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A B S T R A C T

A tumor is defined as a group of cancer cells and ‘surrounding’ stromal bio-entities. Alongside the extracellular
matrix (ECM) in the tumor microenvironment (TME), the stromal cells play key roles in cancer affliction and
progression. Carcinoma-associated fibroblasts (CAFs) in the area of the tumor, whether activated or not, dictate
the future of tumor cells. The CAFs and corresponding secreted growth factors (GFs), which mediate the crosstalk
within the TME, can be targeted in therapies directed at the stroma. The impact of the fibroblast growth factor-
fibroblast growth factor receptor (FGF-FGFR) signaling pathway in different kinds of tumors has been explored.
Several tyrosine kinase inhibitors (TKIs), monoclonal antibodies (mAbs), and ligand traps targeting the forma-
tion of FGF-FGFR complex are in preclinical or early development phases. Moreover, there are numerous studies
in the literature reporting the application of phage display technology for the development of peptides and
proteins capable of functioning as FGF mimetics or traps, which are able to modulate FGF-related signaling
pathways. In this review, prominent research in relation to phage display-assisted ligand identification for the
FGF/FGFR system is discussed.

1. Introduction

A tumor is defined as a group of cancer cells and ‘surrounding’
stromal bio-entities. The surrounding setting is comprised of the ex-
tracellular matrix (ECM) and the cells (e.g., fibroblasts and immune
system cells) with specific roles in the progression of the solid tumor.
The crosstalk between cancer cells and the nearby elements has an
important role in tumor development [1]. Cancer cells cannot differ-
entiate to fully functional normal cells but instead can have defective
growth regulatory systems and may become malignant [2]. Dvorak
introduced the theory of “tumors: wounds that do not heal” [3]. In
tumors of epithelial origin, the cancer cells and the cells in the vicinity
of the tumor (so-called stromal cells) including fibroblast, vascular
endothelial, and immune cells (e.g., macrophages and neutrophils)
form a permissive milieu known as the tumor microenvironment
(TME). The stromal cells have the potential to ‘heal the wound’ and
fibroblasts appear to be the important stromal component for affecting
this process. In the case of normal cells associated with a wound, once

the fibroblasts perform their repairs, the signaling processes for wound
healing decreases. However, in association with some cytokines and
interleukins, the fibroblasts within the TME neither are subjected to
apoptosis nor are they eliminated. This results in a continued course of
healing in response to which cancer cells modify their environment
toward survival and growth [4].

In normal tissues, fibroblasts play various functions such as reg-
ulation of tissue homeostasis, wound healing, aging processes, and
manufacturing ECM [5]. Fibroblasts in the area of a tumor, whether
activated or not, are called carcinoma-associated fibroblasts (CAFs) and
along with other stromal cells and the ECM in the TME play key roles in
cancer initiation and progression thereby helping to dictate the future
of the tumor [6]; in other words they “orchestrate the composition of
malignancy” [7]. The interaction of CAFs with cancer cells, ECM, and
other stromal cells make them potential targets for preventing the
proliferation and differentiation of cancer cells [8]. Growth factors
(GFs), cytokines, and proteases secreted by CAFs stimulate tumor cell
proliferation, induce cancer cell motility, regulate tumor metabolism,
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and are also involved in ECM modifications [9]. Targeted mitigation of
any one or more of these effects may help slow tumor progression.

The role of CAFs in angiogenesis, cancer progression, and migration
has been documented. Angiogenesis is controlled by specific growth
factors and chemokines secreted by CAFs (Fig. 1) [10]. Fig. 1 also shows
GF- and chemokine-mediated communication between CAFs and other
cell types.

CAFs are genetically more stable than cancer cells and since they
help control cancer progression they may prove better drug targets than
the cancer cells themselves. Additionally, the GFs secreted by CAFs,
which mediate the crosstalk within TME, can be targeted as tumor
stroma-directed therapies [9]. Within CAF-induced signaling pathways,
the multi-targeting tyrosine kinase inhibitors (TKIs) of VEGFRs,
PDGFRs, FGFRs, and EGFRs have efficient anti-tumor properties [11].
There are many examples of small molecule TKIs, such as sorafenib,
sunitinib, and leflunomide that target these GFs and corresponding
receptors [12,13].

The role of the FGF-FGFR signaling pathway in different kinds of
tumors has been extensively investigated including in solid tumors such
as prostate, lung, colorectal, renal, esophageal, and gastric cancers
[14], where expression and secretion of autocrine and paracrine FGFs
has been found to be irregular. The oncogenesis associated with FGFRs
might be due to any one of several mechanisms including neoangio-
genesis, activating mutations, and resistance to cancer therapy [15].

FGFs1, 2, 6, 8, 19 and 23 have been implicated in the progression of
prostate cancer, the last two apparently resulting from an endocrine
role [16–19]. The angiogenic effect of FGF2 is enhanced by an epi-
thelial-mesenchymal transition (EMT) of the tumor cells in which the
expression of receptors switches from FGFR2IIb to the IIIc isoform
which has higher affinity for FGF2.

Moreover, there are several abnormalities associated with FGFRs
that make them attractive therapeutic targets for a wide range of ma-
lignancies: Point mutations and translocations can produce over-
expressed or fused proteins with intrinsic activity, or isoform switching
can occur in metastatic processes such as EMT where the FGFR aber-
rations result in carcinogenesis [20].

2. FGFs

In 1971, tumor angiogenic factor (TAF) with a molecular weight of
10 kDa was isolated from rat Walker 256 carcinoma. TAF consists of
25% RNA, 10% protein, and 58% carbohydrate, and a possible lipid
fraction [21]. The nature of the protein component was not char-
acterized until the 1980s when the studies revealed that endothelial cell
GFs had a remarkable affinity for heparin. This led to the identification,
purification, and sequencing of two prototypic heparin-binding angio-
genic GFs, FGF1 and FGF2. Subsequently, 21 additional structurally
related members of FGF family have been identified [22].

FGFs are classified into various subfamilies based on phylogenetic
analysis (Fig. 2). The site of action is also used to divide FGF subfamilies
into autocrine, paracrine, and endocrine classes (Fig. 2) [23,24]. Most
FGFs are secreted (also known as canonical FGFs), including FGF1,
FGF4, FGF7, FGF8, and FGF9 subfamilies, and perform their action in
the vicinity of the secreting cells. Even though FGF1 and FGF9 sub-
families lack a classical cleavable N-terminal signal peptide, they are,
nevertheless, transported across the cell membrane [25]. The next class
is comprised of three endocrine FGFs including FGF15/19, FGF21, and
FGF23 (FGF15/19 subfamily) with unique properties distinguishable
from canonical FGFs. The endocrine FGFs mediate their action on
FGFRs through the Klotho family of proteins instead of heparin sulfate.

Fig. 1. Schematic representation of communications between CAFs and different cell types mediated via various growth factors and chemokines. The CAFs affect the
function of ECM, endothelial cells, immune cells, malignant epithelial cells, adipocytes, and inflammatory cells in TME, which in turn promotes tumorigenesis by
different means including proliferation, angiogenesis, invasion, immune suppression, and cellular survival by inhibiting the cell death. FGF2 or bFGF, basic fibroblast
growth factor; CCL-2, chemokine (C-C motif) ligand 2; Col, collagen; FN, fibronectin; GM-CSF, granulocyte macrophage colony-stimulating factor; HGF, hepatocyte
growth factor; IGF2, insulin-like growth factor 2; LOX, lysyl oxidase; SDF-1, stromal cell-derived factor 1; SPARC, secreted protein, acidic and rich in cysteine; TNC,
tenascin-c. MMPs, Matrix metalloproteinases, PDGF, Platelet-derived growth factor, and TGFβ, Transforming growth factor beta.
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The FGF11 subfamily, also known as the intracellular FGFs (iFGFs),
consists of FGF11, FGF12, FGF13, and FGF14. These autocrine FGFs
exert their biological activity in their original cells via interaction with
cytoplasmic domains of ion-gated sodium channels [26].

3. FGFRs

The paracrine and endocrine FGFs produce their biological actions
by signaling through fibroblast growth factor receptors (FGFRs). These
transmembrane tyrosine kinase receptors (TKRs) are comprised of three
extracellular immunoglobulin (Ig)-like domains, a transmembrane do-
main, and an intracellular tyrosine kinase domain [27]. Diversity re-
garding the effects of FGFs includes diversity at the level of receptors.
Splice variants can produce different isoforms of FGFRs, but in parti-
cular the specificity and affinity of FGFs with their receptors is derived
largely from splicing in Ig-like domain III. In contrast to other family
members, FGFR4 has only one transmembrane isoform [28,29]. Fig. 3a
shows the different domains for FGFRs 1-4, including an example of
alternative splicing in Ig-like domain III. Fig. 3b shows the domain
structure for FGFR5 (also known as FGFRL1), which lacks the in-
tracellular tyrosine kinase domains. It is believed that FGFRL1 acts as a
ligand trap for FGFs or makes a dimer with other FGFRs in order to
inhibit their autophosphorylation [30].

4. Cofactors and associated signaling pathways of FGF

Heparin and heparan sulfate proteoglycans (HSPG) act as essential
cofactors for the binding of FGF subfamilies 1, 4, 7, 8, and 9 and sub-
sequent FGFR signaling (Fig. 2). For the endocrine FGFs (subfamily 15/
19), initiation of signalling requires the formation of a dimeric ternary
complex of FGF-FGFR-HSPG/Klotho cofactors [31]. Klotho cofactors

include αKlotho, βKlotho, and Klotho/lactase-phlorizin hydrolase-re-
lated (KLPH) [32]. For example, regulation of phosphate uptake and
calcium ion absorption is mediated by FGF23 by signal transduction
through formation of FGF23-αKlotho-FGFR complexes [33]. βKlotho is
a cofactor for FGF15/19 and FGF21 in which an equivalent complex is
formed in order to initiate the signal cascades [34]. Although KLPH
interacts with a number of FGFRs and results in signalling to and
phosphorylation of extracellular signal-regulated kinase (ERK), its
function remains unclear [26].

Fig. 4 shows the signaling cascade for FGF-FGFR pathways. The
signal transduction for canonical FGFs is initiated by the formation of
FGF-HSPG-FGFR ternary complex, followed by trans-autopho-
sphorylation of tyrosine residues of FGFR-TK domain in the following
order: 653, 583, 463, 766, 585, and 654 (the residue numbering is
based on FGFR1 amino acid sequence). This results in a 500–1000 fold
increase in tyrosine kinase activity [35]. The activated TK domains
phosphorylate proteins specific to four distinct pathways: RAS-MAPK
[36], PI3K-AKT [37], PLCγ [38] and STAT [39]. To trigger the RAS-
MAPK and PI3K-AKT pathways, FGFR substrate 2α (FRS2α) has to be
phosphorylated, and this requires phosphorylation of residue Y463 on
the receptor and involvement of protein CRKL [40,41]. In turn, the
activated FRS2α binds to growth factor receptor-bound 2 (GRB2) and
tyrosine phosphatase SHP2 proteins [42,43]. Subsequently, GRB2 re-
cruits SOS and GAB1 to activate the RAS-MAPK and PI3K-AKT path-
ways, respectively [44]. The activated MAPK pathway activates various
regulatory proteins including E26 transformation-specific (ETS) tran-
scription factor family members (i.e., Etv4, and Etv5) and inhibitory
controllers such as SHP2, CBL, SPRY, SEF, and DUSP6 [45,46]. Even-
tually, the phosphorylated ETS proteins regulate the expression of dif-
ferent target genes such as scleraxis which is required for maturation of
tissue domains for proper integration of the musculoskeletal system

Fig. 2. Classification of Fgf genes into seven subfamilies using
phylogenetic analysis. FGFs 1, 4, 7, 8, and 9 subfamilies are
known as “secreted” or “canonical” FGFs where heparin or
heparin sulfate work as the cofactor for the activation of
FGFRs. The FGF15/19 subfamily is comprised of FGFs with
endocrine activity via binding and activation of corresponding
FGFRs with Klotho family proteins as cofactors. The FGF11
subfamily genes (intracellular FGFs) encode specific proteins
which act as cofactors for voltage gated sodium channels (Nav
channels) and other molecules.
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Fig. 3. Structural properties of FGFRs. Panel a shows an example of the alternative splicing products of Ig-like domains and the corresponding gene splicing routes
are shown. The two represented FGFRs differ in their b and c regions depicted by green and blue colors, respectively. In addition to the extracellular domains, the
receptors have transmembrane (TM), and tyrosine kinase (TK) domains (e.g., Tk1 and 2). Panel b shows FGFRL1 (FGFR5), which lacks TK domains and acts as a
ligand trap to inhibit the intracellular signaling cascade of other FGFRs. The experimentally derived protein structure on the right shows Ig-like domains II and IIIb
for human FGFR2 (PDB ID 1EV2-chain E) in cyan and purple. SP indicates a cleavable secreted signal sequence.
Adopted from [26].

Fig. 4. Schematic representation of FGF-FGFR
signaling pathways. The formation of FGF-
HSPG-FGFR ternary complex initiates trans-
autophosphorylation of tyrosine residues of
FGFR-TK domains at specific positions and in
the following order: 653, 583, 463, 766, 585,
and 654. Four distinct pathways, RAS-MAPK,
PI3K-AKT, PLCγ, and STAT, are activated by
phosphorylated TK domains. The phosphory-
lated FGFR substrate 2γ (FRS2γ) initiates the
RAS-MAPK and PI3K-AKT pathways by
binding to growth factor receptor-bound 2
(GRB2) and tyrosine phosphatase SHP2 pro-
teins. Subsequently, GRB2 recruits SOS and
GAB1 to activate the RAS-MAPK and PI3K-AKT
pathways, respectively. The activated MAPK
pathway stimulates the expression of various
regulatory proteins including E26 transforma-
tion-specific (ETS) transcription factor family
members (i.e., Etv4, and Etv5) and inhibitory
controllers such as SHP2, CBL, SPRY, SEF, and
DUSP6. In the PI3K-AKT pathway, AKT in-
activates the forkhead box class transcription
factor (FOXO1) and the cytosolic tuberous
sclerosis complex 2 (TSC2) which leads to the
stimulation of cell survival as well as cell
growth and proliferation through activation of
mTOR complex 1, respectively. The phospho-
lipase Cγ (PLCγ) pathway is initiated by the
phosphorylation of Y766 on the receptor,

which is regulated by GRB14 protein. The activated PLCγ enzyme catalyzes the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) to generate inositol
triphosphate (IP3) and diacylglycerol (DAG). TIP3 elevates the intracellular calcium ion concentration while DAG stimulates protein kinase C (PKC). The STAT
pathway is triggered by Y677 phosphorylation. The activated STAT1, 3, and 5 proteins control the expression of various genes involved in cell migration, differ-
entiation, proliferation, apoptosis and wound healing.
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[47].
Downstream of PI3K-AKT pathway, the forkhead box class tran-

scription factor (FOXO1) and the cytosolic tuberous sclerosis complex 2
(TSC2) are inactivated [48], leading to the stimulation of cell survival,
growth, and proliferation through activation of mTOR complex 1 [49].

The phosphorylation of Y766 is linked to the initiation of the
phospholipase Cγ (PLCγ) pathway [50]. Activated PLCγ catalyzes the
hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) to generate
inositol triphosphate (IP3) and diacylglycerol (DAG). IP3 production
result in elevation of the level of intracellular calcium ion while DAG
stimulates protein kinase C (PKC). A feedback mechanism operates in
which GRB14 protein inhibits the activation of PLCγ pathway by in-
teracting with pY766 [51].

STAT pathway is triggered by Y677 phosphorylation. Activated
STAT1, 3, and 5 proteins control the expression of various gene in-
volved in cell migration, differentiation, proliferation, apoptosis, and
wound healing [52].

5. Phage display

In recent years, the power of research and diagnosis has been
boosted through advances in hybridoma technology resulting in the
discovery of therapeutically valuable monoclonal antibodies. In addi-
tion to this traditional method, phage display offers in vitro generation
and identification of antibodies and this approach has revolutionized
antibody-related research [53]. In 1985, Smith invented phage display
as a method to express peptides and proteins on the surface of lysogenic
filamentous bacteriophages [54,55]. There are many applications of
phage display including the study of protein-protein interactions, de-
fining epitopes and mimotopes, identifying enzyme-specific inhibitors,
screening antibody libraries, and identifying agonists and antagonists to
probe the receptor structure and function [56–58].

Fig. 5 is the schematic representation of M13 filamentous bacter-
iophage. M13 infects Escherichia coli and is the most commonly used
approach to display proteins and peptides of different size. It consists of
11 genes in a single-stranded DNA (ssDNA), and these are classified into
three groups according to their function: Capsid proteins (pIII, pVI,
pVII, pVIII,and pIX), replication proteins (pII, pV and pX), and assembly
proteins (pI, pIV and pXI) [56]. The pIII and pVIII coat proteins are the
most commonly used for display. pVIII is expressed at high copy
number (2700 molecules) on the phage surface (capsid) but is almost
exclusively suitable to the display of short peptides (up to 20 amino
acids in length). On the other hand, pIII is expressed at low copy
number (3–5 copies) on the capsid but can be used to display peptides
and even proteins up to several tens of kilodaltons [55,59].

In the process of antibody phage display, combinatorial fragments
of antibodies are used to build a library which consists of the coding
sequences for the variable domains of heavy (VH) and light chain (VL).
The VH and VL fragments generally contain antigen-binding sites of
three complementary determining regions (CDRs) to increase the di-
versity of the library and generally take the form of antigen-binding
fragments (Fabs) or single-chain variable fragment (scFvs), in which VH
and VL are attached by a linking sequence [60]. The DNA components
of the library are ligated into the coding sequence of the pIII or pVIII
coat proteins of a phage display vector such as phagemid. Where pha-
gemid is used, a helper phage is utilized to enable the packaging of the
phagemid DNA and assembly of the relevant coat proteins in the capsid.
Ultimately the ligated DNA sequence becomes displayed as a peptide/
protein on the surface of the phage [61]. This phage library can now be
screened against an antigen and the clones which bind can be subjected
to purification, sequencing and identification, and further affinity
analysis [62] (Fig. 5).

Advantages of using phage display-derived antibodies include the
speed of production and the bypassing of animal immunization, both of
which are time-consuming and error-prone [62]. The FGFR signaling
pathway is a promising target for phage screening, and is reviewed in

the following next sections.

5.1. FGF signaling pathway as a target in cancer therapy

The advances in the field of drug development for FGF-FGFR sig-
naling pathway have led to the introduction of novel drug candidates,
which are currently at different stages of clinical trial. These potential
therapeutics are divided into three categories: TKIs, mAbs, and FGF
ligand traps [63]. The methodologies employed include the application
of phage display technology for the development of peptides and pro-
teins capable of functioning as FGF mimetics or traps, both of which
have the potential to modulate FGF-related signaling activity (Table 1).
In this section, we present several prominent examples of these three
categories and phage display-assisted ligand identification for the FGF/
FGFR system (Table 2).

5.2. TKIs

TKIs have the ability to target the ATP-binding site of the TK domain
of FGFRs and are in two different classes according to their selectivity.
Table 1 lists selective and nonselective FGFR TKIs, which are in various
clinical trial phases. Nonselective agents are capable of inhibiting
FGFRs and other tyrosine kinase domains of receptors such as VEGFRs
and PDGFRs.

As a potent multi-kinase inhibitor, Dovitinib® (CHIR258, TKI258)
has high affinity for VEGFRs, PDGFR, FGFRs and many other kinase
receptors with an IC50 value of around 20 nM. This molecule shows
antitumor and anti-angiogenic activities when administered to patients
with advanced solid tumors. In addition, Dovitinib was evaluated in
patients with HER2-negative breast, bladder, and endometrial cancers
(trials NCT01528345, NCT00790426, and NCT01379534, respec-
tively). Several side effects have been reported for Dovitinib including
gastrointestinal and cardiovascular effects [64]. Dovitinib, due to its
anti-VEGFR kinase inhibitory effect, has been also evaluated as the
second- and third-line treatment in phase II and III clinical trials in
patients with renal cell carcinoma (NCT01223027).

E-3810, a potent anti-angiogenic TK inhibitor of FGFRs and
VEGFRs, was evaluated in phase I clinical trials in patients with ad-
vanced solid tumors and was well-tolerated in oral doses. E-3810 can be
effective in cases nonresponsive to Sunitinib, a multi-kinase inhibitor
[65]. Nintedanib® (BIBF1120) is an indolinone triple angiokinase in-
hibitor, which targets FGFR2 and VEGFR1-3 as well as PDGFR. Ninte-
danib was also tested in a combination therapy for advanced ovarian
cancer treatment in a randomized phase III clinical trial
(NCT01015118). Similar to Dovitinib, Nintedanib showed adverse
gastrointestinal (GI) effects when used in patients with non-small cell
lung cancer (NSCLC) [66]. Ponatinib® (AP24534) is another multi-ki-
nase and a pan-FGFR inhibitor that is currently being investigated
against BCR-ABL-positive acute lymphoblastic leukemia and chronic
myelogenous leukemia (CML) (NCT01207440, NCT01641107) [67].

Drug resistance is one of the main problems in cancer therapy.
Imatinib- and Sunitinib-resistant gastrointestinal stromal tumors
(GISTs), which usually arise in the stomach and small intestine, have
been treated with multi-targeting TKIs [68]. In this regard, the inhibi-
tion of the FGFR signaling pathway appears to be a promising ap-
proach: Dovitinib has been evaluated in patients with Imatinib- and
Sunitinib-resistant GISTs (NCT01478373 and NCT01440959, respec-
tively). With a disease control rate (DCR) of 52.6%, Dovitinib is fa-
vorably comparable with that of other second-line treatments. More-
over, the effectiveness of Dovitinib and Brivanib in patients with
endocrine-resistant HER2-negative/HR-positive breast cancer
(NCT01528345) and KRAS-wild-type colorectal cancer
(NCT00640471), respectively, has been studied. The consistency of
safety profile for Dovitinib plus Fulvestrant with that of single-agent
Dovitinib was shown. Moreover, the combination therapy of Dovitinib
with Fulvestrant showed promising clinical activity in the FGF
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pathway-amplified subgroup [69]. In the case of Brivanib, despite po-
sitive effects on progression-free survival (PFS) and objective response,
the combination therapy of Cetuximab and Brivanib increased toxicity
and did not significantly improve overall survival in patients with
metastatic, chemotherapy-refractory, KRAS-wild-type colorectal cancer
[70].

In addition to the above-mentioned multi-targeting TKIs, several
other inhibitors such as Brivanib [71], Lenvatinib [72], Orantinib [73],
and ENMD-2076 [74] have been reported to be active as anti-FGFR and
VEGFR agents, and are now in phase I/II studies.

Recently, selective FGFR TKIs have been studied in cancer therapy.
AZD4547 has been proposed as a highly selective pan inhibitor of
FGFRs and has a 120-fold higher activity against FGFRs compared to
VEGFR2. Orally administered AZD4547 was evaluated in a mouse
tumor xenograft model and the results indicated the high potency of
this agent [75]. A phase I clinical trial (NCT00979134) is being run to
evaluate the effectiveness of AZD4547 against cancers with FGFR1-
and/or FGFR2-amplified genes. Moreover, other AZD4547-based mono-
and multi-therapies have been assessed in ER-positive breast cancer and
gastroesophageal junction cancers (NCT01202591, NCT01457846).
Another pan inhibitor of FGFRs is BGJ398, which is undergoing phase
I/II clinical trial studies after successful testing in RT112 bladder cancer
xenograft models [76].

Another selective TKI with inhibitory activity against FGFR1-4 is
LY287445, which has 6–9 fold higher potency toward FGFRs compared
to VEGFRs. Moreover, when orally administered to patients with solid-
organ cancers it has been well tolerated [77]. Currently, LY287445 is
being used in a phase I clinical trial against advanced cancers
(NCT01212107).

Selective FGFR TKIs show less adverse effects compared to the
nonselective ones due to their lower affinities toward VEGFRs. Multi-
targeting agents produce cardiovascular side effects, proteinuria, skin
reactions, and GI disorders [78]. Other common adverse effects re-
ported for FGFR TKIs include hyperphosphatemia (resulting from
FGF23 signal blocking), fatigue, and GI events including diarrhea and
nausea. Hyperphosphatemia, which leads to tissue calcification, can be
managed by phosphate binders and diuretics [14]. The toxicity man-
agement for potent selective TKIs should be considered an important
issue when combination therapy is used for cancer treatment.

5.3. Monoclonal antibodies in clinical trials

Several mAbs targeting the formation of FGF-FGFR complex are also
in preclinical or early phases of development (Table 1). These anti-
bodies are aimed to inhibit a specific FGFR or its dimerization and
hence hamper the ligand interaction. GP369 antibody has been devel-
oped to restrain the proliferation of cancer cells through FGFR2-specific
inhibition [79]. Recently, FPA144, a glycol-engineered humanized
mAb, which is an FGFR2-IIIb blocking agent with potential anti-
neoplastic activity, has entered phase I trials (NCT02318329). The ef-
fectiveness of BAY1187982 as an anti-FGFR2-drug conjugate (ADC) in
tumor growth inhibition and regression has been observed in some
cancer xenograft models with overexpressed FGFR2 [80]. scFv-IgG1 is
in phase I clinical development for advanced solid tumor treatment
(NCT01881217). BAY1179470 interacts with FGFR2 and inhibits its
phosphorylation, leading to suppression of FGFR2-mediated signal
transduction and repression of cell proliferation [81]. Some studies
have demonstrated that the FGFR3 inhibition by target-specific mAbs

Fig. 5. Schematic representation of M13 bacteriophage and the phage display screening procedure. The M13 bacteriophage is comprised of 11 genes in a single
stranded DNA (ssDNA) format, which encodes three categories of proteins classified by function. The fragment Abs can be fused to the pIII or pVIII coat proteins to be
displayed on the phage surface. After the construction of the phage library, the phage particles are screened against the target(s) of interest. After several washing
steps, the eluted phage particles are amplified and used in the next round of the panning. Following phage enrichment during these biopanning steps, the phage
particles can be used to transform bacteria for the production of the solubilized form of the displayed fragment Ab/peptides and can also be used to identify the DNA
sequence of fragment Ab/peptides.
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significantly reduces bladder and t(4;14)-positive multiple myeloma
cancer cell proliferation [82,83]. There are also unsuccessful examples
where attempts to find new isoform-specific mAbs against FGFR1-IIIc
(i.e., IMCA1) have led to severe adverse effects in animal studies [84].

5.4. Phage display-derived fragment antibodies and peptides

Peptide and antibody libraries are ‘gold mines’ to identify and de-
velop new therapeutics against various disorders. Several phage

Table 1
FGFR signaling pathway targeting agents in clinical trials.

Compound Alternative name Application ID CCT Status Company

Multi-targeted TKIs
dovitinib TKI258 Metastatic Breast Cancer NCT01528345 phase II Terminated Novartis

Urothelial Cancer NCT00790426 phase II Completed
Advanced Endometrial Cancer NCT01379534 phase II Completed
Metastatic Renal Cell Carcinoma NCT01223027 phase III Completed
GIST NCT01478373 phase II Completed
GIST NCT01440959 phase II Completed
CRC NCT00640471 phase III Completed

Lucitanib E-3810 Advanced Solid Tumors NCT03117101 phase I Completed Ethical Oncology of Science
Solid Tumors NCT01283945 phase I/II Completed

Nintedanib BIBF1120 Ovarian cancer NCT01015118 phase III Completed
NSCLC NCT01948141 phase II Completed

Ponatinib AP24534 CML NCT01207440 phase II Active, not recruiting Ariad
BCR-ABL Positive ALL NCT01641107 phase II Active, not recruiting

lenvatinib E7080 Advanced Solid Tumors NCT02578316 phase I Completed Eisai
orantinib SU6668 Solid Tumor NCT00024206 phase I Completed Taiho Pharmaceutical
brivanib BMS-582664 HCC NCT03516071 phase II Recruiting Bristol-Myers Squibb
ENMD-2076 OCCC NCT01914510 phase II Completed Entremed
Selective TKIs
AZD4547 – Advanced Solid Malignancies NCT00979134 phase I Completed AstraZeneca

ER + Breast Cancer NCT01202591 phase I/II Completed
Gastric Cancer NCT01457846 phase II Terminated

BGJ398 – Advanced Cholangiocarcinoma NCT02150967 phase II Recruiting Novartis

LY287445 – Advanced Cancer NCT01212107 phase I Completed Eli Lilly
Monoclonal antibodies
Bemarituzumab FPA144 Advanced Solid Tumors NCT02318329 phase I Active, not recruiting Five Prime Therapeutics
BAY1179470 – Neoplasms NCT01881217 phase I Completed Bayer Healthcare
MGFR1877S – Solid Tumor NCT01363024 phase I Completed Genentech
FGF traps
FP-1039 GSK3052230 Neoplasms NCT01868022 phase I Completed GlaxoSmithKline

advanced cancer NCT00687505 phase I Completed
Endometrial Cancers NCT01244438 phase II Withdrawn

ID: clinical trial identifier; CCT: current clinical trials; TKIs: tyrosine kinase inhibitors; GIST: gastrointestinal stromal tumor; CRC: colorectal cancer; NSCLC: non-
small cell lung cancer; CML: chronic myeloid leukemia; ALL: acute lymphoblastic leukemia; HCC: Hepatocellular carcinoma; OCCC: Ovarian clear cell carcinoma.

Table 2
Phage display-mediated FGF/FGFR system targeting peptides and fragment Abs.

Target Peptide/Ab Name Sequence Origin Functionality/Application Ref.

FGF1 peptide – PSPVSELSSGRMAYG 15-peptide antagonist [110]
peptide AP8 AGNWTPI 7-mer peptide antagonist [111]

FGF2 peptide P-7 PLLQATL 7-mer peptide antagonist [113,114]
peptide P-8 PLLQATAGGGS-NH2 7-mer peptide antagonist [115]
Fragment Ab IgG1-1A2 – scFv antagonist [112]

FGF3 peptide FP16 VLWLKNR 7-mer peptide antagonist [116]
FGF7 peptide – KGHSLMP 7-mer peptide agonist [120]

peptide – IPTLPSS 7-mer peptide agonist [120]
Fragment Ab sdAb – sdAb antagonist [119]

FGF8b peptide P12 HSQAAVP 7-mer peptide antagonist [122]
FGF23 peptide 23-b6 SSPPKSP 7-mer peptide antagonist [126]

FGFR1 peptide #106 LEERPV 6-mer peptide antagonist [104]
peptide C19 AESGDDYCVLVFTD SAWTKICDWSHFRN 26-residue peptide agonist [100]
peptide – MQLPLAT 7-mer peptide Drug Delivery [101]
peptide – VYMSPF 6-mer peptide antagonist [98]
peptide P9 LSPPRYP 7-mer peptide antagonist [99]
Fragment Ab – – scFv Large scale analysis of protein function in cells [105]
Fragment Ab scFvD2-Fc – scFv Drug Delivery [103]
Fragment Ab RR-C2 – scFv antagonist [96]
Fragment Ab – – VHH antagonist [97]

FGFR2 peptide – SRRPASFRTARE 12-mer peptide Imaging in tissue biopsy or early detection of EAC [106]
Fragment Ab BAY1179470 – scFv- IgG1 antagonist [81]

FGFR3 Fragment Ab 3C – scFv antagonist [83]
Fragment Ab 7D – scFv antagonist [83]
Fragment Ab R3Mab – Fab fragments antagonist [82,107]

VHH: a VHH antibody or nanobody is the antigen binding fragment of llama heavy chain only antibodies.
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display-derived therapeutic agents are at different stages of clinical trial
or have been approved by FDA or EMA for a number of autoimmune
diseases and cancers [85,86]. The first mAb developed from phage
display technology is Adalimumab, which acts as a ligand trap by ef-
ficiently binding to tumor necrosis factor (TNF) and inhibits the in-
itiation of TNF-associated inflammatory signaling cascade [87]. There
are also mAbs developed from phage display for autoimmune diseases
such as systemic lupus erythematosus (SLE) [88], rheumatoid arthritis
[89], psoriasis [90], and multiple sclerosis (MS) [91]. Moreover, the
extracellular domains (ECD) of epidermal growth factor receptor
(EGFR) [92], vascular endothelial growth factor (VEGF) [93], vascular
endothelial growth factor receptor (VEGFR) [94], and fibroblast growth
factor receptor (FGFR) [95] have been developed as cancer therapeutics
based on phage. The following sections provide information regarding
some of the FGFR-targeting fragment Abs and peptides, which have
been evaluated in solid tumor therapy.

5.5. FGFR1: the predominantly targeted receptor

The ETH2-Gold human antibody phage display library has been
screened against the ECD of FGFR1IIIc isoform and RR-C2 scFv was
identified as binding [96]. Further biological and biochemical analysis
indicated binding affinity sufficient to block the formation of the
ternary complex of FGF-FGFR-HSPG and hampering the FGF2-mediated
mitogenic activity in endothelial cells of human, bovine, and murine
origin [96]. Furthermore, Veggiani et al. characterized VHH nano-
bodies (Nbs) from a phage display llama naïve library against FGFR1.
Competitive elution with FGF2 led to the isolation of specific Nbs,
which recognize regions overlapping with the FGF2 binding site on
FGFR1. These competitive strategies and follow-up studies are suitable
for identifying antibodies and antibody fragments which bind receptor
and are also involved in physiological and pathological processes at the
same time [97].

In an attempt to design FGF antagonists, Fan et al. identified 6-mer
peptides that can bind to FGFR1 on the surface of Sf9 insect cells. The
synthesized peptide (i.e., VYMSPF) can constrain the mitogenic activity
of FGF1 and thus has potential therapeutic activity [98]. In another
study, the identified FGFR1 binding P9 peptide (LSPPRYP) was eval-
uated for its antitumor activity in vitro and in vivo. The results de-
monstrated the reversal of FGF2-mediated effects on proliferation, cell
cycle progression, and Erk1/Erk2 activation of B16-F10 melanoma
cells, and inhibition of tumor growth in C57BL/6 mice [99].

In addition to the identification of inhibitors, phage library
screening can be designed to find FGFR1 agonists in order to mimic the
function of FGF2 [100], delivery of a specific gene to the tumeric area
[101–103], fractionating of FGFR1 polyclonal antibodies (pAb) [104],
and undertaking large-scale analysis of protein functions in cells [105].

5.6. FGFR2 and FGFR3: specific targets for specific diseases

Overexpression of FGFR2 on the cell surface is one of the early
events in the progression of Barrett’s esophagus (BE) to esophageal
adenocarcinoma (EAC). Recently, a peptide identified using phage
display was exploited for early detection of EAC. The Ph.D.-12 phage
library was panned against FGFR2-ECD and the identified 12-mer
peptide SRRPASFRTARE was synthesized, labeled with Cy5.5, and used
for binding studies. The results demonstrated high affinity and rapid
binding of the synthesized peptide to QhTERT cells in vitro (apparent
dissociation constant of kd = 68 nM and apparent association time
constant k =0.16 min−1). Binding studies in human esophageal spe-
cimens indicated the higher affinity of the peptide to high-grade dys-
okasia (HGD) versus normal cells. This peptide offers a possible ap-
proach for clinical imaging in tissue biopsy and/or early detection of
EAC and other cancers associated with epithelium [106].

FGFR3 is a potential therapeutic target for different kinds of neo-
plasia and carcinoma. The Tomlinson I + J human scFv libraries were

panned against FGFR3 and a collection of scFv antibodies specific for
FGFR3α IIIc isoform was developed. The cell proliferation inhibitory
effect of selected scFvs was assessed on FGFR3-expressing RT112 cells.
While 3C and 7D scFvs significantly prevented FGFR3-mediated pro-
liferation, the inhibitory effect of 2D was small and 3B had no in-
hibitory effect [83]. In another study, the importance of FGFR3 in-
hibition in human bladder carcinoma cells, as well as t(4;14)-positive
multiple myeloma, was studied in vivo. In addition, an R3Mab antibody
was developed using phage display to inhibit the function of diverse
mutants of FGFR3 as well as wild-type FGFR3 [82]. Crystallography
disclosed that R3Mab has the capability of blocking ligand binding, and
hence inhibiting receptor dimerization and important conformational
changes in the receptor [82]. More recently, R3Mab was tailored
through structure-guided phage display to inhibit FGFR2 and FGFR3
without the inhibition of FGFR1 and FGFR4: The modified R3Mab in-
itially had binding capacity toward FGFR2, FGFR3, and FGFR4, and
was subsequently further engineered to decrease FGFR4 binding affi-
nity in order to reduce the safety risks as a result of crucial metabolic
functions fulfilled by FGFR4 [107].

5.7. Ligand traps

Ligand trapping also hinders FGFs binding to their corresponding
receptors. For example, FP-1039, a fusion protein of FGFR1-IIIc extra-
cellular domain linked with IgG1 Fc domain, binds and traps FGF1,
FGF2, and FGF4 preventing them binding to FGFR1 (Table 1) [108]. A
phase I clinical trial was designed to evaluate the effectiveness of FP-
1039 in combination with chemotherapy in patients with lung cancer
(NCT01868022) [14], and a phase I trial has been undertaken in pa-
tients with advanced cancer (NCT00687505).

5.8. Phage display to find ligands traps

5.8.1. The most trapped ligands: aFGF and bFGF
Overexpression of FGF1 is implicated in the pathogenesis of human

diseases such as arthritis, atherosclerosis, and tumor angiogenesis as a
result of binding to FGFR1 [109]. To date, some anti-FGF1 peptides
have been identified by means of phage display as potential therapeutic
agents. Fan et al. identified a 15-mer peptide based on an innovative
strategy: Subtractive screening of the phage library against heparin-
coated wells before moving to the FGF1 panning procedure [110]. The
heparin panning process removes peptides with a potential affinity to-
ward the heparin-binding site of FGF1. This facilitates the identification
of peptides capable of attaching to the receptor-binding region of FGF1.
The synthesized 15-mer peptide inhibited the mitogenic activity of
FGF1 through blocking the FGF1-FGFR1 interaction [110]. Recently, a
specific anti-FGF1 heptapeptide, AP8 (i.e., AGNWTPI) was identified
that impeded the cell cycle at the G0/G1 phase by enhancing the ac-
tivity of proliferation-associated protein 2G4 (PA2G4) and suppressing
the activity of Cyclin D1 and proliferating cell nuclear antigen (PCNA)
[111]. Furthermore, AP8 suppressed FGF1-stimulated proliferation in
MDA-MB-231, MCF-7, and HUVEC cells thereby inhibiting Erk1/2 and
Akt kinase activity [110].

FGF2 also plays a pivotal role in cancer progression and angiogen-
esis and several peptides and antibodies have been identified by phage
display which block the activity of FGF2 in tumorigenesis. Human scFvs
have been isolated from a phage display library, which show significant
binding toward FGF2. One of the selected scFvs, 1A2, was cloned into
the pIgG1 vector in order to produce the full-length IgG1-1A2 antibody.
The engineered antibody appeared to have a high affinity for re-
combinant human FGF2 and inhibited its biological activities [112]. In
another study, the Ph.D.-7™ phage display peptide library was screened
against FGF2 and a high-affinity FGF2-binding peptide named P7 (i.e.,
PLLQATL) was isolated. The synthesized P7 peptide inhibited the mi-
togenic activity of FGF2 in BALB/c 3T3 cells and FGF2-induced an-
giogenesis in chick embryo chorioallantoic membrane (CAM) [113].
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The same group then studied the sensitizing effect of P7 in patients with
colorectal cancer (CRC) taking irinotecan hydrochloride (CPT-11). The
results indicated that P7 counteracted the anti-apoptotic effects of FGF2
on CPT-11-treated HT-29 cells and had benefits in combination with
chemotherapeutic agents in CRC treatment [114]. Fan et al. further
developed P8 (PLLQATAGGGS-NH2) based on phage display tech-
nology and alanine scanning through structural modification of P7
peptide because of its potent anti-proliferative activity [115]. P8 was
found to have multi-target antagonistic effects on diverse proteins in-
volved in the FGF2-FGFR signaling pathway and hence was proposed as
a potent agent in related tumor treatment [115].

5.8.2. Canonical FGFs as trapped ligands
FGF3 regulates brain patterning, branching morphogenesis, and

limb development [23], and is involved in tumorigenesis through me-
chanisms involving cellular proliferation, differentiation, and invasion
[23]. Peptides binding to FGF3 have been identified by panning the
Ph.D.‑7™ phage library against FGF3-coated wells. The heptapeptide
FP16 (i.e., VLWLKNR), which has four amino acids identical to FGF3’s
binding site to FGFR2, has the ability to inhibit the biological activity of
FGF3 [116]. Further analysis revealed that FP16 has the ability to arrest
cell progression from G1 to S phase and counteracts cell proliferation by
reducing the expression of cyclin D1 and PCNA and inhibiting the ac-
tivation of MAPK and Akt pathways [116].

FGF7, or keratinocyte growth factor (KGF), which is secreted by
fibroblasts and microvascular endothelium, exerts its effects on epi-
thelial cells in a paracrine manner. KGF is involved in differentiation
and division morphogenesis processes, epithelial wound repair, em-
bryonic development, immunity, and keratinocytes migration [117].
Furthermore, KGF has regenerative and protective effects on the skin,
bladder, lung, and gastrointestinal tract [118]. Recently, antibodies
against FGF7 were found using phage display and the human single
domain antibody library (sdAb). The sdAb library was screened against
purified FGF7 and the affinity of the selected phage particles displaying
sdAbs was assessed by ELISA [119]. Although such ligand trapping is
one of the most efficient ways to inhibit cancer progression and an-
giogenesis, in some cases developing ligand mimetics has also been
sought. In this regard, Li et al. identified two peptides lacking the in-
stability associated with Palifermin (Kepivance™: Recombinant human
KGF), and used them in the treatment of oral mucositis (OM) [120].

Finally, four isoforms of FGF8 including FGF8a, FGF8b, FGF8e, and
FGF8f have been identified resulting from alternative splicing of the
human FGF8 gene and among which FGF8b has angiogenic and mito-
genic activities [121]. FGF8b, which binds to FGFR3c with high affi-
nity, is highly expressed in prostate cancers. Hence, it was targeted as a
potential tumorigenic agent in prostate cancer treatment. Wang et al.
(2013) identified a heptapeptide, P12 (i.e., HSQAAVP), with significant
affinity and specificity toward FGF8b and which has a strong inhibitory
activity on PC-3 cell proliferation stimulated by FGF8b [122].

5.8.3. The special case: FGF23
The FGF19 subfamily is comprised of FGF19, FGF21, and FGF23,

which appear to have metabolic regulatory and hormonal functions
instead of cell proliferation, differentiation, and migration activities
associated with other FGFs [123,124]. FGF23 is the crucial regulator of
phosphate homeostasis through its ability to inhibit phosphate uptake
in renal proximal tubule epithelium [125]. It is believed that FGF23 is
the pathogenic factor in many phosphate-wasting disorders such as
autosomal dominant hypophosphatemic rickets (ADHR), tumor-in-
duced osteomalacia (TIO), X-linked hypophosphatemic rickets (XLH),
and fibrous dysplasia (FD) [126]. Residues 180–203 of FGF23 are

required for it to bind FGFR1c. Hence, the Ph.D.-7™ phage library was
panned against the FGF23180-203 fragment instead of the full-length
FGF23. Peptide 23-b6 (i.e., SSPPKSP) neutralized phosphate uptake
inhibition by FGF23 in opossum kidney cells (OK cells). Moreover, the
suppressing effect of 23-b6 prevented FGF23-induced Erk1/2 phos-
phorylation and reversed downregulation of type II sodium-coupled
phosphate a and c cotransporter (NaPi-2a and NaPi-2c) expression
normally mediated by FGF23 in OK cells. Collectively, the FGF23-
binding peptide 23-b6 appears to be an efficient FGF23 antagonist that
inhibits the phosphaturic action of FGF23 in hypophosphatemic dis-
orders [126].

6. Concluding remarks

Stromal bio-entities of TME such as CAFs and the associated cyto-
kines as well as GFs are important targets in cancer therapy. Phage
display technology has been used to find novel drug candidates inter-
fering with the FGF signaling pathway. The phage screening procedure
can be designed in various ways to efficiently find peptides/fragment
Abs with agonistic or antagonistic activities. FGF1, 2, and 3 are mostly
used as a target to identify peptides with antagonistic properties. In the
case of FGF7, the selected peptides and fragment Abs were used for
mimicking as well as inhibiting the target antigen. It has also been
reported that using phage displaying peptide/fragment Abs targeting
FGFRs, it is possible to direct the drug payloads to the area of the tumor.
In some cases, the selected phage particles were used to monitor the
function of specific pathways or to detect specific types of cancer.
Overall, phage display technology has proved to be a flexible and
versatile approach in the pipeline for developing therapeutic/diag-
nostic drugs targeting FGF-related signaling pathways.
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