the pur-
pose of subverting resistance with any risks of more potent therapies. Furthermore,
emerging the ultimate goal of personalized medicine, knowing in advance what
therapy will work, with the ultimate goal of cancer care, eradicating the disease
without harming the rest of the body, is a positive step in the right direction.
Advances in the understanding of the disease pathobiology, cancer stem cells, signal
transduction have provided effective treatment options and survival benefits for
patients with cancers. Furthermore, increasing evidence suggests that stemness
results from the incessant convergence of cell-intrinsic features (genetic mutations
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and epigenetic regulation), local signals (of a chemical, mechanical, and molecular
nature), stochastic events, and population forces that continuously shape the stem
cell pool. In this scenario, the future development of successful clinical strategies
will be tightly linked to a deeper understanding of the dynamic, adaptable, and
evolving nature of such cells.
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