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Abstract: The incidence and mortality of gastric cancer are in the forefront of the tumor, and the prognosis is poor, especially
in the middle and advanced stage. Even with comprehensive treatment, the 5-year survival is very low. The development of
precision medicine has extended the survival of patients, and fibroblast growth factor receptor (FGFR) has gradually become a
popular target for the treatment of gastric cancer. In this paper, the common FGFR alteration types in gastric cancer and the
exploration of FGFR inhibitors in the field of gastric cancer in recent years were reviewed, and the challenges faced were
analyzed.
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In 2020, there were over 1 million new cases of
gastric cancer globally, with 769,000 deaths, ranking 5th
in terms of incidence and 4th in terms of mortality among
all cancers [1]. Due to the subtle early symptoms of
gastric cancer, most patients are diagnosed at an advanced
stage [2]. Advanced gastric cancer has limited treatment
options and poor efficacy, with a median survival time of
less than 1 year. The development of precision medicine
for tumors has prolonged progression-free survival (PFES)
and overall survival for patients. Human epidermal
growth factor receptor 2 (HER2) is currently known as a
target for targeted therapy in gastric cancer. Patients with
HER2-positive advanced gastric cancer can benefit from
anti-HER2 treatment. However, there are still fewer
effective targeted treatment options for HER2-negative
patients is still less, and new treatment targets need to be
identified.

Fibroblast growth factor receptors (FGFR) belong to
the family of receptor tyrosine kinases and consist of four
subtypes, namely FGFR1, FGFR2, FGFR3, and FGFR4,
and their 22 ligands. After binding to ligands, FGFR can
activate a series of downstream signaling pathways,
including the RAS/RAF/MEK/MAPK pathway, the
PI3K/AKT/mTOR pathway, the JAK/STAT pathway, and
the PLCy pathway. The excessive activation of the
RAS-RAF-MEK-MAPK  pathway  stimulates cell
proliferation and differentiation. The excessive activation
of the PI3K-AKT-mTOR pathway can inhibit cell
apoptosis. Activation of the JAK-STAT pathway can
promote tumor invasion, metastasis and immune escape.
The PLCy signaling pathway plays an important role in
tumor metastasis [3].

The FGFR has become an important target for
precision therapy in gastric cancer [4]. Previous studies
have shown that FGFR plays an important/essential role
in the treatment of tumors such as cholangiocarcinoma

and urothelial carcinoma. The incidence of FGFR
genomic alterations in gastric cancer ranges from 7% to
16.8% [5-6]. Research on this target in gastric cancer is
increasing, and corresponding targeted drugs have
become a new choice for the treatment of gastric cancer
patients.

1 FGFR gene abnormalities

A multi-tumor study analyzing 4 853 solid tumor
patients showed that 7.1% of patients had FGFR gene
abnormalities, which is similar to a study in China [7].
The majority of these abnormalities were gene
amplifications (66%), followed by mutations (26%) and
rearrangements (8%). FGFR gene abnormalities were
widely distributed in multiple tumor types, with the most
common being urothelial carcinoma, followed by breast
cancer, endometrial cancer, squamous cell lung cancer,
ovarian cancer, and others. In the Chinese population,
FGFR gene alterations were most common in colorectal
cancer, followed by gastric cancer, breast cancer, and
esophageal cancer [6]. Furthermore, the FGFR subtypes
and types of gene alterations vary among different types
of tumors. The most common FGFR variant in gastric
cancer is FGFR2, followed by FGFR1 and FGFR3, and
the most common alteration is amplification, followed by
rearrangement and mutation, which may co-occur [8].

1.1 FGFR amplification/overexpression

FGFR2 amplification occurs in 4% to 9% of gastric
cancers, especially in diffuse-type gastric cancer [9], and
is associated with lymphatic vessel infiltration and poor
prognosis [10]. FGFR1 amplification occurs in
approximately 2% of gastric cancers, and the cases are
similar to gastric cancer cases with FGFR2 amplification,
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which are usually associated with low survival rates and
distant metastasis [11]. FGFR3 and FGFR4
amplifications are rare. A study found that ctDNA
sequencing is better at detecting FGFR2 amplification
compared to traditional tissue testing (7.7% vs
2.6%-4.4%), which can complement tissue testing [12]. In
addition to amplification, FGFR2 overexpression occurs
in 40% to 60% of gastric cancer patients and is associated
with depth of tumor infiltration and worse survival rates
[13]. FGFR1 and FGFR4 overexpression are also
significantly associated with gastric cancer progression,
including invasion depth, lymph node metastasis,
pathological stage, distant metastasis, and recurrence.
Co-overexpression of two or more FGFRs can lead to
exceptionally poor prognosis [14]. The frequency of
FGFR3 and FGFR4 overexpression and their clinical
significance are less studied, although one study reported
FGFR3 overexpression in 64% of gastric cancer, which
was not associated with overall survival [14].

1.2 FGFR mutations

FGFR mutations include single-nucleotide variations
and insertion-deletion mutations. FGFR2 and FGFR3
mutations are more common compared to FGFRI1 and
FGFR4 mutations. FGFR2 mutations are most common
in endometrial cancer, with an incidence of 10% to 12%,
and are often associated with poor prognosis [15]. FGFR3
mutations are closely related to bladder cancer and can
affect prognosis and response to immunotherapy [16-17].
The single nucleotide variation rate of FGFR in gastric
cancer is 6.2% [7], mainly involving FGFR1 mutations.
In gastric cancer, the G636C-FGFR4 mutation can
activate FGFR4 protein and are carcinogenic [18].

1.3 FGFR rearrangements and fusions

FGFR2 and FGFR3 often fuse with other genes.
FGFR2 fusion is more common in intrahepatic
cholangiocarcinoma, with an incidence of 10% to 15%,
and rarer in other tumors. The most common fusion
partner of FGFR2 is BICCI, and others include CIT,
CCDC6, and CCAR?2 [19]. Professor Liu Baorui’s team
[20] detected the incidence of FGFR2 rearrangements
(FGFR2/VTI1A and FGFR2/TACC?2) in poorly cohesive
gastric carcinoma is 3.1%, and were associated with poor
prognosis. In vitro studies showed that gastric cancer cell
lines transfected with TACC2-FGFR2 fusion were more
sensitive to FGFR2 inhibitors, suggesting that FGFR2
may be a potential therapeutic target for poorly cohesive
gastric carcinoma. FGFR3 fusion is relatively common in
glioblastoma and bladder cancer, with the fusion partner
gene being TACC3. FGFR3 fusion is rare in gastric
cancer, and the reported incidence varies across different
studies. A phase I study reported one case of
FGFR3-TACC3 fusion in a gastric cancer patient, who
achieved partial remission after receiving FGFR inhibitor
treatment, with a duration of remission lasting 5.4 months
[21].

2 Progress in FGFR inhibitors for gastric cancer

2.1 Tyrosine kinase inhibitors (TKlIs)

FGFR-TKIs include multi-targeted inhibitors of
FGFR and selective FGFR inhibitors (pan-FGFR
inhibitors, FGFR1-3 inhibitors, FGFR4 inhibitors).

2.1.1 Multi-targeted inhibitors of FGFR

Multi-targeted inhibitors of FGFR can target FGFR
and other receptors such as vascular endothelial growth
factor receptor (VEGFR) and platelet-derived growth
factor receptor (PDGFR), and relevant drugs include
pazopanib, regorafenib, lenvatinib, sorafenib, and
nintedanib. Multi-targeted inhibitors of FGFR have high
activity but low selectivity and significant systemic
toxicity, with common adverse reactions including
hypertension, fatigue, gastrointestinal reactions, and
hand-foot syndrome. Pazopanib combined with
chemotherapy is currently used to treat advanced gastric
cancer patients, especially those with FGFR3
amplification, and has achieved better therapeutic effects
[22]. Regorafenib can dose-dependently inhibit FGFR2
signaling in cell and mouse experiments, suppressing the
growth of gastric cancer cells with FGFR2 amplification,
which can serve as a predictive marker for regorafenib
sensitivity in gastric cancer treatment [23]. Nintedanib
has  shown  certain  anti-tumor  activity in
FGFR2-amplified gastric cancer cell lines [24].

2.1.2 Selective FGFR Inhibitors

Erdafitinib, pemigatinib, and infigratinib, which
were approved by the FDA for the treatment of advanced
urothelial carcinoma and cholangiocarcinoma with
different FGFR family gene mutations, belong to
selective FGFR inhibitors. Selective FGFR inhibitors
have high sensitivity and relatively low systemic toxicity
because they inhibit the FGFR pathway only and avoid
the toxic effects of other targets. While the kinase
domains of FGFR3 are highly similar, FGFR4 has a
unique structure, thus most selective FGFR inhibitors can
inhibit FGFR1-3 in different degrees, with a few TKIs
exclusively inhibiting FGFR4. Infigratinib showed an
objective response rate of 25.0% (n = 20) and a median
duration of response of 3.8 months in locally advanced or
metastatic gastric or gastroesophageal junction (GEJ)
adenocarcinoma patients with FGFR2 gene amplification.
Based on these trial data, infigratinib was granted
breakthrough therapy designation by China’s National
Medical Products Administration (NMPA) for the
treatment of FGFR2-amplified gastric cancer. AZD4547
is a highly active and selective FGFR1-3 inhibitor. A
study showed that there was no statistically significant
difference in PFS between AZD4547 and paclitaxel in the
treatment of advanced gastric cancer patients with FGFR2
amplification after failed first-line chemotherapy.
AZDA4547 exhibited good tolerability, and the degree of
response to AZD4547 positively correlated with FGFR2
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amplification times, suggesting potentially better efficacy
for patients with highly amplified FGFR2 gene [25]. The
drug was granted orphan drug designation for the
treatment of gastric cancer by the FDA in March 2022.
Derazantinib is an oral FGFR1-3 inhibitor with strong
efficacy in gastric cancer models and has a synergistic
anti-tumor effect with paclitaxel [26]. LY2874455 is a
pan-FGFR inhibitor, which was evaluated in a phase IB
trial with 29 gastric cancer patients, with 1 achieving
partial remission and 12 showing stable disease [27].
Futibatinib is an orally orally bioavailable, selective,
irreversible FGFR inhibitor, with inhibitory effects on
FGFR1-4. Futibatinib has broad-spectrum anti-tumor
activity in cancer cell lines and xenograft models with
FGFR genomic aberrations, including gastric cancer, and
with a reduced risk of resistance compared to other FGFR
inhibitors [28]. In two phase I clinical studies, objective
response rates for gastric cancer patients treated with
futibatinib were 22% and 36.4%, respectively,
demonstrating a certain degree of anti-tumor activity [21,
29]. Common adverse reactions mainly included
hyperphosphatemia, diarrhea, and nausea.

2.2 Monoclonal antibodies

FGFR monoclonal antibodies mainly exert
anti-tumor effects by blocking ligand/receptor binding
and/or receptor dimerization, or by conjugating with
highly cytotoxic drugs [30-31]. Bemarituzumab is the
first humanized monoclonal antibody targeting
FGFR2b in the world, which can block the binding and
activation of FGFs with FGFR2b, inhibit downstream
pathways, and block tumor progression. Additionally,
it can induce enhanced antibody-dependent cellular
cytotoxicity and potentially achieve tumor cell killing
by recruiting NK cells. In an exploratory phase II
clinical trial of bemarituzumab combined with
mFOLFOXG6 in patients with advanced gastric or GEJ
adenocarcinoma selected for FGFR2b expression and
HER2-negativity, although there was no statistically
significant improvement in PFS (9.5 months vs. 7.4
months, P=0.073), promising clinical efficacy was
achieved [32]. Subgroup analysis showed that the
higher the expression level of FGFR2b, the longer the
survival. However, the combination therapy group
observed 83% of grade 3 or higher adverse events,
including neutropenia, corneal disorders, and oral
mucositis. At the same time, the Phase Ib/III study of
Bemarituzumab combined with mFOLFOX6 and
nivolumab for first-line treatment of HER2-negative
gastric /GEJ adenocarcinoma is currently underway.
Some safety data from Phase Ib were released at the
2023 annual meeting of the European Society of
Oncology (ESMO), and after 13 months of follow-up,
no dose-limiting toxicity or new safety events were
reported.

2.3 Fibroblast growth factor (FGF) ligand traps

FGF ligand traps can bind and isolate FGF ligands,
preventing them from binding to FGFR. Unlike
monoclonal antibodies that only target a single ligand,
ligand trap FC-fusion proteins can bind to multiple
ligands.  Macromolecular ~ FGF  traps  include
FP-1039/GSK3052230, Ms FGFR2c, and sFGFR3, which
originate from the extracellular space of FGFR1, FGFR2,
and FGFR3, respectively. Micromolecular FGF traps
include sm27 and NSC12 [33]. FP-1039 is well tolerated
in non-selective advanced cancer patients, with some
hyperphosphatemia and retinal changes observed, and no
nail or dermal toxicity observed [34]. It also shows
clinical efficacy in patients with pleural mesothelioma
and non-small cell lung cancer [35-36]. NSCI12 has
certain anti-tumor activity in multiple myeloma and lung
cancer models [37-38].

At present, the indications for FGFR inhibitors are
mainly for cholangiocarcinoma and urothelial carcinoma,
but there are still many preclinical studies and clinical
trials of FGFR inhibitors for the treatment of gastric
cancer in progress [39], hoping to achieve exciting
results.

3 Challenges and dilemmas

The efficacy of FGFR inhibitors is limited by
resistance mechanisms. To overcome resistance,
Professor Chen Yongheng et al. [40] proposed the
development of novel covalent FGFR inhibitors, the use
of combination therapy, disruption of lysosomal structure
to release sequestered TKIs, and the utilization of FGFR
ligands or FGFR-specific monoclonal antibodies to
bypass TKI resistance, and other corresponding strategies.
The team led by Chen Lingfeng [41] has developed a
novel orally effective FGFR2-selective degrader
(LC-MBI12) that can circumvent mutation-related
resistance. Combination therapy can simultaneously
block multiple activation pathways, inhibit the activation
of bypass signals, overcome acquired resistance, and
MEK inhibitors can overcome resistance to FGFR
inhibitors in FGFR-driven gastric cancer [42]. When
FGFR is inhibited, a well-defined MAPK-ERK signaling
pathway in gastric cancer will be activated [19], and the
combination therapy with MEK inhibitors may enhance
the inhibitory effect of FGFR, and improve treatment
benefits. The resistance mechanism of FGFR1 inhibitors
can regulate cellular autophagy mainly through the
activation of the TAK1/AMPK signaling pathway. TAK1
inhibitors can synergistically inhibit resistance induced by
FGEFR inhibitors [43]. The FGF/FGFR signaling pathway
is involved in regulating the tumor microenvironment,
including immune cells, angiogenesis, and
epithelial-mesenchymal transition. FGFR inhibitors can
enhance the response to immune checkpoint inhibitors by
affecting various stages of cancer immune regulation [44].
The expression of FGFR1 in gastric cancer models has
been shown to enhance the efficacy of immunotherapy
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[45].

4 Conclusion and outlook

Currently, approved targeted therapies for gastric
cancer mainly focus on HER2, VEGFR, and PD-1 targets
in clinical practice. However, these options still fall short
of meeting the complete therapeutic needs of patients.
Increasingly, new targets are being gradually explored,
and more targeted drugs are tested by clinical trials. The
exploration of FGFR inhibitors for gastric cancer is
predominantly in the pre-clinical or small-sample clinical
research stage. However, the efficacy of FGFR inhibitors
is limited by acquired drug resistance and adverse effects,
posing challenges to their therapeutic potential.
Broadening the indications, exploring the potential of
combination therapies with other treatment approaches,
and implementing sequential treatments require collective
efforts in the field of medicine.
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kinases, RAS/RAF/MEK/MAPK) Wi Mk UL 3-13 it/ 25 11 %
fite B/ THFL3h%) 55 1A 55 Z #0253 ( phosphatidylinositol 3-kinase/
protein kinase B/mammalian target of rapamycin, PI3K/AKT/
mTOR) ARZ KRR Z RN/ 5 5 14 5 A e s K 7 (janus
kinase/signal transducer and activator of transcription, JAK/
STAT) A1 i i C-v ( phospholipaseC-y, PLC-y), RAS-RAF-
MEK-MAPK i i 1) 32t J32 380 3% o i 20 Jf2 4% 58 43 15 PI3K-
AKT-mTOR 3 % A1 HE R0 BE A 400 1) 40 M 8 1~ s JAK-STAT i
BT LAGE 2t R AR 5 A%, 344 508 i 88 S e k3 5 PLC-y {53
PR TE MR R T A AR

FGFR B A B3 K e dA Y7 i S A0 BEAE AT I,
FGFR 7 R4S P B I i e 988 258 Jh R 1A 36 7 v 6 5 4 T A
JHLFGFR (2 4 M 25 7 B o o 2 2 36 o8 7% ~ 16.89% %)
Xof i — B A i U ) O 5 R i 22, A L 0 4 1) 25 )
LN 18 5 BRI BT £

1 FGFR EERE

— IR 4 853 il SR e B 1 Z IR IS AT s
T 1% B A FGFR SE R ) 5 5 i [ ) — 0 AT 55 4%
AL, Ok B R N (66% ) , LR S g AR
(26% ) FITEHE (8% ) . FGFR FE[A R4 B 1Z 50 F 24~
SRRl eh  RH DL SR IR I b Bz, OO LI 8 oA B
il RS A . RiAE B ECHEE R, FGFR 3 R B AR Fe i 0
T4, R B SURE MR . BRI A
VLI FGFR 57BN 3k X i A5 S RV 45 i R [R), 18 96 vh o D 1Y
FGFR 75 57 % & FGFR2, Hyk J&: FGFR1 FGFR3 , B A5 [y 24 70
KREFORY #, R e EHE 5278, 3 6 o A8 45 A ] A 7] A
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1.1 FGFR 4 ¥/i¢ & ik FGFR2 ¥ WAE1E T 4% ~ 9% (1 4
P R B TRIE A E 9T 5 R Rk L R I RS
AEME FGFRI 8 % 4 29 2% () B i f, 5 FGFR2
310 R 0L, 3 5 A A SR AR AL R R
i FGFR3 Fl FGFR4 [/ 34 4R/ L, A HF5E & BE , ot DNA U J§
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FGFR4 i 23k i 451 5 Rl IR A 7 3820, R A8 — TURIE 98 4 i
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F
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{1 % IR I AT R i US Bt S e i s
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TR A DR  ]  5.4 A Y
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FGFR #I15) .FGFR1-3 3] [FGFR4 $0HI )
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HUEAEA FGFR3 W Ay ™ IR LR T R BRI 2%
Ho TR T A5 40 A /I B EE v AT L SR) 2 400 1 41 )
FGFR2 {55-1% 5, | FGFR2 41 i) ' 4 4l 1 £ 1<, FGFR2
P38 T LAAE A T B A R X B A T OB I 4 AR
JeikJRAGTE FGFR2 444 1) B 4 40 I 7 v o B — 5 Bt ik
FAWERY

2.1.2 pEFEPE FCGFR AN HETE LR EEJE (er-
dafitinib) il K} JE ( pemigatinib) JEFEAR H7 % JE (infigratinib )
— K FGFR #5735 J& F 2 5 P FGFR HI il 71], FDA R4t
TURIT AR FOFR G5 B IR 748 S (9 W 391 DR s |- e g ELAEF
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GRS R IT I GE . AZDASAT S — Bl 5 0% TR K vk %k B
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7R X T FGFR2 &5 438 f) (i %, AZD4547 W] R 3 o
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R BE B PR TESE R T Y FGFR #1734 FGFR1-
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