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Abstract

Purpose: Erdafitinib is the only FDA-approved targeted therapy for FGFR2/3-altered metastatic 

urothelial cancer. We characterized the genetic landscape of FGFR-altered urothelial carcinoma 

and real-world clinical outcomes with erdafitinib, including on-treatment genomic evolution.

Methods: Prospectively collected clinical data were integrated with institutional genomic data 

to define the landscape of FGFR2/3-altered urothelial carcinoma. To identify mechanisms of 

erdafitinib resistance, a subset of patients underwent prospective cell-free (cf)DNA assessment.

Results: FGFR3 alterations predictive of erdafitinib sensitivity were identified in 39% (199/504) 

of patients with non-muscle invasive, 14% (75/526) with muscle-invasive, 43% (81/187) 

with localized upper tract, and 26% (59/228) with metastatic specimens. One patient had a 

potentially sensitizing FGFR2 fusion. Among 27 FGFR3-altered cases with a primary tumor 

and metachronous metastasis, 7 paired specimens (26%) displayed discordant FGFR3 status. 

Erdafitinib achieved a response rate of 40% but median progression-free and overall survival of 

only 2.8 and 6.6 months, respectively (n = 32). Dose reductions (38%, 12/32) and interruptions 

(50%, 16/32) were common. Putative resistance mutations detected in cfDNA involved TP53 

(n=5), AKT1 (n=1), and second-site FGFR3 mutations (n=2).

Conclusion: FGFR3 mutations are common in urothelial carcinoma, whereas FGFR2 alterations 

are rare. Discordance of FGFR3 mutational status between primary and metastatic tumors occurs 

frequently and raises concern over sequencing archival primary tumors to guide patient selection 

for erdafitinib therapy. Erdafitinib responses were typically brief and dosing was limited by 

toxicity. FGFR3, AKT1, and TP53 mutations detected in cfDNA represent putative mechanisms of 

acquired erdafitinib resistance.
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INTRODUCTION

Oncogenic fibroblast growth factor receptor 3 (FGFR3) mutations and fusions are common 

in urothelial carcinoma, with significant variation in frequency reported as a function 

of tumor grade, stage, and primary tumor site (1–3). FGFR3 mutations and FGFR2/3 

fusions are the only genomic alterations currently recognized as standard-of-care predictive 

biomarkers of response to an FDA-approved kinase inhibitor (erdafitinib) in metastatic 
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urothelial carcinoma (RRID:SCR_012945). Accelerated FDA approval of erdafitinib was 

based on the results of a phase II single arm trial (BLC2001) which demonstrated an 

objective response rate (ORR) of 40% and progression-free survival (PFS) of 5.5 months 

in patients with metastatic urothelial carcinoma whose tumors harbored an oncogenic 

FGFR3 mutation or FGFR2/3 fusion (4). Retrospective studies also suggest an association 

between FGFR3 alterations and response to chemotherapy and immunotherapy for urothelial 

carcinoma (4–9).

Resistance mechanisms to erdafitinib remain largely undefined. Based on observations with 

other kinase inhibitors, both on-target mutations, such as FGFR3 gatekeeper mutations, and 

activation of parallel or downstream signaling pathways (oncogenic bypass) may mediate 

drug resistance (10). Analysis of cell-free (cf)DNA collected longitudinally in patients with 

metastatic urothelial carcinoma treated with the FGFR inhibitor infigratinib detected FGFR3 

gatekeeper mutations in a minority of patients, but similar findings have yet to be reported 

with erdafitinib (11). Moreover, the degree of discordance of FGFR3 alterations between 

primary and metastatic tumors, a potential determinant of FGFR inhibitor sensitivity, 

warrants further exploration (12–14).

To define the landscape of FGFR2/3 alterations in urothelial carcinoma across disease 

states and treatment exposures, the mutational concordance of FGFR2/3 alterations 

between primary and metastatic disease sites, and the pattern of co-altered genes that 

could influence sensitivity to FGFR inhibition, we integrated tumor genomic data with 

detailed patient demographic and treatment response data generated as part of the 

largest prospective institutional sequencing initiative of urothelial carcinoma to date. 

We additionally characterized the clinical outcomes and toxicity profiles of patients 

with metastatic urothelial carcinoma treated with erdafitinib, with longitudinal profiling 

of cfDNA to characterize evolution of tumor genomes under the selective pressure of 

erdafitinib therapy.

MATERIALS AND METHODS

Patients

To characterize the frequency and landscape of FGFR2 and FGFR3 genomic alterations 

across urothelial carcinoma disease states, we identified all patients of both male and 

female sex at Memorial Sloan Kettering Cancer Center (MSK) with urothelial carcinoma-

predominant histology (centrally reviewed by H.A.A.) who had undergone tumor genomic 

sequencing using the FDA-authorized MSK-IMPACT [Memorial Sloan Kettering-Integrated 

Mutation Profiling of Actionable Cancer Targets] targeted sequencing platform (15). In all 

patients with urothelial carcinoma who had received erdafitinib as standard care, baseline 

clinical characteristics, treatment outcomes, and adverse events were documented using 

CTCAE v5 (B.G.). Best overall response to erdafitinib was assessed by RECIST v1.1 (C.D.) 

(16). All patients who initiated erdafitinib at MSK and consented to genomic sequencing 

were eligible for and included in our prospective, longitudinal cfDNA sequencing analysis. 

Plasma samples were collected and banked at baseline, on-treatment every 4 weeks, and 

at progression. Samples collected at baseline, on-treatment at 8 weeks, and progression as 

well as individually selected additional timepoints were analyzed using MSK-ACCESS, a 

Guercio et al. Page 3

Clin Cancer Res. Author manuscript; available in PMC 2024 July 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cfDNA assay designed to detect mutations and select copy number alterations in 129 cancer-

associated genes (17, 18). MSK-ACCESS uses unique molecular indexes and >15,000x 

depth of coverage that allow for an allele frequency detection threshold of 0.1% (18). All 

patients included in the genomic sequencing portion of this study either signed written 

informed consent to a prospective institutional protocol approved by the Internal Review 

Board of Memorial Sloan Kettering Cancer Center (12–245, clinicaltrials.gov identifier 

NCT01775072), or were included under a limited waiver of authorization. The study was 

conducted in accordance with the Declaration of Helsinki, CIOMS, Belmont Report, and 

U.S. Common Rule.

All oncogenic FGFR3 mutations and all oncogenic FGFR2/3 fusions were classified as 

erdafitinib-sensitive. Oncogenic alterations were differentiated from variants of unknown 

significance using OncoKB (http://www.oncokb.org; RRID:SCR_014782) (19). Total and 

allele-specific copy number, tumor purity, and ploidy were estimated using the FACETS 

algorithm (version 0.5.6) (20). To model effects of FGFR3 gatekeeper mutations on 

erdafitinib binding, in silico analysis was performed using CHARMM-GUI and the crystal 

structure of FGFR1 complexed with erdafitinib (PDB ID: 5EW8). Final visualization was 

performed using VMD (21, 22).

Statistical Analysis

Patient characteristics were summarized across relevant clinical and biological variables, 

including sex, age, and race. Tests for associations of categorical data and continuous 

data were assessed using Fisher’s exact or Χ2 test and the Wilcoxon rank sum test, 

respectively. Survival endpoints were estimated using the Kaplan-Meier method, and 

differences in survival between groups were assessed by log-rank test. Overall survival (OS) 

was calculated as time from therapy initiation to death, while progression free survival (PFS) 

was calculated as time from therapy initiation to disease progression or death.

Data availability statement

All MSK-IMPACT and MSK-ACCESS results, including the gene sequencing panel version 

used to analyze each individual tumor, and associated clinical data are available via the 

cBioPortal for Cancer Genomics under study title “Bladder Cancer (MSK, Clin Cancer 

Research 2023)” at https://www.cbioportal.org/study/summary?id=bladder_msk_2023 (23).

RESULTS

Clinical and genomic characteristics of FGFR2/3-altered urothelial carcinoma

From a cohort of 1,421 patients with sequenced urothelial carcinoma tumors, FGFR2/3 

alterations predictive of response to erdafitinib were identified in 414 of 1,507 (27.5%) 

urothelial carcinoma tumors (Figure 1A; Supplemental Figure 1). The 414 altered tumors 

were collected from 391 individual patients, with oncogenic FGFR3 alterations detected 

in at least one tumor in 27.5% of patients (391/1,421). Only one tumor had a potentially 

actionable FGFR2 alteration (an FGFR2:MARVELD3 gene fusion of unclear biologic and 

clinical significance). Oncogenic FGFR3 alterations were identified in 39% (199/504) of 

patients with non-muscle invasive bladder cancer (NMIBC) tumors, 14% (75/526) with 
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muscle-invasive bladder cancer (MIBC) tumors, 43% (81/187) with clinically localized 

upper tract tumors, and 26% (59/228) with distant metastases (Supplemental Figure 2). The 

low prevalence of FGFR3 alterations in NMIBC tumors compared to prior series likely 

reflects the significant proportion of high-grade tumors in our dataset (88%) (24, 25). 

FGFR3 S249C was the most frequent FGFR3 alteration across clinical states (Figure 1B), 

while the R248C mutation was more common in upper tract (22%, 18/81) versus bladder 

tumors (11%, 37/333, p = .01, Χ2 test; Supplemental Figure 3).

The clinical demographics of patients with oncogenic FGFR3 alterations are listed in Table 

1. Representativeness of the study cohort is provided in Supplemental Table 1. Compared 

to patients without oncogenic FGFR3 alterations, a higher proportion of patients with 

oncogenic FGFR3 alterations were female (p = .0002). Patients with FGFR3 fusions were 

younger (p = .03) and less likely to have a history of tobacco use (p = .005) than those 

with mutations, consistent with a prior study (26). In contrast to that study, we observed 

no statistically significant association between FGFR3 fusions and Asian race, although 

the total number of Asian patients in our study was low limiting statistical power (n 

= 53 patients with Asian race, of whom 2 and 9 had oncogenic FGFR3 fusions and 

mutations, respectively). Moreover, tumors with oncogenic FGFR3 fusions had a lower 

tumor mutational burden (TMB) (median 5 versus 9 mutations/megabase, p = .0006) than 

tumors with FGFR3 mutations; however, there was no statistically significant difference in 

TMB between tumors with versus without an oncogenic FGFR3 alteration in general (p = 

.44).

We next examined the pattern of co-alterations in FGFR2/3-altered tumors (Figure 1A). 

Oncogenic alterations of the PI3K signaling pathway were common, most frequently 

involving PIK3CA (28%, n = 115/414), TSC1 (13%, n = 52/414), and AKT1 (2.7%, n 

= 11/414) (37% total, n = 154/414). Co-alterations of ERBB2 and FGFR3 were found in 

5% of FGFR3-altered tumors (19/414), ranging from 2.5% (5/199) in NMIBC to 11% (8/75) 

of MIBC tumors. The spectrum of PIK3CA and HER2 alterations observed is shown in 

Supplemental Figure 4. Oncogenic alterations in the cell cycle regulatory genes CDKN2A 
and CDKN1A occurred in 42% (174/414) and 15% (62/414), respectively, whereas RB1 
mutations and deletions were detected in 1.2% (5/414) of tumors. When comparing the 

genomic profile of FGFR3-altered versus wild-type tumors, an inverse association between 

oncogenic FGFR3 alterations and alterations of ERBB2, TP53, and RB1 was seen, while 

CDKN2A, CDKN2B, and KDM6A were frequently co-altered with FGFR3 (Figure 1C; 

Supplemental Figure 5). Co-alteration rates of select genes across disease states among 

FGFR3-altered tumors is shown in Figure 1D. The frequency of ERBB2 co-alteration was 

significantly lower among FGFR3-altered NMIBC tumors than FGFR3- altered MIBC and 

FGFR3-altered localized upper tract tumors, while the frequency of TP53 co-alteration 

was higher among FGFR3-altered MIBC tumors than FGFR3-altered NMIBC and FGFR3-

altered metastatic tumors. RB1 co-alterations were more frequent in FGFR3-altered MIBC 

than FGFR3-altered NMIBC (Figure 1D).

Analysis of both a primary and metastatic tumor site was performed in 27 patients with 

FGFR3-altered tumors, with discordance noted in seven (26%). Among the discordant cases, 

FGFR3 alterations were found only in metastatic biopsies in four cases and were restricted 
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to the archival primary tumor in two cases (Supplemental Figure 6). In one discordant case, 

the patient’s primary and metastatic tumors harbored different FGFR3 alterations.

Clinical outcomes of FGFR3-altered urothelial carcinoma treated with immune checkpoint 
blockade

Prior studies of association between FGFR3 alterations and immunotherapy efficacy in 

metastatic urothelial carcinoma have reported conflicting results (5, 6, 8). Of 1,421 

patients with sequenced urothelial carcinoma tumors, 181 patients with metastatic urothelial 

carcinoma received immune checkpoint blockade and there was no statistically significant 

difference in PFS or OS comparing patients with an oncogenic FGFR3 alteration (n = 26) vs 

without (n = 155; p for PFS = 0.47; p for OS = 0.52, Supplemental Figure 7).

Erdafitinib in FGFR2/3 mutant metastatic urothelial carcinoma

Between 8/2019 and 7/2022, 32 patients with metastatic urothelial carcinoma were treated 

with erdafitinib. Baseline patient demographics are summarized in Table 2. Pre-treatment, 

FGFR3 S249C was the most frequent FGFR3 alteration detected (19/32, 59%), followed 

by FGFR3-TACC3 fusions (4/32, 13%), Y373C (3/32, 9%), and R248C (3/32, 9%). Twenty-

seven of 32 patients had both tumor and cfDNA sequencing performed pre-treatment, with 

the oncogenic FGFR3 alteration detected in 70% (19/27) of cfDNA samples.

A recent analysis suggested low uptake of erdafitinib for the treatment of metastatic 

urothelial carcinoma in real-world practice (27). At our institution, of 38 patients with 

FGFR2/3-altered metastatic urothelial carcinoma who died after the accelerated FDA 

approval of erdafitinib, 24 (63%) received erdafitinib or an investigational FGFR inhibitor 

(Supplemental Figure 8). Eight of the 38 (21%) elected best supportive care in situations 

where erdafitinib treatment may have been feasible, and 14 of the 38 (16%) experienced 

rapid clinical decline, precluding erdafitinib use. Of the 8 patients who elected best 

supportive care, 7 had previously received chemotherapy, 7 an anti-PD-1/L1 agent, and 2 

had received antibody-drug conjugates (ADCs). Five of 6 patients who did not receive ADC 

therapy died prior to accelerated approval of ADCs for metastatic urothelial carcinoma.

Among evaluable patients, the ORR to erdafitinib was 40% (12/30) and alterations in 

downstream signaling elements did not associate with response (Figure 2A). Although 

PIK3CA, TSC1, and ERBB2 oncogenic alterations could theoretically predict for resistance 

to receptor tyrosine kinase inhibition due to activation of signaling downstream of FGFR3, 

we did not observe an association between baseline alterations of these genes and response 

to erdafitinib. Among 17 evaluable patients who previously received immune checkpoint 

blockade, the ORR to erdafitinib was 35% (6/17). Notably in BLC2001, the ORR among 

22 patients previously treated with immune checkpoint blockade was 59% (4). Patients with 

progression as best response had a five-fold lower FGFR3 variant allele frequency (VAF) 

in pre-treatment cfDNA compared to patients with partial response (median VAF 0.007 vs 

0.035, p = 0.4; Supplemental Figure 9). All three patients with an FGFR3 Y373C mutation 

on pre-treatment tumor tissue experienced an objective response. As of last follow-up, only 

one patient remained on erdafitinib at 9.8 months, and one was on a treatment break but 

had not progressed at 2.4 months (Figure 2B). Median PFS and OS on erdafitinib were 2.8 
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months (95% CI 2.6–5.4) and 6.6 months (95% CI 4.6 to 17.3), respectively (Figure 2C, 

Supplemental Figure 10).

The toxicity profile of erdafitinib was consistent with prior studies (Supplemental Table 2). 

Five of 32 patients (16%) underwent dose up-titration to 9mg daily based on phosphorus 

levels on day 14 as per dosing guidelines. Twelve of 32 patients (38%) required dose 

reductions and 16 of 32 patients (50%) required dose interruptions. Twenty-one of 32 

patients (66%) had treatment discontinued for progression of disease, 7 for toxicity, and 2 

for deaths unrelated to treatment-related toxicity or disease progression. The most common 

treatment-emergent adverse events (TEAE) of any grade were hyperphosphatemia (84%, 

27/32), fatigue (59%, 19/32), mucositis (47%, 15/32), palmar-plantar erythrodysesthesia 

(38%, 12/32), and dysgeusia (31%, 10/32). The most common grade ≥3 TEAEs were 

mucositis (16%, 5/32) and palmar-plantar erythrodysesthesia (9%, 3/32).

Serial cfDNA analyses were performed in 27 patients treated with erdafitinib to identify 

putative mechanisms of erdafitinib resistance. Changes in cfDNA VAF of FGFR3 hotspot 

mutations generally correlated with clinical benefit from erdafitinib, with a decrease in 

VAF corresponding to radiographic treatment response (Figures 3A-3C). While changes 

in cfDNA VAF and radiographic response were discordant in rare cases, such cases were 

characterized by extremely small VAF changes (on the order of 0.02%), that were not 

thought to reflect a meaningful change from baseline. During treatment, several patients 

acquired new somatic alterations in cfDNA prior to or at the time of radiographic disease 

progression, including oncogenic mutations of TP53 (n = 5/27), FGFR3 (n = 2/27), and 

AKT1 (n = 1/27) (Table 3; Figures 3D-E, Supplemental Figure 11). Of the ten patients who 

achieved partial response to erdafitinib and subsequently experienced disease progression, 

four displayed acquisition of new alterations in cfDNA related to FGFR3 signaling or TP53 

loss prior to or at the time of disease progression. Patients demonstrating acquisition of 

these somatic alterations had a numerically longer median time on erdafitinib compared to 

patients without (p=0.16) (Supplemental Figure 12). Of 8 newly acquired FGFR3 alterations 

on treatment that were observed among a total of 2 individual patients, 2 of the FGFR3 

alterations were previously reported hotspot mutations by OncoKB (19). Mutations of the 

kinase domain also occurred at residues that are evolutionarily conserved between FGFR3 

and FGFR1, including FGFR3 N540S, V553M, K650M, and R669G, suggesting functional 

significance (Figure 3F). The N540S mutation interferes with erdafitinib binding in vitro 

(28), while in silico analysis predicted that V553M functions as a gatekeeper mutation that 

allosterically inhibits erdafitinib binding (Figure 3G). The latter mutation was acquired on 

treatment in two patients who initially experienced a partial response to erdafitinib followed 

by disease progression after FGFR3 V553M detection.

Based on the association between TP53 co-mutations and EGFR inhibitor resistance in 

EGFR mutant lung cancer (29, 30), we examined response as a function of TP53 co-

alteration within our cohort. The objective response rate among patients with oncogenic 

TP53 alterations at baseline was 22% (2/9), lower than the overall 40% ORR (12/30). 

Oncogenic TP53 alterations were also found in 3/5 (60%) patients with primary disease 

progression on erdafitinib (Figure 2A). Within the urothelial TCGA, oncogenic alterations of 

FGFR3 and TP53 rarely co-occur, with a Log2 odds ratio of −1.8 (p < 0.001; Supplemental 
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Figure 13) (1, 23, 31). Interrogation of our cohort of 1,507 urothelial carcinoma tumors 

also confirmed this inverse association between FGFR3 and TP53 alteration (Supplemental 

Figure 13).

DISCUSSION

With the goal of optimizing use of FGFR inhibitors in metastatic urothelial carcinoma, 

we performed an integrated analysis of clinical and genomic data from an institutional, 

prospective sequencing initiative. We confirmed that the frequency of FGFR3 alterations 

varied significantly across clinical states of urothelial carcinoma with enrichment in NMIBC 

and upper tract tumors compared to metastatic and MIBC tumors, consistent with prior 

reports (1, 2, 32). Notably, in a subset of patients who underwent analysis of both a primary 

and metastatic disease site, FGFR3 mutation was exclusive to either the primary tumor or 

the metastatic tumor biopsy. These results indicate that analysis of archival primary tumor 

tissue may not always accurately characterize the FGFR3 alteration status of a patient’s 

metastatic disease and potentially lead to erroneous patient selection for FGFR-inhibitor 

therapy. Finally, while the FDA label for erdafitinib includes oncogenic FGFR2 fusions, 

only a single FGFR2 fusion of unknown biologic and clinical significance was detected in 

our cohort.

While targeted therapies have been approved in over 15 cancer types, only a minority of 

patients experience durable clinical responses due to intrinsic and acquired drug resistance. 

One mechanism of resistance is alteration in the drug target, such as EGFR T790M 

mutations following exposure to first-generation EGFR inhibitors in non-small cell lung 

cancer, and alternative BRAF splicing, a common mechanism of resistance to BRAF 

inhibition in melanoma (33, 34). In our cohort of erdafitinib-treated patients, longitudinal 

analysis of cfDNA identified on-treatment acquisition of potential gatekeeper mutations in 

FGFR3, including V553M and N540S, activation of downstream signaling (AKT1 activating 

mutation), and oncogenic alterations of TP53 as potential mechanisms of acquired drug 

resistance. Limited preclinical data suggest that acquired FGFR3 mutations can interfere 

with drug binding, leading to erdafitinib resistance (28). On-treatment acquisition of second-

site mutations that might alter the binding properties of erdafitinib occurred rarely in 

our cohort and corresponded to longer duration on treatment which presumably allowed 

for development of drug-resistant kinase mutations over time. The relatively low rate of 

acquired resistance mutations may in part stem from the inability for most patients to remain 

on long-term continuous drug dosing as a result of erdafitinib-related toxicities. However, 

our data suggesting that FGFR3 V553M and N540S can act as mediators of acquired 

resistance to erdafitinib hold implications for the ongoing development of novel FGFR 

inhibitors that may have the ability to overcome therapeutic resistance mediated by these 

putative gatekeeper mutations.

The on-treatment acquisition of TP53 alterations observed in our erdafitinib-treated patient 

cohort is intriguing given the strong inverse association between FGFR3 and TP53 

alterations in both the urothelial TCGA and MSK-IMPACT cohorts (1). TP53 alterations 

are also associated with poor outcomes with several targeted therapies, including EGFR 

inhibitors in non-small cell lung cancer (35) and neratinib in HER2-positive breast cancer 
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(36). In our cohort, baseline co-alterations of TP53 were also numerically higher in patients 

with primary progression on erdafitinib. While the mechanism underlying the potential 

association between TP53 alterations and targeted therapy resistance cannot be determined 

by the current study, prior studies have established loss of TP53 function as a progenitor 

of cellular plasticity and epithelial-mesenchymal transition (EMT) (37), which itself is 

associated with FGFR-inhibitor resistance in vitro (38). If validated by future studies, an 

association between TP53 alteration and erdafitinib resistance could suggest implications 

for clinical practice. For example, TP53 co-alteration may provide rationale for selection 

of alternative therapies to erdafitinib, when available. Moreover, the relatively low rate of 

TP53 co-alterations in NMIBC compared to MIBC may suggest a higher likelihood of 

response to erdafitinib in non-muscle invasive disease. Indeed, a phase 2 study for FGFR2/3-

altered recurrent intermediate-risk NMIBC recently demonstrated a complete response rate 

to erdafitinib in 6 of 8 evaluable patients (39).

In our cohort, intrinsic resistance to erdafitinib was common and may reflect the presence 

of co-alterations within bypass pathways or pre-existing heterogeneity of FGFR3 alterations, 

both within a tumor and across lesions. The significant discordance of FGFR3 alteration 

status between primary and metastatic tumors and between tumor tissue and cfDNA 

observed in our cohort underscores the high degree of pre-existing genomic heterogeneity 

in bladder cancer, which is greater than that seen with BRAF or EGFR driven melanoma 

and lung cancer, respectively. These findings also highlight the utility of liquid biopsies to 

capture subclonal tumor cell populations resistant to FGFR-directed therapy and to detect 

emerging resistance on treatment.

While some studies suggest a correlation between FGFR3 alterations, the presence of a 

“cold” immune microenvironment (40), and resistance to immune checkpoint blockade 

in FGFR3-altered tumors (41, 42), other analyses (6), including ours, have shown that 

benefit from immune checkpoint blockade does not significantly differ as a function of 

FGFR3 alteration status. Therefore, patients with FGFR3-altered tumors should be offered 

checkpoint blockade as standard of care (4, 6).

Erdafitinib is currently the only FDA-approved targeted therapy for patients with metastatic 

urothelial carcinoma, yet a recent analysis of 761 patients with metastatic disease 

progressing on platinum chemotherapy found that only 45% underwent genetic testing 

for FGFR2/3 alterations and of these, only 42% with an FGFR2/3 alteration received 

erdafitinib (27). Our single-institution experience similarly indicates that erdafitinib is 

frequently reserved as a 3rd line treatment or later and was not offered to every patient 

with a potentially eligible genetic alteration, in striking contrast to the near-universal use 

of EGFR inhibition in EGFR mutant NSCLC (43). While insufficient genomic testing may 

play a role, the significant toxicities of erdafitinib therapy likely contribute to this low 

uptake. Moreover, the median PFS of only 2.8 months in our real-world patient population 

indicates a significant unmet need for FGFR inhibitors with enhanced anti-tumor activity 

and a more tolerable toxicity profile. The relatively poor clinical outcomes experienced by 

our erdafitinib-treated cohort in comparison to published trial data from BLC2001 (4) likely 

reflect the relatively adverse prognostic factors present in real-world patient cohorts such 

as our own. Such adverse factors included more frequent visceral metastases, more prior 

Guercio et al. Page 9

Clin Cancer Res. Author manuscript; available in PMC 2024 July 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



lines of therapy, poor performance status, and older age, which can unfortunately limit the 

generalizability of clinical trial data to real-world practice. Notably, of four patients with 

FGFR3 fusions in our erdafitinib-treated cohort, three experienced progression of disease 

as best response to erdafitinib. This is consistent with trial data reporting a lower objective 

response rate among patients with FGFR3 fusion compared to FGFR3 mutations (4).

Our study had several limitations. First, the retrospective nature of our genomic analysis 

is subject to sampling bias and occult confounders. However, our cohort of 1,507 tumors 

represents the largest single institution urothelial carcinoma cohort sequenced to date, and 

our current practice of offering next-generation sequencing to all patients with metastatic 

urothelial carcinoma treated at our institution reduces the likelihood of significant patient 

selection bias. Second, not all patients on erdafitinib had collection of cfDNA at the same 

timepoints, due primarily to fewer in-person visits during the COVID19 pandemic. Finally, 

while the MSK-IMPACT gene panel includes all genes commonly mutated in urothelial 

carcinoma, additional mechanisms of resistance involving genes not included in the panel 

or stemming from transcriptomic changes would not be detected. For example, changes in 

expression of FGFR3 or other mitogenic tyrosine kinases would not be captured by the DNA 

sequencing panels employed in the current study.

In conclusion, our real-world experience with erdafitinib in patients with FGFR3-altered 

tumors indicates that this treatment approach has modest clinical activity and the potential 

for significant toxicity which limit its use in routine clinical practice. This result underscores 

the need for FGFR3 isoform-specific inhibitors to ameliorate the on-target, off-tumor 

toxicities associated with disruption of pan-FGFR signaling, a significant contributor to 

the toxicity profile observed with erdafitinib and similar agents. Two isoform-specific 

agents, TYRA300 and LOXO435, are currently accruing patients with FGFR3 alterations 

in early-phase trials, and tolerability and efficacy data from these studies are highly 

anticipated. Finally, the high degree of discordance in FGFR3 alterations between primary 

and metastatic tumors suggests that sequencing of metastatic tumor specimens or cfDNA 

analysis following diagnosis of metastatic disease may improve identification of patients 

likely to benefit from FGFR inhibition or detect second site mutations in FGFR3 that are 

early harbingers of evolving resistance to therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Alt altered

cfDNA cell-free DNA

CI confidence interval

ECOG PS Eastern Cooperative Oncology Group Performance Status

EMT epithelial-mesenchymal transition

EV enfortumab vedotin

mut mutation

FGFR3 fibroblast growth factor receptor 3

Mb megabase

MIBC muscle-invasive bladder cancer

MSK Memorial Sloan Kettering Cancer Center

MSK-IMPACT Memorial Sloan Kettering-Integrated Mutation Profiling of 

Actionable Cancer Targets

Mut mutations

NMIBC non-muscle invasive bladder cancer

No number

NOS not otherwise specified

ORR objective response rate

OS overall survival

PD progression of disease

PFS progression-free survival

PR partial response

RTK receptor tyrosine kinase

SD stable disease

Sig significant

TEAE treatment-emergent adverse events

TM transmembrane

TMB tumor mutational burden

UTUC upper tract urothelial carcinoma
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VAF variant allele frequency

Wk week
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TRANSLATIONAL RELEVANCE

Erdafitinib is the only FDA-approved targeted therapy for FGFR2/3-altered metastatic 

urothelial carcinoma. From an institutional repository of 1,507 sequenced urothelial 

carcinoma tumors, we examined the largest clinically annotated cohort of 414 FGFR2/3-

altered tumors to date. Discordance of FGFR3 mutational status between matched 

primary and metachronous metastatic tumors occurred frequently, raising concern over 

reliance upon sequencing of archival tumor tissue to guide patient selection for erdafitinib 

therapy. We also presented the first real-world outcomes data for erdafitinib therapy, 

and found that progression-free survival was shorter than expected compared to trial 

data; dosing was frequently limited by toxicity, highlighting the need for more tolerable 

FGFR inhibitors. Prospective sequencing of cfDNA from patients treated with erdafitinib 

revealed on-treatment acquisition of FGFR3, AKT1, and TP53 mutations, suggesting 

putative mechanisms of acquired resistance. A novel putative FGFR3-gatekeeper 

mutation was identified, potentially informing development of future FGFR inhibitors.
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Figure 1. The genomic landscape of FGFR3 mutant urothelial cancer.
(A) Oncoprint showing co-alterations of selected cancer-associated genes among patients 

with urothelial carcinoma whose tumor harbored FGFR2/3 alterations eligible for treatment 

with erdafitinib in the metastatic setting, stratified by disease state. (B) Lollipop plot 

depicting the spectrum of oncogenic FGFR3 mutations observed in 1,507 urothelial 

carcinoma tumors. (C) Volcano plot of selected genes co-altered with FGFR3, comparing 

alterations of tumors with versus without FGFR3 alteration. (D) Frequency of select co-

altered genes among FGFR3-altered tumors as a function of primary site (bladder versus 

UTUC) and disease state.

Alt, altered; Mb, megabase; MIBC, muscle-invasive bladder cancer; Mut, mutations; 

NMIBC, non-muscle invasive bladder cancer; No., number; RTK, receptor tyrosine kinase; 

Sig, significant; TM, transmembrane; TMB, tumor mutational burden; UTUC, upper tract 

urothelial carcinoma.

†Hypermutated tumor with TMB of 409 mutations/megabase.

* p < .05

** p < .01
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Figure 2. Real-world cohort of metastatic urothelial carcinoma patients treatment with 
erdafitinib.
(A) Waterfall plot depicting best overall response to erdafitinib therapy as well as pre-

treatment FGFR3 alteration status and oncoprint depicting selected genomic co-alterations. 

(B) Swimmer’s plot displaying time on treatment with erdafitinib (Green bars). Orange 

bars indicate breaks between the last dose of erdafitinib and progression of disease or last 

follow-up—such breaks in erdafitinib were generally related to treatment-related toxicities. 

Black arrows denote patients who remain without progression of disease at last follow-up. 

Red “x”s denote patient deaths. Blue arrows denote patients who developed second site 

mutations of FGFR3 detected in cell-free DNA after initiating erdafitinib. (C) Kaplan-Meier 

analysis of progression-free survival of patients treated with erdafitinib therapy.

CI, confidence interval; PFS, progression-free survival

*FGFR3 alteration detected in pre-treatment cell-free DNA; all other baseline FGFR3 

alterations displayed were detected by tumor sequencing.
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Figure 3. Cell-free DNA analysis of serial samples collected from metastatic urothelial cancer 
patients treated with erdafitinib.
(A-C) Changes in cfDNA FGFR3 VAF overtime on erdafitinib in patients who achieved 

a response (A), stable disease (B) or had primary disease progression (C). VAF was 

normalized to the pre-treatment cfDNA sample. (D-E) Bar graphs of cfDNA VAF for 

selected patients who acquired new alterations in FGFR3 signaling pathways or TP53. Plots 

include changes in the baseline cfDNA FGFR3 VAF as well as VAF of newly acquired 

alterations. (F) Paralogy analysis showing residues of the tyrosine kinase domain that are 

highly conserved between FGFR1 and FGFR3. Residues involved in FGFR3 alterations 

acquired on-treatment in the erdafitinib treated cohort are highlighted, with amino acid 

residues implicated in known drug resistant mutation highlighted in blue, and others 

highlighted in red. (G) In silico model of erdafitinib in binding pocket of FGFR1 based on 

previously reported crystal structure of FGFR1 (PDB:5EW8). Relevant amino acid residues 

that interact with erdafitinib are highlighted. FGFR1 V559M (paralogous to FGFR3 V553M, 

a novel cfDNA alteration acquired on erdafitinib in our cohort) could result in sulfur-sulfur 

bond formation that would sterically inhibit erdafitinib binding. cfDNA, cell-free DNA; 

EV, enfortumab vedotin; mut, mutation; PD, progression of disease; VAF, variant allele 

frequency; Wk, week
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Table 2.

Baseline characteristics for erdafitinib-treated patients

Characteristic
All erdafitinib-treated patients (N = 

32)
Erdafitinib-treated patients with 

cfDNA (n = 27)

Median age, years (range) 72 (57–86) 72 (57–86)

Female, n (%) 9 (28) 7 (26)

Race, n (%)

  African American 2 (6) 2 (7)

  Caucasian 29 (91) 24 (89)

  Other/Unknown 1 (3) 1 (4)

ECOG PS, n (%)

  0 6 (19) 5 (19)

  1 20 (63) 17 (63)

  2 5 (16) 5 (19)

  Unknown 1 (3) 0 (0)

Tumor histology, n (%)

  Urothelial cancer, NOS 25 (78) 24 (89)

  Urothelial cancer with squamous differentiation 5 (16) 1 (4)

  Urothelial cancer with micropapillary features 1 (3) 1 (4)

  Poorly differentiated urothelial carcinoma 1 (3) 1 (4)

Primary site of disease, n (%)

  Bladder/urethral 20 (63) 16 (59)

  Upper tract 6 (19) 5 (19)

  Bladder/urethral & upper tract 6 (19) 6 (22)

Visceral metastases, n (%) 29 (91) 26 (96)

Liver metastases, n (%) 15 (47) 13 (48)

Prior anti-PD-1/L1, n (%) 24 (89) 21 (78)

Prior ADC, n (%) 12 (44) 11 (41)

Prior lines of therapy, n (%)

  0 0 (0) 0 (0)

  1 8 (25) 6 (22)

  2 13 (41) 11 (41)

  3 4 (13) 4 (15)

  3+ 7 (22) 6 (22)

Abbreviations: ADC, antibody-drug conjugate; cfDNA, cell-free DNA; ECOG PS, Eastern Cooperative Oncology Group Performance Status; 
NOS, not otherwise specified
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