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Abstract. A number of novel drugs targeting the fibroblast 
growth factor receptor (FGFR) signaling pathway have been 
developed, including mostly tyrosine kinase inhibitors, selec-
tive inhibitors or monoclonal antibodies. Multiple preclinical 
and clinical studies have been conducted worldwide to 
ascertain their effects on diverse solid tumors. Drugs, such as 
lenvatinib, dovitinib and other non‑specific FGFR inhibitors, 
widely used in clinical practice, have been approved by the 
Food and Drug Administration for cancer therapy, although 
the majority of drugs remain in preclinical tests or clinical 
research. The resistance to a single agent for FGFR inhibition 
with synthetic lethal action may be overcome by a combina-
tion of therapeutic approaches and FGFR inhibitors, which 
could also enhance the sensitivity to other therapeutics. 
Therefore, the aim of the present review is to describe the 
pharmacological characteristics of FGFR inhibitors that may 
be combined with other therapeutic agents and the preclinical 
data supporting their combination. Additionally, their clinical 
implications and the remaining challenges for FGFR inhibitor 
combination regimens are discussed.
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1. Introduction

The fibroblast growth factor receptor (FGFR) signaling pathway 
is of great importance in a number of fundamental physiological 
mechanisms, including embryonic development, tissue 
metabolism homeostasis, endocrine function, angiogenesis 
and wound repair (1,2). Dysregulation of the FGFR signaling 
pathway is the principal cause of oncogenesis in numerous 
types of tumor, causing proliferation, differentiation, apoptosis, 
migration and resistance to anticancer therapy (3,4). FGFRs, a 
family of receptor tyrosine kinases (RTKs), have an extracellular 
ligand‑binding domain and an intracellular tyrosine kinase 
domain; among members of the FGFR family, FGFR1‑4 
display a highly conserved transmembrane tyrosine kinase 
domain, whereas FGFR5 does not possess an intracellular 
kinase domain (5). Activation of FGFRs by the FGF ligand 
leads to triggering of downstream signaling pathways for cell 
survival and proliferation, including the PI3K/AKT, STAT 
and RAS/mitogen‑activated protein kinase (MAPK) signaling 
pathways (6).

Numerous studies have focused on FGFR amplifica-
tion (7‑9), activating mutations (10,11) and oncogenic fusions 
in solid tumors (12). In oncogenesis, FGFR signaling can also 
be enhanced by autocrine and paracrine signaling, in addition 
to angiogenesis and epithelial‑mesenchymal transition (13). A 
number of novel drugs targeting the FGFR signaling pathway, 
containing multi‑targeting tyrosine kinase inhibitors (TKIs), 
selective inhibitors and monoclonal antibodies, are undergoing 
preclinical and clinical trials in various FGFR‑associated 
tumors  (14). Notably, lenvatinib, dovitinib and other 
non‑specific FGFR inhibitors are currently used as treatments 
in clinical practice (15,16). However, despite selective inhibi-
tors having been enlisted into the anticancer armamentarium 
by the Food and Drug Administration, the majority have not 
concluded preclinical studies or clinical trials (4).
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There is growing evidence that only a fraction of cancer 
types with FGFR‑drivers may respond to FGFR inhibi-
tors (13). In addition, as with the majority of targeted drugs, 
the development of drug resistance is a critical issue for the 
efficacy of FGFR inhibition (13). This may suggest that dual 
suppression of FGFR and other signaling pathways may 
be a valid approach. Combination therapeutic approaches 
principally function via two mechanisms: Overcoming the 
resistance of a single‑agent FGFR inhibitor through synthetic 
lethal action and enhancing the sensitivity of the other thera-
peutic agent (14). Therefore, combined therapeutic approaches 
may represent the most promising treatment for tumor therapy, 
and the aforementioned studies have attempted to identify an 
FGFR inhibitor‑based combination regimen that best improves 
duration of response and long‑term outcomes in solid tumors.

The purpose of the present review is to describe the phar-
macological characteristics of FGFR inhibitors that facilitate 
combination with other therapeutic agents and to identify the 
preclinical data supporting their combination, in addition to 
discussing the clinical implications and remaining challenges 
for FGFR inhibitor combination regimens with radiotherapy, 
chemotherapy, targeted drugs and immunotherapy.

2. Combination of FGFR inhibitors with target agents: 
A sectorial approach

Lung cancer. Combinations of FGFR inhibitors with targeted 
agents in different types of cancer are presented in Table I. 
Concerning mitogen‑activated protein kinase kinase (MEK) 
inhibitors in KRAS‑mutant lung adenocarcinoma, their 
inhibition capability remains robust  (17). Trametinib, a 
MEK inhibitor that targets the MAPK signaling pathway, is 
particularly effective (17). Indeed, following short hairpin (sh)
RNA screening, a compensatory response involving FGFR1 
can be promoted by trametinib, leading to negative signaling 
feedback activity and adaptive drug resistance (17). Therefore, 
through a combination of trametinib and an FGFR inhibitor, 
tumor cell death can be enhanced both in vitro and in vivo (17). 
Notably, this effect was identified in cell lines and xenograft 
mouse models of KRAS‑mutant lung adenocarcinoma and 
pancreatic carcinoma, but not in KRAS wild‑type lung cancer 
cells or KRAS‑mutant colon cancer (17). Therefore, to combat 
KRAS‑mutant lung cancer, combining a MEK inhibitor with an 
FGFR inhibitor could be regarded as a rational approach (17).

However, based on the epithelial or mesenchymal state 
of the cancer, MEK inhibitors induce evident activation of 
RTKs in KRAS‑mutant lung cancer (18). In epithelial‑like 
KRAS‑mutant cancer cells, MEK inhibitors primarily upregu-
late Erb‑B2 receptor tyrosine kinase 3 (ERBB3) and activate 
PI3K/AKT and MAPK signaling; by contrast, ERBB3 expres-
sion in mesenchymal‑like KRAS‑mutant lung cancer cells 
is low (18). Mesenchymal‑like cells exhibit higher FGFR1 
expression, and with suppression of the Sprouty (SPRY) 
protein, MEK inhibition relieves inhibition of the FGFR1 
signaling pathway  (18). Consequently, the combination of 
FGFR and MEK inhibitors may be more effective in treating 
mesenchymal‑like KRAS‑mutant non‑small cell lung cancer 
(NSCLC).

With regards to mTOR inhibitors, in order to identify whether 
their function as a protein kinase is essential to the intrinsic 

sensitivity of FGFR1‑dependent lung cancer cells to ponatinib 
(a multi‑kinase FGFR‑active inhibitor), a previous study has 
adopted functional genomic screens with a kinome‑targeting 
shRNA library as study objects (19). Synergistic growth can be 
suppressed in vitro with a combination of an FGFR inhibitor and 
an mTOR or AKT inhibitor (19). When combining AZD2014 
(an mTOR inhibitor) with AZD4547 (an FGFR‑specific TKI), 
distinct attenuation of tumor growth in tumor xenografts 
generated using FGFR1‑dependent lung cancer cells has been 
observed (19). Additionally, Dai et al (20) identified FGFR2 
and mTOR as critical regulators in a number of wild‑type 
epidermal growth factor receptor (EGFR) NSCLC cell lines in 
TUSC2‑erlotinib combination treatment.

Concerning MET proto‑oncogene, receptor tyrosine kinase 
(MET) inhibitors, previous research has confirmed signaling 
crosstalk between FGFR and MET (21). Kim et al (21) reported 
that, in MET‑dependent cell lines, FGFR serves an important 
role in resistance to a MET‑targeting antibody. By establishing 
an acquired resistance model to the FGFR inhibitors AZD4547 
and BAY116387 in lung cancer, it has been demonstrated that 
MET activation is sufficient to bypass the dependency on the 
FGFR signaling pathway (22). These data indicate that concur-
rent inhibition of MET and FGFR signaling may be important 
in FGFR‑dependent lung cancer.

With regards to EGFR‑specific TKIs, treatment with a single 
EGFR‑TKI appears to represent a logical step in the process 
towards achieving personalized cancer therapy. However, the 
long‑term benefit is limited by intrinsic and acquired resistance 
mechanisms. It is well‑known that single EGFR‑TKI resistance 
mechanisms include EGFR‑T790M ‘gate‑keeper’ mutations 
and MET amplification (23). Ware et al (24) employed NSCLC 
cells bearing activating EGFR mutations and rendered them 
resistant to EGFR‑specific TKIs through chronic adaptation 
in tissue culture. Their data suggest that fibroblast growth 
factor 2 (FGF2) and FGFR1 expression were increased in the 
adapted cell lines using combined treatment with gefitinib and 
AZD4547 and prevented the outgrowth of the drug‑resistant 
clones. The aforementioned findings support FGFR‑specific 
TKIs as potentially valuable additions to existing targeted 
therapeutic strategies using EGFR‑specific TKIs to prevent or 
delay acquired resistance in EGFR‑driven NSCLC.

Concerning GLI family zinc finger (GLI) inhibitors, 
targeted therapies have substantially improved treatments in 
lung adenocarcinoma, including EGFR and ALK receptor 
tyrosine kinase (ALK) inhibitors, and have increased the 
survival rate of patients (25). It has been demonstrated that 
NSCLC comprises a subset of stem cell‑like cells (26,27). The 
proportion of FGFR1 amplification is 10‑22% in lung squa-
mous cell carcinoma (LSCC) (28‑30). Activation of FGFR1 
can enhance the activity of GLI1 in addition to knockdown of 
GLI2, thereby directly inhibiting the stem cell‑like phenotype 
of FGFR1‑amplified cells, suggesting that the FGFR1/GLI2 
axis promotes the lung cancer stem cell‑like phenotype in 
LSCC  (31). Therefore, a combination of FGFR and GLI 
inhibitors may be an ideal treatment for FGFR1‑amplified 
LSCC (31).

Head and neck squamous cell carcinoma (HNSCC). 
FGFR1 inhibitor has displayed its ability to reduce HNSCC 
development in a preclinical model (32). However, resistance 
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still represents a serious problem  (32). In HNSCC cell 
lines treated with FGFR inhibitors, mTOR serves a crucial 
role (19). Additionally, FGFR1 protein upregulation may be 
a prognostic biomarker in human papillomavirus‑negative 
HNSCC, and, due to EGFR signaling, FGFR‑amplified cell 
lines exhibit resistance to AZD4547 (32). The combination 
of AZD4547 and gefitinib synergistically inhibits the 
proliferation of resistant cell lines  (32). A previous study 
conducted by the University of Colorado Anschutz Medical 
Campus included a whole‑genome loss‑of‑function screen to 
identify genes whose knockdown potentiated the effect of the 
FGFR inhibitor AZ8010 in three HNSCC cell lines (33). The 
results indicated that FGFR inhibition did not exert an effect 
on several alternative receptors, including RTKs, ERBB2 and 
MET, and that the triple combination of FGFR, MET and 
ERBB family inhibitors was more effective in inhibition of 
cell growth and induction of apoptosis compared with double 
combinations (33).

Gastric cancer (GC) and gastrointestinal stromal tumors 
(GISTs). FGFR1 and FGFR2 are amplified in numerous types 
of solid tumor  (14). In a translational clinical trial, it was 
demonstrated that GC with high‑level FGFR2 amplification 
exhibits a high response to the FGFR inhibitor AZD4547 (34). 
Another study demonstrated that several RTKs, including 
EGFR, ERBB3 and MET, following activation, contribute to 
AZD4547 hyposensitivity in FGFR2‑amplified GC cells (35). 
In addition, these resistance‑conferring RTKs (EGFR, ERBB3 
and MET) were highly expressed in FGFR2‑positive patients 
with GC (35). Furthermore, synergy was observed in growth 
inhibition when GC cells were treated with AZD4547 and 
cetuximab, in vitro and in vivo (35). It is well known that for 
80% of patients with GIST, advanced cancer can be controlled 
by imatinib (36). However, this beneficial effect does not last 
for long due to the majority of patients developing resistance 
to imatinib, which can be promoted by signaling cross‑talk 
between KIT proto‑oncogene, receptor tyrosine kinase (KIT) 
and FGFR3 (37). Another study demonstrated that during 
imatinib therapy in patients undergoing tumor resection, 
viable tumor cells can be observed in GIST (38). Li et al (39) 
reported that FGF2 can reduce the sensitivity of GIST cells 
to imatinib, whereas a combination of imatinib and BGJ398 
(infigratinib) can restore this sensitivity. Additionally, the 
molecular mechanisms underlying the combination treatment 
have been established, with activation of KIT suppressing FGF 
signaling through ERK‑dependent feedback inhibition, which 
is partially mediated by SPRY proteins in GIST cells (39).

Esophageal squamous cell carcinoma (ESCC). Acidic FGF 
and FGFR1 co‑expression are associated with poor prognosis 
in patients with ESCC (40). Using fluorescent in situ hybridiza-
tion, the frequency and prognosis of FGFR1 amplification in 
526 patients with curatively resected ESCC were investigated, 
identifying high and low amplification of 8.6 and 1.1%, respec-
tively (41). Shorter disease‑free survival and overall survival 
times were observed in the high FGFR1 amplification group 
compared with the low FGFR1 amplification group (41). By 
analyzing these data, it can be inferred that FGFR is crucial 
to ESCC. Zhang et al (42) reported that due to FGFR2 gene 
amplification and upregulation, a cetuximab‑sensitive ESCC 

xenograft model became resistant to cetuximab, and that 
inhibition of FGFR2 signaling restored the sensitivity to 
cetuximab. Additionally, it has been identified that AZD4547 
can increase sensitivity to gefitinib in TE10 and EC9706 cell 
lines; notably, higher expression levels of phospho‑FGFR1 
were observed in TE10 compared with in EC9706 cells, and in 
the best case, enhanced sensitivity was achieved (43).

Hepatocellular carcinoma (HCC). At present, surgery is 
the sole curative treatment option for HCC. However, since 
patients commonly present at an advanced stage, few qualify 
for surgical resection or liver transplantation (44). Sorafenib, 
a multi‑TKI, has modest efficacy in patients with HCC (44). 
Although some studies have demonstrated that MET inhibition 
can markedly inhibit the growth of MET‑positive HCC (45,46), 
resistance to MET inhibitors remains a major problem. 
Jo et al (47) have reported that the FGFR signaling pathway 
is critical for HCC, and that use of AZD4547 may be benefi-
cial for HCC expressing phospho‑FGFR and phospho‑MET. 
Scheller et al (48) reported that daily administration (5 mg/kg) 
of BGJ398 (infigratinib) causes substantial growth inhibition 
in vivo; however, in combination with blockade of FGFR and 
mTOR signaling pathways it impairs tumor growth in an 
orthotopic model.

Colon carcinoma (CC). Bevacizumab, a monoclonal antibody 
directed against vascular endothelial growth factor, is widely 
used clinically, but it can also induce resistance and has a 
limited duration of efficacy. In HT‑29 CC xenografts, treat-
ment with bevacizumab at 10 mg/kg twice per week led to 71% 
inhibition of tumor growth; however, combining bevacizumab 
with S49076, a selective FGFR inhibitor that inhibits MET, 
AXL receptor tyrosine kinase and FGFR1‑3, results in near 
total arrest of tumor growth (49).

Prostate cancer (PCa). In a previous study, an FGFR inhibitor 
has demonstrated that targeting the FGFR signaling pathway 
can inhibit PCa progression in vivo (50). It has been recently 
highlighted that AZD5363 (an AKT inhibitor) partially 
inhibits AKT kinase activity in addition to increasing 
FGFR1 signaling  (51). Therefore, treatments that combine 
AKT and FGFR inhibitors have marked additive effects both 
in vitro and in vivo in PCa (51).

Human melanoma. Frequent mutations in BRAF and FGF2 
upregulation are the principal features of melanoma (52,53). 
Metzner et al (54) proposed an antitumor strategy in melanoma 
that restrains FGFR signals using the small‑molecule inhibi-
tors SU5402 and PD166866, leading to reduced melanoma cell 
proliferation and increased apoptosis. This synergistic effect 
has been observed when combining FGFR inhibition and 
sorafenib or the specific BRAFV600E mutant inhibitor RG7204 
(vemurafenib) (54).

Gynecological tumors. In ~10% of breast cancer cases, it has 
been demonstrated that FGFR1 and FGFR2, which are asso-
ciated with poor outcomes, become amplified (55). Dovitinib, 
a selective FGFR inhibitor, inhibits FGFR1‑amplified breast 
cancer xenografts (55). However, blocking a single signaling 
pathway is often not sufficient to generate tumor regression. 
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Additionally, the efficacy of a single therapeutic agent is often 
short‑lived due to the emergence of resistant cancer cells. 
In breast cancer models, the combination of dovitinib and 
the PI3K/mTOR inhibitor NVP‑BEZ235, or dovitinib and a 
pan‑ErbB inhibitor (AEE788), results in tumor stasis and the 
blockade of metastatic spread (56). These combination treat-
ments strongly downregulate the FGFR/fibroblast growth 
factor receptor substrate 2 (FRS2)/ERK and PI3K/AKT/mTOR 
signaling pathways (56). On the other hand, treatment with 
an FGFR1 inhibitor induces stroma remodeling, which is 
of importance for tumor dormancy and recurrence  (57). 
Holdman et al (57) used transgenic mouse models to study 
the recurrence of FGFR1‑driven breast tumors, and their 
data suggest that the phospho‑EGFR signaling pathway is 
upregulated in recurrent tumors. In addition, the combina-
tion of EGFR and FGFR1 inhibitors markedly decreases 
collagen‑enriched stroma formation and substantially delays 
tumor recurrence  (57). There are currently two phase  II 
expansion trials evaluating the efficacy of FGFR inhibitors 
in combination with fulvestrant in a second‑line setting for 
endocrine resistance in breast cancer (NCT01202591 and 
NCT01528345). A variety of genetic alterations has been 
observed in endometrial tumors, including FGFR2 muta-
tions (58). Notably, the PI3K signaling pathway is activated 
in >90% of FGFR2‑mutant endometrial cancers (59). Two 
studies have explored the effects of FGFR inhibitors upstream 
and downstream of the PI3K signaling pathway, respectively. 
Gozgit et al (60) confirmed inhibition of both FGFR2 and 
mTOR when using a combination of ponatinib and ridaforo-
limus, which may represent a novel therapeutic strategy for 
FGFR2‑mutant endometrial cancer. Another study evaluated 
the combination of BGJ398 (infigratinib), the pan‑PI3K 
inhibitor BKM120 and the p110α‑selective inhibitor BYL719 
(alpelisib) in FGFR2‑mutant endometrial cancer, suggesting 
that the combination of FGFR and pan‑PI3K inhibitors 
may be more effective than a single agent in endometrial 
cancer (61).

3. Combination with chemotherapeutic agents

Combinations of FGFR inhibitors with different chemothera-
peutic agents are shown in Table II. ARQ 087 is a multi‑TKI 
with activity against FGFR and with a safe profile, and it 
induces regression of tumors in FGFR‑driven models  (62). 
Chilà et al (63) assessed the feasibility of combining ARQ 087 
with chemotherapy in FGFR‑dysregulated human xenografts, 
including lung cancer (H1581), endometrial cancer (MFE296) 
and GC (SNU16) models. In the lung cancer model, ARQ 087 
exhibited limited antitumor activity, but, compared with single 
agents, a higher degree of tumor regression and a longer time to 
progression were observed using a combination of ARQ 087 + 
paclitaxel + carboplatin (63). Similar treatments were used in 
nude mice bearing SNU16 and MFE296 xenografts. Notably, no 
toxic deaths were observed and no premature stopping or delay of 
drug administration were required (63). For endometrial cancer, 
chemotherapy is the standard treatment; however, the use of 
chemotherapeutic agents is limited due to toxicity in numerous 
patients with recurrent or advanced disease (64). Byron et al (65) 
explored the combination of PD173074 and paclitaxel or doxoru-
bicin with synergistic activity in three FGFR2‑mutant cell lines. 

FGFR2 mutation status did not alter sensitivity to either chemo-
therapeutic agent alone, while the combination of PD173074 
with paclitaxel or doxorubicin exhibited synergistic activity 
in the three FGFR2‑mutant cell lines evaluated (65). Notably, 
non‑mutant cell lines exhibited resistance to FGFR inhibition 
alone, but the cytostatic effect of paclitaxel and doxorubicin was 
enhanced by the addition of PD173074 (65). Furthermore, >90% 
of solid tumors harbor a p53 mutation leading to dysregulation 
of G2/M cell cycle checkpoints in unique and predictable ways, 
in addition to insensitivity to chemotherapy (66). Additionally, 
in p53‑mutant endometrial cancer cells, synthetic lethality can 
be achieved through a combination of paclitaxel and BIBF1120 
(nintedanib), an investigational vascular endothelial growth 
factor receptor, platelet‑derived growth factor receptor and 
FGFR multi‑TKI (66).

Recently, a study evaluated the effect of BGJ398 
(infigratinib) in an ovarian cancer cell line (SKOV3ip1) with the 
help of a 3D sphere culture system (67). Notably, the viability 
of sphere‑cultured SKOV3ip1 cells was decreased by BGJ398 
(infigratinib) treatment, but viability of SKOV3ip1 cells in a 
monolayer culture system was not affected (67). Furthermore, 
a synergistic inhibitory effect was observed when BGJ398 
(infigratinib) was combined with paclitaxel in sphere‑cultured 
SKOV3ip1 cells (67).

Additionally, the combination of PD166866 and 
cisplatin had a synergistic effect in malignant pleural meso-
thelioma SPC111, SPC212 and P31 cells; however, in the 
cisplatin‑resistant P31 cell line, PD166866 did not revert 
cisplatin sensitivity (68). Using PD166866 alone, its inhibi-
tory effect in the cisplatin‑resistant derivative was greater 
than that observed in the parental cell lines  (68). Another 
study demonstrated that co‑culture of colorectal cancer cells 
with tumor‑associated fibroblasts (TAF) induces significant 
FGFR4 upregulation, and that FGFR4 serves crucial roles 
in TAF‑induced epithelial‑to‑mesenchymal transition in 
colorectal cancer cell lines  (69). Accumulated FGFR4 in 
the cell membrane phosphorylates β‑catenin, leading to 
translocation of β‑catenin into the nucleus (69). Furthermore, 
TAF‑derived CCL2 and its downstream transcription factor 
are prerequisites for TAF‑induced FGFR4 upregulation (69).

Upregulation of FGFR4 expression has been demonstrated 
to be associated with the response to doxorubicin in colon 
cancer cells (70). A role for FGFR4 as a regulator of signal 
transduction through the regulation of cellular FADD‑like 
IL‑1β‑converting enzyme‑inhibitory protein (c‑FLIP; an 
anti‑apoptotic protein) and B‑cell lymphoma‑2 with activation 
of STAT3 has been previously described in colon cancer (71). 
In addition, Turkington et al described the role of FGFR4 in the 
resistance to fluorouracil and oxaliplatin chemotherapy (71). 
Induction of apoptosis was observed in cell line models, 
whereas silencing of FGFR4 in combination with chemo-
therapy downregulated c‑FLIP expression (71). These data 
may provide a therapeutic strategy in which FGFR4‑selective 
small‑molecule inhibitors are combined with chemotherapy in 
order to reverse chemoresistance in colon cancer.

4. Combination with radiotherapeutics

The effects of FGFR inhibitors in combination with 
radiotherapy have not been fully explored. Indeed, the effects 
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of FGFR inhibitors in combination with radiotherapy have only 
been explored in a few studies (Table III). Verstraete et al (72) 
evaluated the effects of JNJ‑42756493 (a pan‑FGFR TKI) with 
and without radiotherapy in rectal cancer. While irradiation 
with 5 Gy in NCI‑H716 cells (FGFR2 amplification) or 10 Gy in 
CaCo2 cells (with low/undetected FGFR2 protein expression) 
hindered tumor growth in both cell models, the addition of an 
FGFR inhibitor did not result in radio‑sensitization; however, 
irradiation with 5 Gy prevented the accelerated growth of 
NCI‑H716 cells following drug withdrawal (72).

Notably, another study reported that FGFR4 can induce 
radiotherapy resistance in colorectal cancer (CRC) and 
explored the response to neo‑adjuvant radiotherapy in CRC 
cell line models through silencing or overexpression of 
FGFR4 (73). It was identified that the FGFR4 staining score 
was substantially lower in biopsies of responsive rather than 
of non‑responsive mice; similarly, radiation response in cell 
models was inhibited by FGFR4 overexpression (73). When 
radiation and PD173074 (an FGFR inhibitor) were used 
to block FGFR4‑dependent signaling, a marked decrease 
in surviving colony forming cells was observed in small 

interfering RNA‑induced FGFR4 silencing (73). PD173074 
was administered 3  h prior to irradiation and the treat-
ment was continued after irradiation, resulting in a marked 
decrease in the surviving fraction and the median effec-
tive radiation dose (73). Ader et al (74) demonstrated that 
SSR128129E, a novel small molecule multi‑FGFR blocker, 
clearly increased the radiosensitivity of human glioblastoma 
cells both in vitro and in vivo, modulating hypoxia induc-
ible factor (HIF)‑1α expression under hypoxia in  vitro. 
The function of PD166866, a multi‑FGFR inhibitor, occurs 
mainly in the following ways: By improving the curative 
effect of cisplatin and improving the sensitivity of radio-
therapy in mesothelioma (68). Based on the available data, 
FGFR induces radiosensitization, which is associated with 
attenuation of double‑strand break repair by RAD51 recom-
binase‑mediated homologous recombination  (73). On the 
other hand, it also increases radiation‑induced mitotic cell 
death and decreases cell membrane availability of FGFR‑1 
by increasing the ubiquitylation of the receptor, inhibiting 
radiation‑induced ras homolog family member B activation 
and modulating the level of HIF (74).

Table II. Combination of FGFR inhibitors with chemotherapeutics.

 		  FGFR inhibitor 
Author, year	 Malignancy	 (target)	 Chemotherapeutics	 Results	 (Refs)

Chilà et al, 2017	 Lung cancer/	 ARQ087	 Paclitaxel + 	 In a lung cancer model, ARQ 087	 (63)
	 endometrial 	 (FGFR1‑3)	 carboplatin	 exhibited limited antitumor activity.
	 cancer/gastric 			   However, compared with single
	 cancer			   agents, a higher degree of tumor
				    regression and a longer time to 
				    progression were observed using a 
				    combination of ARQ 087 + paclitaxel
				    + carboplatin.	
Byron et al, 2012	 Endometrial 	 PD173074	 Paclitaxel/	 Non‑mutant cell lines exhibited	 (65)
	 cancer	 (FGFR1‑4)	 doxorubicin	 resistance to FGFR inhibition alone,
				    but the cytostatic effect of paclitaxel
				    and doxorubicin was enhanced by the
				    addition of PD173074.	
Meng et al, 2013		  BIBF 1120 	 Paclitaxel	 In p53‑mutant endometrial cancer	 (66)
		  (FGFR1/2/3)		  cells, synthetic lethality could be
				    achieved through a combination of 
				    paclitaxel and BIBF1120.
Cha et al, 2017	 Ovarian 	 BGJ398	 Paclitaxel	 A synergistic inhibitory effect	 (67)
	 cancer	 (FGFR1‑3)		  was observed when BGJ398 was 
				    combined with paclitaxel in sphere‑
				    cultured SKOV3ip1 cells.
Schelch et al, 	 Malignant	 PD166866	 Cisplatin	 The combination of PD166866 and	 (68)
2014	 pleural 	 (FGFR1)		  cisplatin had a synergistic effect in
	 mesothelioma	  		  malignant pleural mesothelioma.	
Turkington et al, 	 Colon cancer	 small interfering 	 Fluorouracil +	 Induction of apoptosis was observed	 (71)
2014 		  RNA‑mediated 	 oxaliplatin	 in cell line models, whereas silencing
		  silencing 		  of FGFR4 in combination with
		  (FGFR4)		  chemotherapy downregulated c‑FLIP 
				    expression.

FGFR, fibroblast growth factor receptor. 
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5. Combination with immune checkpoint inhibitors

In recent years, multiple studies have focused on the devel-
opment of immunotherapy, which has been exponentially 
administered for a number of tumor types, such as mela-
noma (75), lung cancer (76) and urothelial cancer (77). This 
leads to a dramatic change in treatment focus, from a metastatic 
to an adjuvant setting (78,79). Recently, Yost et al (80) have 
explored the mechanism of immune checkpoint inhibitors, 
indicating that their use may have been limited by pre‑existing 
tumor‑specific T cells and a distinct repertoire of T‑cell clones 
that may generate an immune response against checkpoint 
inhibitors. This has great value and significance in clinical 
treatment and detection of efficacy.

Nevertheless, only a small number of patients have 
enjoyed the clinical benefits of targeted or immune therapies 
due to the emergence of resistance. Driver pathway segments 
in NSCLC (such as EGFR, ALK and KRAS) have been 
investigated to establish the finite benefits of immunotherapy, 
suggesting that these oncogenes provide an escape from 
immuno‑surveillance for the tumors by changes in the 
tumor microenvironment (81). This concept focuses on the 
ability of targeted therapies to induce immunogenic cell 
death, by which tumor antigen presentation to T cells can be 
enhanced (82). Therefore, the immune activating potential of 
checkpoint inhibitors can improve functionality of T cells (82). 
Additionally, FGFR3 signaling pathways were activated in 
non‑T‑cell‑inflamed tumors (83), indicating that inhibition of 
the FGFR signaling pathway may be adopted as an effective 
method of eliciting T‑cell infiltration. Clinical trials that are 
underway or beginning soon will assess the combination 

of FGFR inhibitors with pembrolizumab for the treatment 
of locally advanced or metastatic urothelial cell carcinoma 
(NCT03123055; Table IV).

One study indicated that programmed death‑ligand 1 
(PD‑L1) and FGFR2 were frequently overexpressed and that 
FGFR2 expression was strongly associated with lymph node 
metastasis, clinical stage and poor survival in patients with 
CRC (84). Recently, Palakurthi et al (85) explored the potential 
combination of erdafitinib, an FGFR inhibitor under clinical 
development, with programmed cell death protein 1 (PD‑1) 
blockade in an autochthonous FGFR2K660N/p53‑mutant 
lung cancer mouse model. Although no survival benefit was 
observed with either erdafitinib or anti‑PD‑1 monotherapy 
treatment, their combination contributed to the expansion 
of T‑cell clones and immunological changes in the tumor 
microenvironment, leading to enhanced antitumor immu-
nity and survival  (85). Furthermore, it was demonstrated 
that the antitumor effect of this combination was dependent 
on erdafitinib‑induced tumor cell killing, de novo priming 
and enhancement of antitumor T‑cell response via PD‑1 
blockade  (85). The rationale for the clinical evaluation of 
erdafitinib in combination with PD‑1/PD‑L1 blocking agents 
in patients with FGFR‑altered tumors who have poor T‑cell 
infiltration and are normally refractory to PD‑1 blockade, is 
explained further in the aforementioned study.

6. Conclusions

FGFR inhibitors may serve as a combination partner with a 
promising future for a variety of newly‑developed regimens 
for curing a number of indications in solid tumors. Based on 

Table III. Combination of FGFR inhibitors with radiotherapy.

		  FGFR inhibitor
Author, year	 Malignancy	  (target)	 Biomarker	 Results	 (Refs)

Verstraete et al, 2015	 Rectal cancer	 JNJ‑42756493	 FGFR2 	 Irradiation with 5 Gy prevented the	 (72)
		  (FGFR1‑4)	 amplification	 accelerated growth of NCI‑H716 
				    cells following drug withdrawal.	
Ahmed et al, 2019	 colorectal cancer	 PD173074	 FGFR4 	 PD173074 was applied 3 h before	 (73)
		  (FGFR1‑4) 	 overexpression	 irradiation and the treatment was 
				    continued after irradiation and 
				    resulted in a marked decrease of the 
				    surviving fraction and the median 
				    effective radiation dose.
Ader et al, 2014	 Glioblastoma	 SSR‑128129E	 FGF‑2	 SSR128129E, a novel small 	 (74)
			   (FGFR1) 	 molecule multi‑FGFR 
				    blocker, markedly increased 
				    the radiosensitivity of human 
				    glioblastoma cells in vitro and 
				    in vivo.
Schelch et al, 2014	 Mesothelioma	 PD166866	 FGFR1 over‑	 PD166866, a multi‑FGFR inhibitor,	 (68)
		  (FGFR1)	 expression	 could improve the curative effect 
				    of cisplatin and the sensitivity to 
				    radiotherapy in mesothelioma.

FGFR, fibroblast growth factor receptor.
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the aforementioned accumulated knowledge, the molecular 
basis for combination is fourfold. Firstly, changes that occur 
in the target itself prevent interaction with other drugs. 
Secondly, FGFR signaling allows cancer cells to escape from 
the antitumor effects of other target agents. Thirdly, inhibition 
is bypassed by tumor cells through crosstalk and feedback 
loops of FGFR signaling pathways. Fourthly, FGFR inhibition 
may drive T‑cell infiltration, which in turn has an effect in 
cooperation with anti‑PD‑1, and therefore promotes antitumor 
immunity. However, to the best of our knowledge, only a few 
clinical trials have been conducted to assess the combination of 
FGFR inhibitors with other therapeutics in patients with cancer 

(Table  IV). Despite the toxic effects of combined therapy, 
which may be an important limiting factor in implementing 
these combinations in clinical practice, the results of these 
trials remain unknown.

In conclusion, developing novel treatment regimens that 
target multiple aberrant signaling pathways has distinct 
rationality. These treatments may offer potent and irrevers-
ible signaling inhibition in all FGFR‑driven solid tumors. 
Research on FGFR inhibitor‑based combinations indicates 
that knowledge of molecular tumor pathogenesis is essential 
for the development of novel therapeutic strategies that can 
improve cancer outcomes in the foreseeable future.

Table IV. Clinical trials with FGFR inhibitor‑based combination regimens in solid tumors.

Malignancy	 Study title and result	 Phase	 Status	 Trial no.

Urothelial 	 A multi‑center, open‑label phase Ib/II study of a novel FGFR3 	 Phase Ib/II	 Terminated	 NCT03123055
carcinoma	 inhibitor (b‑701) combined with pembrolizumab in subjects with 
	 locally advanced or metastatic urothelial carcinoma who have 
	 progressed following platinum‑based chemotherapy.
	 Result: incomplete trial.
Pancreatic 	 Pan‑FGFR kinase inhibitor BGJ398 and combination 	 Phase Ib/II	 Withdrawn	 NCT02575508
cancer	 chemotherapy in treating patients with untreated metastatic 
	 pancreatic cancer.
	 Result: incomplete trial.	
Non‑small 	 Docetaxel with or without FGFR inhibitor AZD4547 in treating 	 Phase I/II	 Completed	 NCT01824901
cell lung 	 patients with recurrent non‑small cell lung cancer.
cancer	 Result: A total of 3 dose levels of AZD4547 were planned (40, 
	 60 and 80 mg) in combination with a standard dose of docetaxel 
	 (75 mg/m2). Serious adverse events included hypotension, 
	 decreased lymphocyte count, neutrophil count and white blood 
	 cells compared with their normal values.
Colorectal 	 Irinotecan plus brivanib in metastatic colorectal cancer enriched 	 Phase II	 Terminated	 NCT01367275
cancer 	 for elevated levels of plasma FGF.
	 Result: incomplete trial.
Breast 	 Safety and efficacy of AZD4547 in combination with fulvestrant 	 Phase IIa	 Completed	 NCT01202591
cancer 	 vs. fulvestrant alone in ER+ breast cancer patients (GLOW).
	 Result: Safety and tolerability in terms of number of patients 
	 with adverse events (serious and non‑serious). Among the 
	 89 patients enrolled, 80 were not eligible and 9 received the 
	 treatment. Serious adverse events in the group of AZD4547 + 
	 fulvestrant represented 40% (inflammation and gait disturbance), 
	 while in the placebo + fulvestrant group 25% (dizziness). There 
	 were no other (not including serious) adverse events.
	 Trial evaluating dovitinib combined with fulvestrant, in 	 Phase II	 Terminated	 NCT01528345
	 postmenopausal patients with HER2‑ and HR+ breast cancer.
	 Result: The median PFS (95% CI) was 5.5 (3.8‑14.0) months 
	 vs. 5.5 (3.5‑10.7) months in the dovitinib vs. placebo arms, 
	 respectively. For the FGF pathway‑amplified subgroup, the 
	 median PFS (95% CI) was 10.9 (3.5‑16.5) months vs. 5.5 
	 (3.5‑16.4) months in the dovitinib vs. placebo arms, respectively. 
	 Frequently reported adverse events in the dovitinib (diarrhea, 
	 nausea, vomiting, asthenia and headache) and placebo (diarrhea, 
	 fatigue, nausea and asthenia) arms were mostly low grade.

FGFR, fibroblast growth factor receptor; HER2, human epidermal growth factor receptor 2; HR, hormone receptor; ER, estrogen receptor; 
PFS, progression‑free survival.
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