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Purpose: FGFR inhibitors are effective in FGFR2-altered cho-  acquired resistance. N550 molecular brake and V565 gatekeeper
langiocarcinoma, leading to approval of reversible FGFR inhibitors,  mutations were most common, representing 63% and 47% of all
pemigatinib and infigratinib, and an irreversible inhibitor, futiba- ~ FGFR2 kinase domain mutations, respectively. Functional stud-
tinib. However, acquired resistance develops, limiting clinical ben-  ies showed different inhibitors displayed unique activity profiles
efit. Some mechanisms of resistance have been reported, including  against FGFR2 mutations. Interestingly, disruption of the cys-
secondary FGFR2 kinase domain mutations. Here, we sought to  teine residue covalently bound by futibatinib (FGFR2 C492) was
establish the landscape of acquired resistance to FGFR inhibition  rare, observed in 1 of 42 patients treated with this drug. FGFR2
and to validate findings in model systems. C492 mutations were insensitive to inhibition by futibatinib but

Experimental Design: We examined the spectrum of acquired  showed reduced signaling activity, potentially explaining their
resistance mechanisms detected in circulating tumor DNA ortumor  low frequency.
tissue upon disease progression following FGFR inhibitor therapy in Conclusions: These data support secondary FGFR2 kinase
82 FGFR2-altered cholangiocarcinoma patients from 12 published ~ domain mutations as the primary mode of acquired resistance
reports. Functional studies of candidate resistance alterations were ~ to FGFR inhibitors, most commonly N550 and V565 mutations.
performed. Thus, development of combination strategies and next-generation

Results: Overall, 49 of 82 patients (60%) had one or more  FGFR inhibitors targeting the full spectrum of FGFR2 resistance
detectable secondary FGFR2 kinase domain mutations upon  mutations will be critical.

Introduction clinical activity has been observed in phase I and phase II studies with

FGFR signaling is an essential oncogenic pathway in a subset of
intrahepatic cholangiocarcinoma (ICC). Approximately 10%-15% ICCs
show genetic alterations of FGFR2, most commonly involving in-frame
fusions of FGFR2 exons 1-17 with a diversity of partners (1-8). These
fusions, as well as other truncating events that are sometimes observed,
contain the entire FGFR2 extracellular and kinase domains but lack a C-
terminal negative regulatory domain encoded by the final exon 18,
leading to constitutive kinase activity (9). Additional subsets of ICCs
harbor activating point mutations or in-frame deletions in the
FGFR2 extracellular domain (1). The development of selective FGFR
kinase inhibitors has represented an important milestone for the
treatment of patients with FGFR2-positive ICC. The reversible ATP-
competitive FGFR1-3 inhibitors, pemigatinib (INCB-054828) and
infigratinib (BGJ398), were approved for patients with previously
treated, advanced ICC with FGFR2 rearrangements (10, 11). Moreover,
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multiple other selective ATP-competitive FGFR inhibitors, including
zoligratinib (Debio1347), erdafitinib (JNJ-42756493), and rogaratinib
(BAY 1163877; refs. 12-16).

While reversible ATP-competitive FGFR inhibitors provide benefit
to most patients with FGFR2 fusion-positive ICC, with approximately
80% showing stable disease or partial response, progression is typically
observed within less than 1 year. Initial analysis of serial tumor
biopsies, circulating tumor DNA (ctDNA), and rapid autopsy speci-
mens from ICC patients with acquired resistance to FGFR inhibitors
(infigratinib, pemigatinib, and zoligratinib) revealed the emergence of
secondary mutations in the FGFR2 kinase domain that block inhibitor
binding as a common mechanism of resistance (1, 17-20). In several
cases, these mutations were polyclonal, with testing of cell-free DNA or
biopsy of individual lesions from the same patient revealing different
FGFR2 kinase domain mutations (18, 19, 21, 22).

Irreversible kinase inhibitors that form covalent bonds with
cysteines in the ATP-binding pocket can address some limitations of
reversible ATP-competitive kinase inhibitors (23, 24). Futibatinib
(TAS-120) is an irreversible, selective FGFR1-4 inhibitor, which binds
the conserved P-loop cysteine residue (C492) in the FGFR2 kinase
domain (25-27). Importantly, futibatinib has been shown to overcome
acquired resistance in some patients with ICC who previously benefit-
ted from reversible FGFR inhibitors (28). In these cases, ctDNA
analysis revealed that clinical benefit correlated with decrease of
specific FGFR2 kinase domain resistance mutations in the ctDNA.
Unfortunately, resistance to futibatinib eventually developed both
when this agent was provided as the first FGFR inhibitor or following
progression on a reversible FGFR inhibitor.

Studies in preclinical models have provided further insights into
FGFR inhibitor response and resistance in ICC. In FGFR2-altered ICC
cell lines and patient-derived xenografts, FGFR inhibition leads to
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Translational Relevance

This study defines the clinical landscape of potential resistance
mechanisms to FGFR inhibitors in FGFR2-dependent cholangio-
carcinoma. Our observations support that secondary FGFR2 resis-
tance mutations may represent the most common mechanism of
clinical acquired resistance, with N550 molecular brake and
V565 gatekeeper alterations being the most frequent and critical.
Disruption of C492, which is involved in the covalent binding
reaction with futibatinib, was rare, potentially due to the negative
impact of these mutations on FGFR2 signaling, supporting the
promise of covalent FGFR inhibitors. These findings provide a
guide for therapeutic development of FGFR inhibitors, emphasiz-
ing the importance of developing agents targeting the full spectrum
of FGFR2 resistance mutations and combination strategies for
overcoming signaling bypass processes.

growth arrest and suppression of MEK/ERK signaling, underscoring a
bona fide oncogene addiction phenotype and the importance of the
downstream MEK/ERK pathway (28). Moreover, testing some of the
FGFR2 kinase domain mutations reported to date reveal distinct
activity profiles of different FGFR inhibitors. Thus, the clinical and
preclinical findings support the strategic sequencing of FGFR inhibi-
tors to overcome resistance and extend clinical benefit. In this regard,
to effectively guide therapeutic development in FGFR2-positive ICC, it
is important to more fully define the spectrum of potential resistance
mechanisms observed in patients and to comprehensively determine
the sensitivity of different FGFR2 mutations to FGFR inhibitors in
model systems.

Here, we present an analysis of 82 FGFR2-altered cholangiocarci-
noma patients from 12 published studies, in which postprogression
ctDNA or tumor tissue was assessed after acquired resistance to FGFR
inhibitors. These findings taken together with mechanistic experi-
ments in preclinical models provide important insight into the current
unmet therapeutic needs for this patient population.

Materials and Methods

Patients

This study involved previously published studies of 82 patients
with metastatic or unresectable intrahepatic cholangiocarcinoma
with an FGFR2 fusion, mutation, or amplification who (i) received
treatment with a selective FGFR inhibitor (infigratinib, pemigatinib,
zoligratinib, and/or futibatinib), and (ii) underwent sequencing of
post-progression ctDNA or tumor biopsy at the time of acquired
resistance (1, 17-22, 28-32). All studies were performed under Insti-
tutional Review Board (IRB)-approved protocols with written
informed consent from patients and in accordance with the Declara-
tion of Helsinki.

Cell culture

CCLP-1 cells, previously characterized as FGFR dependent (28), were
a kind gift from Dr. P.]. Bosma (Academic Medical Center, Amsterdam,
the Netherlands). ICC13-7 is a cell line derived from a patient with
ICC harboring FGFR2-OPTN fusion treated with futibatinib. Cells were
passaged by trypsinization and adapted to uncoated tissue-culture
plates in RPMI (CCLP-1, ICC13-7) or DMEM (HEK293T, NIH-3T3)
supplemented with 10% FBS and 1% penicillin/streptomycin prior to
functional studies. They were routinely checked to be Mycoplasma free.
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Cell lines were authenticated by short tandem repeat (STR) DNA
profiling by the cell line bank from which they were obtained.

Generation of engineered cell lines expressing the wild-type or
mutated FGFR2-PHGDH fusion

A FGFR2-PHGDH (FP) fusion construct, containing exons 1-17 of
FGFR2-IIIb isoform fused to PHGDH (NM_006623.3) exons 6-12,
was amplified from reverse transcribed cDNAs from an ICC patient
sample and inserted into the pMSCV vector using the NEBuilder HiFi
DNA Assembly (New England Biolabs). All FGFR2 mutations were
introduced into the pMSCYV vector using the same kit. Targeted Sanger
sequencing was done to confirm the mutation generated. Retrovirus
and lentivirus were generated by transfecting the indicated constructs
and packaging plasmids into HEK293T cells. NRAS Q61K (Plasmid
#120575) and PIK3CA E545K (Plasmid #12525) constructs were
purchased from Addgene. After collection of virus, transfected
HEK293T cells were tested by immunoblot to confirm protein expres-
sion from each construct. Retroviral infections of CCLP-1 cells,
ICC13-7 cells, HEK 293T cells, and NIH-3T3 cells were performed
in the presence of polybrene. Infected cells were selected in blasticidin
(20-25 pg/mlL) for one week or puromycin (4 pg/mL) for 2 days.

Cell viability assay

Cells were seeded at a density of 3,000 cells per well on 96-well plates
and incubated overnight. Compounds were added the next day over a
9-point concentration range and then incubated for 3 days. The
viability of cells was then measured by MTT [3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide] assay. ICs, values were
determined by GraphPad Prism using a 3-parameter dose-response
model. Drugs were purchased from the following resources: futibatinib
(58848), infigratinib (S2183), pemigatinib (S0088), erdafitinib (58401),
zoligratinib (S7665), derazantinib (S8609). Rogaratinib was provided
by Bayer.

Crystal violet staining

Cells were seeded in an equal number per well on 6-well plates and
allowed to attach overnight. Fresh media with or without drug was
replaced the next day and refreshed every 2-3 days until the end of the
experiment. Cells were fixed in 4% paraformaldehyde solution for 10
minutes and subsequently stained with 0.5% crystal violet solution for
30 minutes. Plates were washed three times with H,O and dried
overnight.

Immunoblot analysis

Snap-frozen tumor tissues were homogenized using a Precellys 24
homogenizer (Bertin Instruments) at 6,500 rpm. Tumor and cell
protein lysates were prepared in Lysis Buffer [10% glycerol, 3% SDS,
12.5% solution buffer (0.5 mol/L Tris base, 0.4% SDS, adjust pH to 6.8
using HCI)] containing Pierce Protease Inhibitor (A32965) and Cal-
biochem phosphatase inhibitor cocktail set I and II. Protein concen-
tration was determined by Pierce BCA Protein Assay. Twenty-
microgram protein was used to perform analysis by SDS-PAGE,
electro-transfer, and immunoblotting with specific antibodies. The
following primary antibodies were used: from Cell Signaling Tech-
nology (all at 1:1,000 dilution), phospho-FGFR2 Y653/654 (3471,
RRID:AB_331072), phospho-FRS2 Y196 (3864S, RRID:AB_2106222),
SHP2 (3397S, RRID:AB_2174959), phospho-MEK1/2 S217/221
(9154S, RRID:AB_2138017), MEK1/2 (4694S, RRID:AB_10695868),
phospho-ERK1/2 T202/Y204 (4370S, RRID:AB_2315112), ERK1/2
(4695S, RRID:AB_390779), RAS (3965, RRID:AB_2180216), PI3
Kinase p1100. (4249, RRID:AB_2165248); from Abcam, FGFR2
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(ab10648, RRID:AB_297369), phospho-SHP2 Y542 (ab62322, RRID:
AB_945452) 1:1,000, FRS2 (ab183492) 1:1,000; from Sigma (1:5,000
dilution), B-actin (A5316, RRID:AB_476743).

In vivo studies

All mice were housed in a specific pathogen-free environment at the
MGH and treated in strict accordance with protocols 2005N000148
and 2019N000116 approved by the Subcommittee on Research Ani-
mal Care at MGH. Six- to 10-week-old NSG mice (NOD.Cg-Prkdcscid
I12rgtm1Wijl/Sz], 00557, The Jackson Laboratory) were used in the
studies below. CCLP-1 cells engineered with FGFR2-PHGDH wild-
type fusion or FGFR2-PHGDH-N550K mutant were injected subcu-
taneously with 1.5 x 10° cells. When tumors reached approximately
200 mm?>, mice were randomized and started on treatment with vehicle
(0.5 w/v% hydroxypropyl methylcellulose), or futibatinib 6 mg/kg
daily for 10 days by oral gavage. Tumor volumes were monitored by
digital calipers. Tumor samples (snap frozen in liquid nitrogen) were
collected 4 hours after the last dose and apportioned for biochemical
analysis. For NIH-3T3 cells in vivo fitness assay, 10% of each mutant
cell line and 70% of FGFR2-PHGDH WT cells were pooled together
at a total of 1 x 10° cells and injected subcutaneously. Tumors were
allowed to grow for 16 days when euthanasia was required and then
collected for ddPCR analysis.

Structural modeling

The diagram of clinically observed FGFR2 kinase domain mutations
was generated in PyMol using the crystal structure of the FGFR2 kinase
domain (PDB code: 2PVF).

Molecular dynamics simulations

Molecular dynamics simulations and trajectory analysis were car-
ried out using Desmond in Schrodinger suite (2020-2 release). The
explicit water model (TIP3P) was used in all simulations and default
equilibration protocol was applied prior to production runs of
500 ns (33). The crystal structure of FGFR2 (PDB code: 2PVF) was
used to construct the simulation systems. Missing loops were modeled
in and energy optimized using PRIME in the Schrodinger suite. The 5'-
adenylyl methylenediphosphonate (AMP-PCP) in the crystal struc-
ture was replaced by ATP in the simulations and the substrate was
removed. FGFR2 protein was kept in the phosphorylated form. The
simulation temperature was 300 K with periodic boundary condition.
Orthorhombic simulation boxes were constructed with 12A margin.
Default values were used for other parameters.

Statistical analysis

Statistics were performed and graphs were generated in GraphPad
Prism 9 (RRID:SCR_002798). All experimental data were analyzed by
Student ¢ test (two tailed). P < 0.05 was considered to be significant.

Data availability

This work includes a meta-analysis of published data from 12
studies (1, 17-22, 28-32). The data generated in this study are available
in the article and its Supplementary Data. Raw data are available
upon reasonable request from the corresponding authors.

Results

Spectrum of secondary FGFR2 clinical acquired resistance
mutations

We assessed a cohort of 82 patients with FGFR2-altered advanced
ICC from 12 published studies who underwent next-generation
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sequencing analysis of postprogression ctDNA and/or tumor biopsy
uponacquired resistance to selective FGFR inhibitors (1,17-22,28-32).
Of the combined 82 patients, 10 were treated with pemigatinib, 9 with
infigratinib, 1 with zoligratinib, 17 with an unspecified reversible
inhibitor, 36 with futibatinib, and 3 with an unknown FGFR inhib-
itor. Six patients were treated with both a reversible and irreversible
inhibitor. The cohort consisted of 77 patients with FGFR2 fusions or
rearrangements downstream of exon 17, 2 with extracellular domain
in-frame deletions, 2 with FGFR2 amplification, and 1 with a point
mutation (Supplementary Table S1). Demographics data were avail-
able for a subset of patients, which were majority female, consistent
with known enrichment of FGFR2 alterations in this group (ref. 34;
Supplementary Table S2).

Upon acquired resistance to FGFR inhibitors, 60% (49/82) of
patients developed secondary FGFR2 kinase domain mutations,
detected in postprogression ctDNA or tumor biopsy (Fig. 1A). Among
patients with acquired FGFR2 mutations, the most commonly
observed mutations affected the molecular brake residue N550, occur-
ring in 63% (31/49) of patients (38%; 31/82 of the total cohort), and the
gatekeeper residue V565, occurring in 47% (23/49) of patients (28%;
23/82 of the total cohort). The gatekeeper controls accessibility of
ATP-competitive inhibitors to the hydrophobic pocket, whereas the
molecular brake residues form a hydrogen bond network that con-
strains kinase activation (35).

In total, 128 distinct FGFR2 mutations affecting the kinase domain
were detected, resulting in amino acid changes at 20 different residues
(Figs. 1B and C). Three different amino acid changes were identified at
the gatekeeper residue (V565F, V5651, V565L) and four at the molec-
ular brake residue N550 (N550D, N550H, N550K, N550T).

Notably, an acquired mutation at the site of covalent binding of
futibatinib, C492F, was observed at the time of resistance in 1 of 42
patients who received futibatinib at any time (Fig. 1C). This mutation
was not observed in patients who received reversible inhibitors.
Analogous mutations, which remove a critical cysteine residue in the
tyrosine kinase domain, are observed as mechanisms of resistance to
other irreversible receptor tyrosine kinase inhibitors, such as osimer-
tinib and ibrutinib (36, 37).

Other candidate resistance mechanisms

While FGFR2 secondary mutations appeared to be the dominant
mechanism of acquired resistance, some patients developed “bypass”
mutations in signaling pathways downstream of FGFR, including the
RAS and PI3K pathways. Of note, not all patients were evaluated for
bypass pathway alterations in every study so overall frequencies of
these alterations cannot be calculated. Although PI3K pathway
alterations, including PIK3CA and PTEN mutations, emerged in
some patients progressing on FGFR inhibitors, PIK3CA mutations
were also detected in a subset of patients prior to FGFR inhibitor
treatment, in agreement with reports of the co-occurrence of FGFR2
alterations and PIK3CA mutations in 15%-20% of baseline
ICC (7, 11, 21). Thus, it is not clear whether PIK3CA mutations
represent additional drivers of acquired resistance in some cases, or
whether they represent pre-existing subclonal alterations that are
present in certain clones that emerge due to a different resistance
mechanism. Consistent with this latter hypothesis, expression of
mutant PIK3CA did not lead to FGFR inhibitor resistance in vitro, as
compared with an NRAS mutation, which was observed as an
emergent bypass mutation in 3 patients (1, 30, 31). In particular,
PIK3CA E545K did not affect futibatinib sensitivity of the FGFR-
dependent ICC cell line, CCLP-1, engineered with FGFR2-PHGDH
fusion (CCLP-1 FP; ref. 28), whereas NRAS Q61K caused resistance
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Landscape of acquired alterations on FGFR inhibitors. A, Frequency of FGFR2 kinase domain mutations on FGFR inhibitors. Ribbon diagram (B) and schematic
(€) showing location and overall frequency of the secondary FGFR2 kinase domain mutations. (B, Created with PyMOL. C, Created with BioRender.com.)

in the CCLP-1 FP model and in the patient-derived ICC13-7 model
(Supplementary Fig. S1).

Distinct activity profiles of different FGFR inhibitors against the
spectrum of FGFR2 kinase domain mutations

Given that diverse FGFR2 kinase mutations represented the most
commonly identified mechanisms of acquired resistance, we evalu-
ated the functional consequences of many of the mutations identified
in the context of treatment with a range of clinical FGFR inhibitors

AACRJournals.org

(Fig. 2A). The FGFR-dependent ICC cell line, CCLP-1, was engi-
neered to express the FGFR2-PHGDH fusion containing the different
kinase domain mutations and the activity (ICsq) of each FGFR TKI
was determined for these alleles (represented as fold change relative
to the fusion containing a wild-type kinase domain from an indi-
vidual batch experiment and as absolute ICsy in Fig. 2A). These
clinical inhibitors include ATP-competitive compounds with a sub-
stituted phenyl moiety that occupies the back hydrophobic pocket
and contacts with the V565 gatekeeper residue of FGFR2. This moiety
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Figure 2.

FGFR inhibitors show differential activity profiles against the spectrum of clinically observed FGFR2 kinase domain mutations. A, Activity profiles of the
indicated FGFR kinase inhibitors against FGFR-dependent CCLP-1 cells expressing the FGFR2-PHGDH fusion (FP) with a WT kinase domain or with different
FGFR2 kinase domain mutations. The table reports ICso values and fold changes. Mutants were tested in groups. FC denotes fold-change of ICso for FGFR2
mutant normalized to the ICso for the WT kinase within an individual group. Each value was representative of the mean of two biological replicates.
B, Immunoblot analysis of signaling proteins in CCLP-1 cells engineered to express the indicated FGFR2-PHGDH fusion alleles. Cells were treated with

vehicle, 50 nmol/L futibatinib, or 100 nmol/L pemigatinib for 4 hours. (A, Created with ChemDraw.)
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consists of a dimethoxyphenyl ring (infigratinib, pemigatinib, erda-
fitinib) or a methoxy benzothiophene group (rogaratinib). Futibati-
nib also has a dimethoxyphenyl group in the hydrophobic pocket
interacting with V565, and an acrylamide moiety that forms a
covalent bond to C492 in FGFR2 in addition to dual hinge hydrogen
bonds. Although zoligratinib and derazantinib have distinct struc-
tural features, molecular models indicate that they also contain an
analogous moiety occupying the same back pocket (i.e., the benzyl
imidazole in zoligratinib and fluorophenyl group in derazantinib).
Notably, each of the candidate resistance mutations identified is
located in proximity to the ATP binding site with the exception of
K715R and Q747 L (Fig. 1B).

The IC5, for the compounds against cells harboring the wild-type
(WT) fusion ranged from <10 nmol/L (futibatinib, infigratinib, pemi-
gatinib, erdafitinib) to approximately 200 nmol/L (derazantinib) with
rogaratinib (approx. 50 nmol/L) and zoligratinib (approx. 100 nmol/L)
having intermediate potency (Fig. 2A). Other than the L551F, L552F,
and K715R variants, each mutation resulted in reduced activity (>3-
fold ICs shift) for at least one of the inhibitors. Consistent with their
related structural features and interaction with the gatekeeper residue,
infigratinib, pemigatinib, erdafitinib, and rogaratinib have broadly
similar activity profiles, and suffer pronounced resistance (>100-fold
increase in ICs) to mutations of the gatekeeper residue (V565F and
V565L; Fig. 2A). These larger amino acids create steric clashes with the
phenyl moiety of inhibitors in the back pocket. The N550K mutation
that disturbs the autoinhibitory molecular brake was also highly
resistant to these agents (>100-fold ICs, increase for all except
erdafitinib). Interestingly, among the reversible inhibitors, only erda-
fitinib makes a single-hinge hydrogen bond in the FGFR2 binding
pocket. This might be the reason that it is less sensitive to N550K,
which may disturb the hydrogen bond and salt bridge network of the
hinge residue E566 to release the molecular brake triad. Zoligratinib
and derazantinib showed distinct profiles, although their in vitro
potency against WT FGFR2 is significantly weaker than the other
compounds tested. Zoligratinib largely retained activity against
V565F, presumably due to the lack of bulky substitution on the phenyl
group like the methoxy group in other inhibitors, as reported previ-
ously, but was strongly compromised against V565L (45-fold). Dera-
zantinib was only modestly affected (<6-fold) by each of the mutations
tested, but the lack of potency and high baseline ICs of this molecule
may limit the likelihood of observing large shifts in FGFR2-specific
ICs in this viability assay.

Finally, futibatinib remained at least partially active against most
of these mutations, other than the gatekeeper mutation, V565F, and
C492F (ICsq increases of 138-fold and 604-fold, respectively), the
latter, consistent with the covalent binding of futibatinib to this
residue. All other mutations caused <10-fold increase in ICsq, with
the exception of N550K (12-fold ICs, increase) and E566A (10-fold
ICs increase), which were among the most common emergent
mutations observed in futibatinib-treated patients (28). FGFR signal-
ing analysis corroborated the distinct activity profiles of FGFR inhi-
bitors against key mutations, demonstrating that futibatinib activity
was modestly decreased by V565L and V5651, but markedly decreased
by V565F and C492F, whereas pemigatinib was compromised against
all gatekeeper mutations, while being effective against the FGFR2
C492F allele (Fig. 2B). Thus, futibatinib shows favorable activity
against many mutations that cause pronounced resistance to reversible
FGEFR inhibitors.

The performance profiles of the FGFR inhibitors were largely in line
with clinically observed resistance data. For example, V565F was one
of the most commonly observed acquired mutations in patients treated
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with reversible inhibitors, including pemigatinib and infigratinib, and
futibatinib and conferred a very high degree of resistance to these
compounds in vitro. L618F was found to emerge in a patient progres-
sing on zoligratinib and resulted in in vitro resistance to this drug,
whereas this allele did not emerge in patients treated with futibatinib,
matching the in vitro response data (Fig. 2A). The N550K and C492F
mutations were notable exceptions to these correlations between
in vitro resistance and acquired mutations in vivo. First, N550K
emerged as a common resistance mechanism to futibatinib, despite
driving only a relatively modest approximately 12-fold loss of potency
for futibatinib in vitro. Second, while the C492F mutation led to
complete insensitivity to futibatinib, it was only seen in 1 of 42 patients
progressing on futibatinib (Fig. 1C). This rarity contrasts with clinical
resistance to the irreversible EGFR inhibitor, osimertinib, in lung
cancer and irreversible BTK inhibitors (e.g., ibrutinib) in lymphomas,
which are frequently associated with acquired mutations of the residue
for covalent inhibitor binding (EGFR-C797S and BTK-C481S or
C481R; refs. 36, 37).

We explored both of these observations experimentally. Each of
the pan-FGFR inhibitors has dose-limiting toxicities such that the
clinically achievable dose results in intratumor compound concen-
trations that are only moderately above the level needed for effective
target inhibition (38). In this regard, while the 12-fold increase in
in vitro ICs of futibatinib against the N550K variant compared with
WT FGFR2 was modest compared with the >100-fold increase seen
with V565F and C492F mutants, it exceeded the shift seen for all
other variants analyzed. Accordingly, treatment of either ICC13-7
cells or CCLP-1 cells expressing the FGFR2-PHGDH (FP) fusion
harboring the N550K mutation with a clinically relevant concen-
tration of 10 nmol/L futibatinib (26) failed to suppress downstream
signaling (ICC13-7) or produced a partial effect (CCLP-1), while
signaling by FP fusion with a wild-type or L618V mutant kinase
domain was effectively inhibited (Fig. 3A). Pemigatinib at the
clinically equivalent dose (20 nmol/L) was inactive against both
of these mutations (39). We tested the efficacy of futibatinib in vivo
against CCLP1-FP-N550K and CCLP-1-FP-WT xenografts. Once
tumors reached approximately 200 mm?, mice were treated with the
clinically relevant dose of 6 mg/kg futibatinib or with vehicle
(Fig. 3B shows schematic of study). While CCLP-1-FP-WT xenografts
were highly sensitive to futibatinib treatment, CCLP1-FP-N550K
tumors showed minimal decreases in tumor growth (Fig. 3C).
Correspondingly, signaling analysis demonstrated that futibatinib
was largely ineffective against the N550K mutation, with limited
effects on reduction of phosphorylation of FRS2 and of downstream
MEK/ERK signaling (Fig. 3D). Thus, the shift in ICs; of futibatinib
toward the N550K mutation is sufficient to drive resistance to expo-
sures that are clinically achievable in vivo, consistent with the emer-
gence of these mutation in patients progressing on futibatinib, similar
to data presented in our prior studies (28).

Effects of resistance mutations on FGFR2 activity may
contribute to differences in observed frequencies upon
acquired resistance

The effectiveness of a mutation in driving clinical resistance is a
function both of its insensitivity to pharmacologic inhibition and its
relative fitness in activating downstream oncogenic signaling. Indeed,
most of the recurrent mutations associated with FGFR inhibitor
resistance both block inhibitor binding and increase kinase activi-
ty (18, 28, 40). To gain insight into the rarity of C492 mutations in the
context of progression on futibatinib (relative to mutations disrupting
the cysteine required for activity of other covalent kinase inhibitors,
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Figure 3.

The recurrent molecular brake mutation, N550K, drives resistance to clinically achievable pan-FGFR TKI dose levels. A, Immunoblot analysis of signaling proteins in
CCLP-1or ICC13-7 cells engineered to express the FGFR2-PHGDH fusion protein with wild-type kinase domain or with the N550K or L618V mutations. Cells were
treated with vehicle, 10 nmol/L futibatinib, or 20 nmol/L pemigatinib for 4 hours. B-D, /n vivo assessment of futibatinib efficacy against the FGFR2 molecular brake
mutation, N550K. B, Schematic diagram of experiment design. Mice harboring FGFR-dependent CCLP-1xenografts expressing the indicated FGFR2-PHGDH fusion
(FP) with a WT kinase domain or with the N550K mutation were treated with vehicle (n = 4) or futibatinib 6 mg/kg (n = 4) daily for 10 days. Treatment was started
once tumors reached a volume approximately 200 mm®. €, Relative fold change of tumor volume (left) or tumor weight (right) compared with vehicle treatment at
the end point. **, P< 0.01. Data are shown as mean = SD. D, Immunoblot analysis of tumor lysates. Tumors were harvested 4 hours after the last dose of treatment.
(B, Created with BioRender.com.)
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such as osimertinib and ibrutinib), we tested the signaling activity of
the FGFR2-PHGDH fusion harboring each of the amino acid altera-
tions generated by the single-nucleotide changes at the codon encod-
ing C492 (Fig. 4A). Viral vectors expressing these alleles were intro-
duced into immortalized human embryonic kidney cells (HEK293
cells) grown in low serum conditions (1% FBS) and FGFR?2 activity was
determined by immunoblot compared with empty vector (EV) control
(Fig. 4B). As a reference, we also generated lines expressing the
gatekeeper mutations, V565L and V565F, which stimulate FGFR2
signaling modestly by stabilizing the active form of the kinase. Cells
expressing FGFR2-PHGDH with a wild-type kinase domain showed
autophosphorylation of the fusion (FGFR2 Y653/654) and increased
phosphorylation of downstream effectors (FRS2, SHP2, MEK1/2, and
ERK1/2), consistent with constitutive kinase activity, and the V565L
and V565F mutations resulted in a further increase in activity (Fig. 4B
and C). In comparison, despite being expressed at higher protein levels,
each of the C492 mutants had significantly impaired signaling relative
to the wild-type fusion. Whereas autophosphorylation was only
moderately attenuated (ratio of pFGFR2 Y653/Y654 to total FGFR2),
there was marked reduction in phosphorylation of the FRS2, which
binds to the FGFR2 juxta membrane region and serves as a scaffold
mediating downstream MEK/ERK activation. Accordingly, there was
pronounced decrease in ERK phosphorylation, ranging from approx-
imately 35% (C492F) to >95% (CA92R).

To extend these findings, we tested the clonal fitness associated with
C492 mutations by examining their transforming potential in NTH3T3
fibroblasts. Cell pools were generated and injected into immunode-
ficient (NSG) mice (Fig. 4D). Clonal representation of the parental
population and within the fully formed tumors was compared, reveal-
ing that clones expressing FGFR2 N550K readily outcompeted FGFR2
C492F- and C492R-mutant clones in the absence of drug selection
(Fig. 4E). These data reinforce the conclusion that this series of C492
mutations is inefficient in driving clonal outgrowth, despite evading
inhibition by futibatinib, consistent with their hypomorphic signaling
activity.

C492 is located in the G-loop (GEGCFG) of FGFR2, which upon
ATP binding undergoes a conformational change that positions ATP
for efficient transfer of y-phosphate to tyrosine residues on sub-
strates (41). We employed molecular dynamics simulations to study
the kinase domain structure and plasticity of the C492 mutants to gain
insight into the underlying structural mechanism of their impaired
signaling transduction. Four mutations were chosen (i.e., C492F,
C492Y, C492R, and C492S) as representatives based on mutant residue
size and polarity. We calculated the root mean square deviation
(RMSD) of the G-loop as a measure of the fluctuations of this segment
(based on 500 ns simulations in explicit water; Fig. 4F). The analysis
shows that the wild-type G-loop is more stable than all C492 mutants,
with C492R exhibiting the largest flexibility (RMSD,,g = 2.1A, com-
pared to RMSD,,, = 1.1A for wild-type; see RMSD distribution in
Fig. 4F, right). Figure 4G illustrates representative structures from
the simulation trajectory, highlighting the increased swing of G-loop
of the C492 mutants. These simulations suggest that increased flex-
ibility induced by the mutations might impact dimer formation, ATP
binding, and/or FRS2 binding to the dimer.

Discussion

Acquired resistance presents a challenge to prolonged clinical
efficacy of FGFR-directed therapies in ICC. The overall response rate
of approximately 25%-45% and median duration of response of 7-
9 months seen with approved FGFR inhibitors (pemigatinib, infigra-
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tinib, futibatinib) falls short of responses seen with targeted therapies
in other oncogene-driven cancers like non-small cell lung cancer, in
part due to resistance and dose-limiting off-target toxicities (42-48). In
this study, we present a systematic analysis of clinical acquired
resistance to FGFR inhibitors in FGFR2-positive ICC across a set of
reversible FGFR inhibitors and the irreversible inhibitor, futibatinib.
Combined analysis of 82 FGFR-treated ICC patients shows that
secondary mutations in the FGFR2 kinase domain are the predom-
inant mechanism of acquired resistance, occurring in 60% of patients.
Moreover, mutations in the N550 molecular brake residues and
V565 gatekeeper are the most frequent such mutations, arising in
63% and 47% of patients, respectively. These data further support that
FGFR2 secondary mutations represent the primary mode of acquired
resistance to current clinical FGFR inhibitors and that developing
novel inhibitors capable of surmounting these alterations represents a
critical need.

Interestingly, however, while on-target FGFR2 mutations were the
most frequently observed genomic resistance event, mutation of the
cysteine residue (C492) that mediates covalent binding of futibatinib
was rare, occurring in only 1/42 patients. This is in stark contrast to
other covalent inhibitor resistance paradigms, where disruption of the
cysteine required for covalency is a common event, such as mutation of
C797 in osimertinib resistance and C481 in ibrutinib resistance (36, 37).
Our mechanistic studies suggest that mutation of C492 in FGFR2 may
result in hypomorphic activity, thus reducing its fitness and providing
a potential explanation for its infrequency. This observation also has
key implications for the development of covalent inhibitors in general,
demonstrating that loss of the critical cysteine residue may not always
provide a facile mechanism of acquired resistance.

Similar to the pattern seen with KRAS®'*“ inhibitors and several
other targeted therapies, emergence of polyclonal acquired resistance
is common with FGFR inhibitors (21, 49-51). This heterogeneous and
diverse landscape of mutations presents a challenge for current and
future therapies. Specifically, the inability to overcome recurrent
V565F and N550K mutations and resistance driven by bypass pathway
activation is a universal weakness of all currently approved FGFR TKIs
for FGFR2-altered ICC. In this regard, in addition to the mutations in
NRAS reported here, our recent work in preclinical models has pointed
to feedback activation of EGFR signaling as another bypass mechanism
to pan-FGFR inhibition (6, 52). Thus, development of novel agents
capable of overcoming common resistance mutations, combination
therapies to constrain bypass signaling, and optimal sequencing of
FGFR inhibitors may be key avenues to improve outcomes in this
patient population. Moreover, serial ctDNA assays to monitor tumor
evolution under selective therapeutic pressure can facilitate early
detection of acquired resistance alterations, even prior to evidence of
radiographic progression, thus providing insight into the etiology of
eventual therapeutic failure.

The data demonstrate a diverse landscape of on-target mutations
and alternative mechanisms conferring resistance to FGFR inhibitors
in cholangiocarcinoma, which can guide optimal selection of approved
therapies and clinical development of new drugs. There are several
next-generation FGFR inhibitors currently in preclinical and clinical
development, including FGFR1-sparing, FGFR2-specific inhibitors
and pan-FGFR inhibitors potentially capable of broader coverage of
resistance mutations to address these limitations. In particular,
FGFR2-specific inhibitors are hypothesized to achieve higher expo-
sures and higher FGFR2 target engagement by minimizing toxicity due
to inhibition of other FGFR isoforms (20, 53). Because our data suggest
that some frequently observed resistance alterations lead to only
modest (e.g., 5- to 10-fold) shifts in ICs, simply increasing the
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Figure 4.

Mutation of FGFR2 C492 compromises FGFR2 signaling. A=C, Signaling analysis of FGFR2 fusion alleles harboring mutations of C492. A, Schematic view of
signaling studies. 293T cells were engineered by retroviral transduction to stably express empty vector (EV) or the FGFR2-PHGDH fusion harboring a WT
kinase domain, each mutation generated by single nucleotide changes at FGFR2 codon 492, or mutations at the gatekeeper (V565) residue. Immunoblot
analysis of signaling proteins (B) and quantification (C). Quantifications were generated from two independent experiments. Data are shown as mean = SD.
Statistical comparison of WT vs. C492 variants by one-way ANOVA (C). D and E, Clonal fitness of cysteine mutations. D, Schematic view of in vivo fitness
assay. NIH-3T3 cells engineered with the indicated mutants were pooled and injected subcutaneously into NSG mice. After 16 days, tumors were harvested and
processed for ddPCR analysis. E, Clonal abundance of indicated mutants in vivo. Each point represents 3 replicates. Data are shown as mean =+ SD. Statistical
analysis of input versus tumor by unpaired t test. F-G, Molecular dynamics simulations of select FGFR2 C492 mutations. F, Fluctuations of the G-loop
measured by root mean square deviation (RMSD). G, Representative structures from the simulation trajectory. (A and D, Created with BioRender.com.
F, Created with R. G, Created with PyMOL.)
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clinically achievable drug concentration could help to prevent out-
growth of some resistance mutations, as we have discussed previous-
ly (28). Ultimately, however, given that 60% of patients were observed
to develop secondary FGFR2 mutations in this study, and that
gatekeeper and molecular brake alterations were the most common,
engineering any new therapy to overcome these key resistance altera-
tions would be important.
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