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ABSTRACT
Background  Metastatic cholangiocarcinoma (CC), a 
form of gastrointestinal cancer that originates from 
the bile ducts, cannot be cured by currently available 
therapies, and is associated with dismal prognosis. In 
a previous case report, adoptive transfer of autologous 
tumor infiltrating lymphocytes (TILs), the majority of 
which recognized a tumor-specific point mutation, led 
to a profound and durable cancer regression in a patient 
with metastatic CC. Thus, more effective treatment for 
patients with this disease may be developed by using 
TILs that target cancer-specific mutations, but also other 
genetic aberrations such as gene fusions. In this context, 
fusions that involve fibroblast growth factor receptor 2 
(FGFR2) and function as oncogenes in a subset of patients 
with intrahepatic CC (ICC) represent particularly attractive 
targets for adoptive cell therapy. However, no study to date 
has explored whether FGFR2 fusions can be recognized by 
patients’ T cells.
Method  To address whether FGFR2 fusions can be 
recognized by patients’ T cells, we tested TILs from four 
patients with FGFR2 fusion-positive ICC for recognition of 
peptides and minigenes that represented the breakpoint 
regions of these fusions, which were unique to each of the 
four patients.
Results  We found that CD4+ TILs from one patient 
specifically recognized the breakpoint region of a unique 
FGFR2-TDRD1 (tudor domain-containing 1) fusion, and we 
isolated a T-cell receptor responsible for its recognition.
Conclusions  This finding suggests that FGFR2 fusion-
reactive TILs can be isolated from some patients with 
metastatic ICC, and thus provides a rationale for future 
exploration of T cell-based therapy targeting FGFR2 
fusions in patients with cancer. Furthermore, it augments 
the rationale for extending such efforts to other types of 
solid tumors hallmarked by oncogenic gene fusions.

INTRODUCTION
Cholangiocarcinoma (CC) is a form of gastro-
intestinal cancer that originates from the 
epithelium of either intrahepatic or extra-
hepatic bile ducts. It accounts for approx-
imately 3% of all gastrointestinal cancers, 
with reported incidence of one to two cases 

per 100,000 persons per year in the USA 
(and much higher incidence in areas with 
endemic fluke infestations of the biliary tract, 
for example, Southeast Asia).1 Most cases are 
diagnosed as locally advanced or metastatic 
disease, and thus cannot be cured by surgical 
resection. They are treated with systemic 
chemotherapy (eg, combination of gemcit-
abine and cisplatin), but the responses are 
modest.2 Thus, novel, more effective thera-
pies for this disease are urgently needed.

Approximately 15% of cases of intrahepatic 
CC (ICC) harbor oncogenic (ie, driver) gene 
fusions involving the fibroblast growth factor 
receptor 2 (FGFR2) and one of many diverse 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Some gene fusions are immunogenic, that is, they 
generate unique epitopes that are recognized by 
autologous T lymphocytes. The immunogenicity of 
fibroblast growth factor receptor 2 (FGFR2) fusions, 
which serve as oncogenes in a subset of patients 
with intrahepatic cholangiocarcinoma, has not yet 
been explored.

WHAT THIS STUDY ADDS
	⇒ By finding that a patient with cholangiocarcino-
ma harbored both a unique FGFR2-TDRD1 (tudor 
domain-containing 1) fusion and tumor infiltrating T 
lymphocytes that recognized it in a specific manner, 
this study demonstrates that FGFR2 fusions can be 
immunogenic.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ This study establishes a screening protocol for iso-
lating T cells (and T-cell receptors) that may recog-
nize patient-specific FGFR2 fusions. This protocol 
could be implemented in future design of person-
alized adoptive T-cell therapy trials for patients with 
cholangiocarcinoma or other cancers that harbor 
FGFR2 fusions.
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partner genes.3–6 Chimeric FGFR2 proteins encoded 
by many of these fusions retain dimerization motifs 
contained in the fusion partners, which allows them to 
undergo spontaneous oligomerization and subsequent 
autophosphorylation of the FGFR2 kinase domains.3 
This activates FGFR2 signaling pathway in a ligand-
independent fashion, and ultimately leads to stimulation 
of cellular pathways that enhance cell proliferation and 
survival.

Targeting FGFR2 fusions with small molecule inhibitors 
can induce tumor regressions in up to 36% of patients 
with fusion-positive ICC who were refractory to systemic 
chemotherapy. Although this led to Food and Drug 
Administration-approval of two FGFR inhibitors for treat-
ment of ICC,7 8 the responses to these agents are typically 
incomplete and short-lived, mainly because of the acquisi-
tion of mutations in the FGFR2 kinase domain that confer 
resistance to the administered drugs.5

Adoptive cell transfer (ACT) is a form of T cell-based 
immunotherapy that has been effective in treating select 
patients with metastatic melanoma and metastatic epithe-
lial cancers.9 In one form of ACT, patients receive an infu-
sion of autologous tumor infiltrating lymphocytes (TILs) 
that are isolated from autologous metastatic tumors and 
selected for their ability to recognize cancer neoantigens 
(ie, proteins that are encoded by genes harboring tumor-
specific mutations). In another form of ACT, tumor 
antigen-reactive T-cell receptors (TCRs) are transduced 
into autologous T cells from the peripheral blood and 
then infused into the patient.10

Targeting cancer neoantigens resulting from point 
mutations with either TILs or TCRs was shown to mediate 
durable regression of metastatic solid tumors.11–15 In one 
of these studies, a patient with chemotherapy-refractory 
metastatic ICC was treated twice with autologous CD4+ 
TILs that targeted a neoantigen derived from a unique 
point mutation in the putative tumor suppressor 
ERBB2IP.12 The second treatment, in which approx-
imately 95% of infused TILs recognized the mutant 
ERBB2IP (vs 25% in the first treatment), resulted in 
substantial regression of lung and liver metastases, which 
was augmented by a course of immune checkpoint inhi-
bition, and has been ongoing for more than 72 months 
following the treatment.

Given this success, the use of ACT to target putative 
neoantigens arising from FGFR2 fusion breakpoint 
regions, which do not involve the FGFR2 kinase domain, 
represents a potential approach to treat patients with 
metastatic ICC, including those who develop resistance 
to FGFR inhibitors through acquisition of kinase domain 
mutations. However, although several studies have 
demonstrated that T cells from patients with cancer can 
recognize peptides derived from various gene fusions 
(eg, BCR-ABL in chronic myeloid leukemia,16 SYT-SSX1 in 
synovial cell sarcoma,17 MYB-NFIB in adenoid cystic carci-
noma,18 or DNAJB1-PRKACA in fibrolamellar hepatocel-
lular carcinoma19), no study to date has shown whether 
FGFR2 fusions can be recognized by patients’ T cells. 

Moreover, targeting gene fusions with ACT has remained 
unexplored.

To test whether T cells can recognize FGFR2 fusions, 
we focused on a cohort of 12 patients with ICC whose 
TILs were previously screened for recognition of 
tumor-specific point mutations under an ACT protocol 
(NCT01174121). Analysis of the tumor transcriptomes 
revealed that four of these patients harbored four 
different in-frame gene fusions involving FGFR2. We then 
tested whether TILs from these patients could recognize 
peptides and minigenes corresponding to patient-specific 
fusion breakpoints. In this study, we describe the isola-
tion and characterization of an FGFR2 fusion-reactive TIL 
clone from one of these patients.

MATERIALS AND METHODS
Patients
Twelve patients with ICC were consecutively evaluated 
at the Surgery Branch of the National Cancer Insti-
tute (NCI) from 2015 to 2019 for participation in a cell 
therapy protocol (NCT01174121). All patients provided a 
written informed consent both for this protocol, and for 
the accompanying protocol that allowed for use of their 
samples for research purposes. The information about 
the patients and the outcomes of the initial neoantigen 
testing are summarized in online supplemental tables 1,2.

Whole exome and whole transcriptome sequencing
Genomic DNA and RNA from freshly resected tumors, 
as well as genomic DNA from the matched normal 
peripheral blood mononuclear cells (PBMCs), were 
first extracted using a Maxwell Instrument (Promega, 
Madison, Wisconsin, USA). Whole exome sequencing 
(WES) library preparation and identification of tumor-
specific point mutations was performed as described 
previously.20 For whole transcriptome sequencing, 
complementary DNA (cDNA) sequencing libraries were 
prepared from total tumor RNA (2 µg per sample) using 
the Illumina TruSeq Stranded Total RNA Library Prep 
kit (Illumina, San Diego, California, USA), following 
the manufacturer’s protocol. Finally, the libraries were 
subjected to paired-end sequencing on a NextSeq 500 
desktop sequencer (Illumina).

Identification of FGFR2 gene fusions from the whole 
transcriptome sequencing data
Sequencer-generated BCL files were converted to FASTQ 
files using the bcl2fastq tool in the CASAVA suite (Illu-
mina). Sequencing quality of these samples was evaluated 
using Fastqc (V.0.11.9) (https://www.bioinformatics.​
babraham.ac.uk/projects/fastqc/), with subsequent 
quality trim using Fastp (V.0.20).21 Quality-checked 
FASTQ files were then processed using FusionCatcher 
(V.1.20),22 Arriba (V.2.1.0)23 and STAR-fusion (V.1.6.0)24 
pipelines, with hg38 human reference genome and 
default parameters. Results from the three tools were 
consolidated into a single preliminary table, which 
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provided information such as breakpoint locations for 
each 5’ and 3’ fusion partner, and quantification of junc-
tion reads (reads overlapping each fusion breakpoint) 
and discordant read pairs (paired reads that mapped to 
two different partner genes, each on one side of the fusion 
breakpoint). Transcripts encoding predicted fusions were 
constructed using in-house designed scripts and by refer-
ring to hg38 human genome and GTF downloaded from 
GATK resource bundle (https://console.cloud.google.​
com/storage/browser/genomics-public-data/resources/​
broad/hg38/v0/). In addition to the gene annotation 
provided by the three tools, annoFuse R package25 was 
also used to annotate the gene fusions. Finally, the output 
data was used to extract information about the in-frame 
FGFR2 fusions, which is summarized in the online supple-
mental table 3.

Assessment of FGFR2 fusion and HLA gene expression
For FGFR2 fusion gene expression analysis, RNA-
sequencing data was first aligned to the hg38 reference 
genome using STAR aligner.26 Next, soft-clipped and 
properly-paired reads aligned to the exons harboring the 
fusion breakpoints were extracted into two separate BAM 
files using the Samtools/1.15.1.27 Then, the average read 
depth per base position for the fused and wild type (WT) 
exons was calculated. These values were scaled to the total 
sequencing depth in each sample and then divided by the 
length of the exon to make them comparable between 
exons across samples. The final exon expression values 
were reported in Read Base Per KiloBase Per Million.

For the human leukocyte antigen (HLA) gene expres-
sion analysis, tumor RNA-sequencing data was analyzed 
using arcasHLA.28

Validation of predicted FGFR2 fusion sequences in tumor 
samples
Validation of FGFR2 fusions identified from the whole 
transcriptome was performed by fusion-specific RT-PCR 
and Sanger sequencing. First, cDNA synthesis was 
performed on 0.5 µg total tumor RNA using the Super-
Script III First-Strand Synthesis System for RT-PCR 
(Thermo Fisher Scientific, Waltham, Massachusetts, 
USA), according to manufacturer’s instructions. Next, 
fusion-specific amplification primers, listed in the online 
supplemental table 4, were obtained from Integrated 
DNA Technologies (Coralville, Iowa, USA). All products 
were amplified using Hot Start Flex DNA Polymerase 
(New England Biolabs, Ipswich, Massachusetts, USA) and 
a touchdown PCR with a final annealing temperature of 
61°C and 45 total cycles. A portion of each amplification 
reaction was subjected to automated gel electrophoresis, 
using the 4200 TapeStation System (Agilent Technologies, 
Santa Clara, California, USA). Finally, amplified products 
were purified using the QIAquick PCR Purification Kit 
(Qiagen, Gaithersburg, Maryland, USA) and sequenced 
using Sanger sequencing (Poochon Scientific, Frederick, 
Maryland, USA).

Generation of tumor infiltrating lymphocytes (TILs)
TILs were cultured from surgically resected tumors 
following a previously described approach.20 Briefly, 
tumor tissue was dissected free of hemorrhagic and 
necrotic areas and cut into approximately 1×1 mm frag-
ments (up to N=24), which were then plated individ-
ually in 24-well plates and cultured in 2 mL of RPMI 
medium supplemented with 2 mM L-glutamine, 25 mM 
HEPES, 10 µg/mL gentamicin (all from Life Tech-
nologies, Carlsbad, California, USA), 10% in-house 
human AB serum and 6000 IU/mL of interleukin (IL)-2 
(Prometheus, San Diego, California, UAA) for 6–8 weeks. 
Medium was replenished twice weekly; the wells were split 
in 1:2 fashion when fully confluent and cryopreserved 
until further use.

Generation of fusion minigenes and peptides
For each FGFR2 fusion, a minigene was designed by 
linking a nucleotide sequence encoding 150 amino 
acid-segment of FGFR2 protein that terminated at the 
fusion breakpoint with a sequence encoding 150 amino 
acid-segment of the partner protein that initiated at the 
fusion breakpoint. Control minigenes were designed 
to encode approximately 300 amino acids mapping to 
either FGFR2 or to its fusion partners. Control tandem 
minigenes encoding point mutations previously found to 
be recognized by TILs from these patients were designed 
as described previously.20 Next, all the constructs 
were codon-optimized, synthesized and ligated into a 
pcRNA2SL vector (GenScript, Piscataway, New Jersey, 
USA). The plasmids were then in vitro transcribed into 
RNA using mMESSAGE mMACHINE T7 ULTRA Tran-
scription Kit (Thermo Fisher Scientific, Waltham, Massa-
chusetts, USA). Finally, RNA samples were purified using 
RNeasy Mini Kit (Qiagen, Germantown, Maryland, USA), 
quantified by spectrophotometry, and stored at −80°C 
until further use.

Simultaneously, 26-mer peptides were designed to 
encode 13-mer amino acid sequence of FGFR2 that 
terminated upstream of the fusion breakpoint, followed 
by a 13-mer sequence of the partner protein that initi-
ated downstream of the fusion breakpoint. The 25-mer 
peptides, each encoding a point mutation previously 
found to be recognized in TIL screens, were also designed. 
Next, all peptides were synthesized by GenScript (Pisca-
taway, New Jersey, USA) as lyophilized powder, resus-
pended in DMSO, and stored at –20°C until use. The 
amino acid sequences of these peptides, as well as of 
each minigene used in this study, are shown in the online 
supplemental tables 3,5.

Generation of antigen presenting cells
Autologous dendritic cells (DCs) or Epstein-Barr virus 
(EBV)-transformed B cells were used as antigen presenting 
cells (APCs). DCs were generated from patient leukapher-
esis samples (ie, PBMCs) using an adherence method. 
First, PBMCs were plated in tissue culture flasks in AIM 
V CTS medium (Life Technologies, Carlsbad, California, 
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USA) and incubated at 37°C for 2 hours. Next, following 
the removal of non-adherent cells, the flasks were washed 
twice with phosphate-buffered saline (PBS), and then 
incubated with RPMI medium supplemented with 10% 
fetal bovine serum (FBS; GE Healthcare Life Sciences, 
Logan, Utah, USA), 2 mM L-glutamine, 25 mM HEPES 
and Antibiotic-Antimycotic (all from Life Technologies, 
Carlsbad, California, USA), as well as with 50 ng/mL 
granulocyte-macrophage colony-stimulating factor (GM-
CSF) and 20 ng/mL IL-4 (both from PeproTech, Rocky 
Hill, New Jersey, USA). On day 5 or 6, the adherent cells 
(ie, immature DCs) were harvested using a cell scraper.

To generate EBV-transformed B (EBV-B) cells, 1×108 
PBMCs were cultured in 4 mL of complete RPMI medium 
supplemented with 10% FBS and Antibiotic-Antimycotic, 
with the addition of 1 mL of B95-8 culture supernatant 
containing the EBV (American Type Culture Collection, 
Manassas, Virginia, USA) and 0.5 mg/mL cyclosporine 
A (Sigma-Aldrich, St. Louis, Missouri, USA). Medium 
with cyclosporine A was replenished as needed, and the 
cultures were maintained for approximately 4–6 weeks. 
After the formation of round colonies (representing 
immortalized B cells) was observed, the cultures were 
further expanded in cyclosporine-free medium and cryo-
preserved until future use.

Assessment of T-cell responses to FGFR2 fusions
Recognition of FGFR2 fusions was assessed by performing 
overnight co-cultures of T cells and APCs that were either 
pulsed with relevant peptides or transfected with the rele-
vant minigenes. This was followed by measuring inter-
feron gamma (IFN-γ) production, as well as upregulation 
of activation marker 4-1BB (CD137) on the surface of T 
cells by flow cytometry.

For peptide testing, APCs were first incubated with 
FGFR2 or control peptides (at a final concentration of 
10 µM, unless indicated otherwise) for 4–24 hours, and 
then washed twice prior to the co-culture. For mini-
gene testing, APCs were transfected with minigene RNA 
using Lipofectamine MessengerMAX (Thermo Fisher 
Scientific, Waltham, Massachusetts, USA) according to 
the manufacturer’s instructions. Transfected or peptide-
pulsed APCs were rested overnight in the same media 
that was used to generate these cultures.

Cryopreserved TILs (or TCR-transduced T cells, where 
applicable) were first rested for 24–48 hours in 50/50 
medium supplemented with IL-2 (6000 IU/mL for TILs 
and 1200 IU/mL for TCR-transduced T cells) and 1 µg/
mL DNAse I (STEMCELL Technologies, Vancouver, 
British Columbia, Canada). The 50/50 medium consisted 
of equal parts of AIM V CTS medium, supplemented with 
5% human AB serum (Valley Biomedical, Winchester, 
Virginia, USA) and Antibiotic-Antimycotic, and RPMI 
medium supplemented with 2 mM L-glutamine, 25 mM 
HEPES, Antibiotic-Antimycotic and 10% human AB 
serum.

On the day of the co-culture, cells were washed twice 
to remove excess IL-2 and plated (2×104 cells/well for 

enzyme-linked immunosorbent assay (ELISpot) and 
1×105 cells/well for other assays) with APCs (1×105 cells/
well) onto either MultiScreen-IP filter plates (Millipore, 
Burlington, Massachusetts, USA), which were precoated 
overnight with IFN-γ detection antibody (isotype 1-D1K; 
Mabtech, Cincinnati, Ohio, USA) (for ELISpot), or 
onto regular U-bottom 96-well plates (for other assays). 
Co-cultures were then incubated overnight at 37°C and 
5% CO2. Cell Stimulation Cocktail, a mixture of phorbol 
12-myristate 13-acetate and ionomycin, (Affymetrix, San 
Diego, California, USA) was used as a positive control in 
1:1000 v/v ratio.

Detection of IFN-γ and other cytokines produced by T cells
Secretion of IFN-γ from T cells was measured by either 
ELISpot or by IFN-γ electrochemiluminescence-based 
assay. For IFN-γ ELISpot, cell suspensions were first trans-
ferred from the MultiScreen-IP filter plates to separate 
U-bottom 96-well plates, which were set aside for flow 
cytometric analysis. MultiScreen-IP filter plates were then 
washed with 0.05% Tween 20 in PBS and incubated with 
a biotinylated detection antibody (Mabtech, Cincinnati, 
Ohio, USA) for 2 hours at room temperature. Next, the 
plates were washed again and incubated with streptavi-
din-ALP (Mabtech) for 1 hour. Then, they were washed 
with PBS and incubated with KPL BCIP/NBT substrate 
solution (SeraCare Life Sciences, Milford, Massachusetts, 
USA) for 10–15 min at room temperature. Finally, after 
the plates were washed with tap water and dried, they 
were scanned and analyzed using the ImmunoSpot plate 
reader (Cellular Technologies Limited, Shaker Heights, 
Ohio, USA). T cells from co-cultures that had at least 50 
IFN-γ spots, with ≥2-fold increase over the controls, were 
deemed to have significantly increased IFN-γ production.

For IFN-γ electrochemiluminescence-based assay, super-
natants from regular co-culture plates were assayed using 
the IFN-γ U-PLEX kit (Meso Scale Diagnostics, Rockville, 
Maryland, USA), according to the manufacturer’s instruc-
tions. The plates were read on MESO Sector S600 plate 
reader (Meso Scale Diagnostics) and analyzed using the 
accompanying software.

For analysis of other cytokines, supernatants from 
overnight TIL co-cultures were analyzed using a custom-
ized U-PLEX kit (also from Meso Scale Diagnostics), 
according to the manufacturer’s instructions. The assay 
was customized to allow simultaneous detection of IFN-γ, 
tumor necrosis factor alpha, IL-2, GM-CSF, and granzyme 
B.

Flow cytometry
For all experiments, the U-bottom plates with cell suspen-
sions were washed twice using PBS with 0.5% FBS. The 
cell pellets were then stained with antibodies diluted in 
PBS/0.5% FBS in 1:50 V/V ratio at 4°C for 30 min. The 
following antibodies were used: CD3 (clone SK7), CD4 
(clone SK3), CD8 (clone SK1) and CD137 (4-1BB, clone 
4B4-1) (all from BD Biosciences, San Jose, California, 
USA). Flow cytometric analysis was performed on FACS 
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Canto II cell analyzer (BD Biosciences). Cell sorting was 
performed using the SH800 sorter (Sony Biotechnology, 
San Jose, California, USA). Data was analyzed using FlowJo 
V.10.2 software (Tree Star, Ashland, Oregon, USA).

Identification and synthesis of TCRs
To identify TCR sequences responsible for fusion recog-
nition, single-cell TCR sequencing was performed using 
the Takara SMARTer Human scTCR a/b Profiling Kit – 96 
(Takara Bio USA, San Jose, California, USA), according 
to the manufacturer’s instructions. Briefly, single cells 
from TIL population that upregulated 4-1BB and down-
regulated CD3 in response to the relevant peptide were 
sorted into wells of a 96-well plate and subjected to cDNA 
synthesis and amplification using SMART technology, 
which included incorporation of cellular barcoding. Next, 
cDNA corresponding to TCRA and TCRB transcripts was 
further amplified and prepared for sequencing, which 
was performed on a MiSeq instrument with paired-end 
2×300 bp reads using the MiSeq Reagent Kit v3 (600 cycle) 
(Illumina, San Diego, California, USA). Read extraction 
and clonality counts were determined by the MiXCR soft-
ware package (V.2.1.12) (MiLaboratory, Russia).

To synthesize the identified TCR, TCRα/β constant 
regions were replaced with modified mouse TCRα/β 
constant regions to enhance TCR pairing and surface 
expression.29–31 TCRα and TCRβ chains were linked with 
a furin SGSG P2A linker, and then synthesized and cloned 
into an MSGV retroviral vector.32

Generation of TCR-transduced T cells
On day 1, HEK 293 cells expressing viral proteins GAG 
and POL (293GP cells) were plated (1×106/well) into 
poly-D-lysine-coated 6-well plates (Corning, Tewksbury, 
Massachusetts, USA). On day 2, each well was transfected 
with 2 µg pMSGV8-TCR and 1 µg of pRD114 using Lipo-
fectamine 2000 Transfection Reagent (Life Technologies, 
Carlsbad, California, USA), following the manufacturer’s 
instructions. Simultaneously, ~1–3 x 108 healthy donor 
PBMCs, obtained via leukapheresis, were stimulated 
with 50 ng/mL anti-CD3 (clone OKT-3; eBioscience, San 
Diego, California, USA) and 1200 IU/mL of IL-2 in a 
tissue culture flask. On day 3, retrovirus-containing super-
natants from 293GP cells were harvested and spinocu-
lated onto non-tissue culture-treated 6-well plates coated 
with RetroNectin (Takara Bio USA, Mountain View, Cali-
fornia, USA), at 2000×g for 2 hours at room temperature. 
Spinoculated plates were then seeded with donor PBMCs 
(2×106 cells/well), centrifuged at 1000×g for 10 min and 
incubated overnight at 37°C. Transduced cells were then 
cultured in complete 50/50 medium supplemented with 
1200 IU/mL of IL-2 for additional 5 days. Next, transduc-
tion efficiency was assessed by staining the cells with an 
anti-mouse TCRβ chain antibody (clone H57-597; Invit-
rogen, Waltham, Massachusetts, USA) and performing 
flow cytometry. The cells were then cryopreserved until 
further use.

Determination of HLA restriction element and assessment of 
FGFR2-TDRD1 minigene recognition
Relevant HLA alleles identified from tumor WES were 
synthesized and cloned into pcDNA3.1 vector (GeneO-
racle, Santa Clara, California, USA). Next, COS-7 cells 
were plated in a flat-bottom 96-well plate (2.5×104 cells/
well) and co-transfected the following day with combina-
tions of plasmids encoding individual major histocompat-
ibility complex (MHC) class II molecules (150 ng/well 
each) using Lipofectamine 2000 transfection reagent 
(0.5 µl/well). The next day, transfected cells were pulsed 
with FGFR2-TDRD1 26-mer peptide for 2 hours, washed 
twice in complete RPMI, and co-cultured overnight with 
TCR-transduced T cells (1×105/well) from two unrelated 
and non-HLA matched healthy donors. IFN-γ production 
from these cells was assessed by ELISpot, as described 
above.

To assess the recognition of the FGFR2-TDRD1 mini-
gene, COS-7 cells (2.5×104 cells/well) were co-transfected 
(using Lipofectamine 2000 transfection reagent) in a flat-
bottom 96-well plate with pcDNA3.1 plasmids encoding 
HLA-DRA1*01:01 and HLA-DRB1*04:04 (50 ng each 
per well) and a pcDNA3.1 plasmid encoding either the 
control TDRD1, control FGFR2 or the FGFR2-TDRD1 
protein (100 ng per well). The following day, TCR-
transduced T-cells were added; IFN-γ production was 
analyzed after the overnight co-culturing using IFN-γ 
U-PLEX, as described above.

Immunohistochemistry
Tumor sections were cut onto glass slides and allowed to 
dry overnight at room temperature. Immunohistochem-
istry (IHC) staining was performed using the Leica BOND 
RX automated stainer (Leica Biosystems, Buffalo Grove, 
Illinois, USA). Slides were deparaffinized and subjected 
to antigen retrieval (ER2, 20 min). The following anti-
bodies were used: MHC-I (clone HC10, dil. 1:1000; 
in-house) and HLA-DR (clone TAL.1B5, dil. 1:200; Dako, 
Carpinteria, California, USA). Whole slide imaging of 
IHC slides was performed using a Hamamatsu NanoZo-
omer S60 Digital slide scanner C13210-01 (Hamamatsu, 
Bridgewater, New Jersey, USA).

Statistical analysis
Statistical analyses were performed on GraphPad Prism 
V.7.0 software (GraphPad Software, La Jolla, California, 
USA). When applicable, data were expressed as mean±SD.

RESULTS
Identification of FGFR2 fusions in patients with ICC
The study cohort consisted of 12 patients with metastatic 
ICC whose tumors had been subjected to both whole 
exome and RNA sequencing and whose TILs were previ-
ously screened for recognition of tumor-specific point 
mutations. Patent and tumor characteristics, and the 
results of previous TIL screening for recognition of point 
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mutations are summarized in the online supplemental 
tables 1 and 2, respectively.

The analysis of tumor transcriptomes, performed using 
three different fusion prediction algorithms, revealed 
that tumors from 4 out of 12 patients harbored in-frame 
gene fusions involving FGFR2 as a 5’ partner (figure 1A 
and online supplemental table 3). The 3’ partners were 
tudor domain-containing 1 (TDRD1) in patient 1, centro-
somal protein of 55 kDa (CEP55) in patient 2, and WW 

domain-containing adapter protein with coiled-coil (WAC) in 
patients 3 and 4. Transcripts that spanned the fusion 
breakpoints, termed ‘junction reads’, were detected by at 
least one fusion caller in all the tumors that were resected 
from each of these patients (figure  1A). Similar result 
was observed for paired reads that mapped to different 
sides of the fusion breakpoint, termed ‘discordant read 
pairs’ (online supplemental figure 1A). Among the four 
patients, the estimated transcript levels mapping to the 

Figure 1  Tumors from four patients with metastatic intrahepatic cholangiocarcinoma (ICC) harbored in-frame FGFR2 gene 
fusions. (A) Patients’ metastases were surgically resected and subjected to whole transcriptome sequencing. Three different 
computational algorithms (‘A’, Arriba; ‘FC’, FusionCatcher; and ‘SF’, STAR-Fusion) were used to identify in-frame gene fusions 
involving the FGFR2. The heatmap depicts junction read counts (ie, reads spanning fusion breakpoints) reported by each fusion 
caller (rows) for all the tumor samples from four FGFR2 fusion-positive patients (columns). For each patient, all the tumors 
were resected at the same time, except for patient 2, who had a resection prior to the administration of adoptive T cell therapy 
targeting ERBBI2PE805G mutation (Tumor AA), and a repeat resection after the therapy (Tumors A–C). (B) RT-PCR was performed 
on tumor cDNA using primers that flanked the breakpoints of each FGFR2 fusion. Result of automated electrophoresis of the 
FGFR2-TDRD1 amplification reaction from patient 1’s tumors (1-A, 1-B and 1-C) is depicted. cDNA from patient 4’s tumor was 
used as a negative control, along with the reaction with no added template (NT). Primers for the wild type human GAPDH were 
used to generate a positive control. (C) Amplified products from (B) were purified and subjected to Sanger sequencing. The 
chromatogram depicts the sequencing result for tumor A from patient 1 (same sequence was detected in tumors B and C). (D) 
Breakpoint coordinates of each FGFR2 fusion transcript were used to reconstruct the sequences of FGFR2 fusion proteins. The 
dashed line indicates the fusion breakpoints; the numbers next to it indicate the amino acid position at which wild type FGFR2 
protein terminates (black) or at which the partner protein starts (colored). The names of the protein domains are provided in the 
boxes. CC, coiled-coil domain; Ig, immunoglobulin-like domain; MYND (myeloid, Nervy, and DEAF-1)-type zinc finger domain; 
TM, transmembrane domain. Note that FGFR2 and partner proteins are not depicted on the same scale for clarity purposes. 
(E) The left panel depicts distribution of FGFR2 fusions and driver (hotspot) point mutations in the study cohort. The hotspot 
mutations include BRAFD594N (patient 5), BRAFV600E (patient 6), IDH1R132C (patients 7–9), and KRASG12V and PIK3CAH1047R (patient 
9). The right panel depicts the overall number of tumor-specific mutations (including single nucleotide variants and insertions/
deletions) in the same cohort. cDNA, complementary DNA; FGFR2, fibroblast growth factor receptor 2; TDRD1, tudor domain-
containing 1.

https://dx.doi.org/10.1136/jitc-2022-006303
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FGFR2-TDRD1 breakpoint in patient 1 were significantly 
higher than the levels of other fusion breakpoints in 
patients 2–4 (online supplemental figure 1B).

To validate the results of the initial fusion calling, 
RT-PCR was performed on tumor cDNA using primers 
that flanked the breakpoints of each fusion (online 
supplemental table 4). RT-PCR with primers flanking the 
FGFR2-TDRD1 breakpoint amplified this fusion from all 
three tumors resected from patient 1 (figure 1B). Subse-
quent sequencing of the amplification product revealed a 
complete match to the sequence that was predicted from 
the whole transcriptome analysis (figure 1C). RT-PCR and 
subsequent amplification product sequencing performed 
on available RNA samples from patients 2 to 4 yielded the 
same results (online supplemental figure 1B–D).

The analysis of these fusion sequences revealed that 
FGFR2 portions of transcripts from all four fusions termi-
nated at the identical breakpoint, which mapped to a 
sequence of the FGFR2 gene that encoded glutamic acid 
at position 767 (E767) in the C-terminal portion of the 
protein (figure 1D and online supplemental figure 2), as 
expected based on the previous reports.3 4 All the partner 
genes were located on the same chromosome as the FGFR2 
gene (chromosome 10) but were on the opposite strand 
(online supplemental figure 2), indicating that these 
fusions were generated by intrachromosomal inversions. 
The 5’ ends of transcript portions that corresponded to 
TDRD1 (patient 1) and CEP55 genes (patient 2) mapped 
to the 5’ untranslated region of each gene. This indicated 
that the resulting fusion proteins contained additional 
two or four amino acids, respectively, before the start of 
the canonical sequence of each of the fusion partners 
(figure 1D). In contrast, transcript portions of WAC gene 
from patients 3 and 4 mapped to different regions within 
the WAC protein.

The analysis of tumor-specific point mutations in our 
12-patient cohort (figure  1E and online supplemental 
figure 3) revealed no significant difference in the average 
tumor mutation burden between the FGFR2 fusion-
positive and negative patients (124.8 vs 221.1 mutations, 
p=0.61), nor in the number of point mutations that were 
recognized by TILs in the previous screens (1.75 vs 1.17 
neoantigens per patient, p=0.53). None of the driver 
point mutations known to occur in ICC were detected in 
fusion-positive patients (figure  1E), consistent with the 
previous reports.4 5

TILs from patient 1 specifically recognized a peptide spanning 
the FGFR2-TDRD1 fusion breakpoint
Patient 1, a 45-year-old female with chemotherapy-
refractory metastatic ICC, underwent resection of three 
separate lung metastases at the NCI. The IHC analysis of 
these specimens revealed diffuse and strong MHC class I 
expression on tumor cells, while the MHC class II expres-
sion, which was also detectable by RNA sequencing, was 
restricted to larger infiltrating cells (resembling DCs 
or macrophages) and rare nests of tumor cells (online 
supplemental figure 4). In a previous study, TILs isolated 

from these tumors were screened for recognition of 152 
tumor-specific mutations identified by the WES, which 
led to identification of a CD4+ TIL clone that specifically 
recognized a point mutation in the ras suppressor protein 1 
gene (RSU1P150T) (online supplemental table 2).

To test whether TILs from patient 1 could recognize 
the FGFR2-TDRD1 fusion specific to this patients’ tumors, 
they were co-cultured with autologous DCs that were 
either pulsed with a 26-mer peptide or were transfected 
with the minigene representing the FGFR2-TDRD1 break-
point region. Both peptide and minigene approaches 
were used to maximize the chance of capturing antigen 
responses from CD8+ TILs, which were previously found 
to occur more frequently in response to minigenes, 
and from CD4+ TILs, which were found to occur more 
frequently in response to mutant peptides.20 Both 
approaches relied on autologous DCs, which presumably 
shared MHC class I and II molecules with the tumor cells, 
thus circumventing the need to use MHC binding predic-
tion algorithms, which are known to miss some bona fide 
cancer antigens.9

As indicated in figure 2A, several TIL cultures (No 3, 
4, 5, 6, 16 and 20) exhibited significantly increased IFN-γ 
production in response to the FGFR2-TDRD1 peptide. 
Simultaneous flow cytometric analysis (figure  2B) 
revealed that CD4+ cells from TIL3 culture also upregu-
lated the activation marker 4-1BB (CD137). Such upreg-
ulation was not detected in any other TIL cultures that 
exhibited increased IFN-γ production, suggesting that the 
fraction of fusion-reactive cells in these cultures was low. 
There was no significant 4-1BB upregulation on any of 
the CD8+ TILs (online supplemental figure 5A).

To determine whether FGFR2-TDRD1 fusion was recog-
nized in a specific manner, TIL3 cells were co-cultured 
with DCs pulsed with the fusion peptide, as well as corre-
sponding control FGFR2 and TDRD1 peptides. As indi-
cated in figure 2C, only the fusion peptide elicited IFN-γ 
production from TIL3 cells. This response was also associ-
ated with increased production of IL-2 and GM-CSF, and 
a more modest increase in granzyme B (online supple-
mental figure 5B), indicating a cytokine secretion pattern 
mostly consistent with that of type 1 helper CD4+ T cells.

TILs from patients 2, 3 and 4 exhibited no significant 
IFN-γ production or 4-1BB upregulation following over-
night co-cultures with DCs that were pulsed with peptides 
or transfected with minigenes corresponding to patient-
specific FGFR2 fusions (online supplemental figure 6).

A TCR expressed by CD4+ TILs from patient 1 specifically 
recognized the FGFR2-TDRD1 fusion
To isolate a TCR responsible for recognition of the FGFR2-
TDRD1 fusion, TIL3 cells were co-cultured overnight with 
autologous DCs pulsed with either fusion or the control 
peptides. The following day, flow cytometric analysis 
revealed that approximately 2% of CD4+ T lymphocytes 
were activated (ie, exhibited simultaneous downregula-
tion of CD3 and upregulation of 4-1BB) when co-cultured 
with the fusion peptide, in comparison to <0.1% cells in 

https://dx.doi.org/10.1136/jitc-2022-006303
https://dx.doi.org/10.1136/jitc-2022-006303
https://dx.doi.org/10.1136/jitc-2022-006303
https://dx.doi.org/10.1136/jitc-2022-006303
https://dx.doi.org/10.1136/jitc-2022-006303
https://dx.doi.org/10.1136/jitc-2022-006303
https://dx.doi.org/10.1136/jitc-2022-006303
https://dx.doi.org/10.1136/jitc-2022-006303
https://dx.doi.org/10.1136/jitc-2022-006303
https://dx.doi.org/10.1136/jitc-2022-006303
https://dx.doi.org/10.1136/jitc-2022-006303
https://dx.doi.org/10.1136/jitc-2022-006303
https://dx.doi.org/10.1136/jitc-2022-006303
https://dx.doi.org/10.1136/jitc-2022-006303
https://dx.doi.org/10.1136/jitc-2022-006303
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corresponding co-culture controls (figure  3A). These 
activated CD4+ T cells were then sorted and subjected 
to single-cell TCR sequencing, which identified a single 
TCR that was significantly enriched in activated versus 
non-activated cells (figure 3B).

To test the specificity and the affinity of this TCR, its 
sequence was cloned into an MSGV plasmid and trans-
duced into PBMCs from two unrelated (non-HLA-
matched) healthy donors with greater than 50% efficiency 
(online supplemental figure 7A). These TCR-transduced 

T cells were then co-cultured with patient 1’s B cells that 
were pulsed with either FGFR2-TDRD1 or the control 
peptides. The analysis of IFN-γ production performed on 
the following day demonstrated that TCR-transduced T 
cells from both donors recognized the fusion peptide in a 
dose-dependent manner, whereas only baseline reactivity 
was observed in response to control peptides (figure 3C).

To determine the MHC restriction element for the 
fusion-reactive TCR, COS-7 cells were transfected with 
pairs of plasmids encoding all the MHC class II molecules 

Figure 2  TILs from patient 1 specifically recognized FGFR2-TDRD1 fusion. (A) TILs (n=23) were co-cultured with autologous 
DCs that were pulsed with FGFR2-TDRD1 peptide or transfected with FGFR2-TDRD1 minigene. Results of IFN-γ ELISpot are 
depicted. A tandem minigene (TMG) encoding several point mutations from another patient (Irrel. TMG) and DMSO were used 
as negative controls for minigene and peptide testing, respectively. A 25-mer peptide representing a point mutation in the RSU1 
gene (RSU1P150T), previously identified as a neoantigen, as well as a TMG incorporating this mutation (Control TMG), were used 
as positive controls. PMA/ionomycin (PMA) was used as a non-specific positive control. (B) Same co-cultures as in (A) were 
analyzed by flow cytometry for expression of surface activation marker 4-1BB (CD137). The graph depicts the frequency of 
41BB+CD4+ cells among all live T cells (a composite of CD8+ and CD4+ cells). (C) TIL3 cells were co-cultured with DCs pulsed 
with FGFR2-TDRD1 peptide or the control TDRD1 and FGFR2 peptides. IFN-γ production was measured the following day 
using an IFN-γ electrochemiluminescence assay. DCs, dendritic cells; DMSO, dimethylsulfoxide; ELISpot, enzyme-linked 
immunosorbent assay; FGFR2, fibroblast growth factor receptor 2; IFN-γ, interferon gamma;PMA, phorbol 12-myristate 
13-acetate; TDRD1, tudor domain-containing 1; TIL, tumor infiltrating lymphocyte.

https://dx.doi.org/10.1136/jitc-2022-006303
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Figure 3  TCR derived from TIL3 cells specifically recognized FGFR2-TDRD1 fusion peptide. (A) TIL3 cells from patient 1 
were co-cultured with autologous DCs that were pulsed with FGFR2-TDRD1 or FGFR2 and TDRD1 wild type peptides. Dot 
plots depict the flow cytometric analysis that was performed the following day. Data was gated on live CD4+ T cells. Cells in 
the shaded areas (CD3−4-1BB+ in blue and CD3+4-1BB− in red) were subjected to single-cell sorting and TCR sequencing. 
(B) Results of single-cell TCR sequencing. The table indicates the number of cells that were sorted from CD3−4-1BB+ and 
CD3+4-1BB− fractions (top row), along with the number of cells that exhibited any productive CDR3b sequence (middle row) 
or a CDR3b sequence corresponding to the TCR1 (bottom row). (C) PBMCs from two healthy donors were transduced with 
TCR1 and co-cultured with patient 1’s B cells that were pulsed with decreasing concentrations of FGFR2-TDRD1, or control 
FGFR2 and TDRD1 peptides. The following day, IFN-γ production was measured using IFN-γ electrochemiluminescence assay. 
Data represents average reads from duplicate co-culture wells; error bars represent SD. Calculated half maximal effective 
concentrations (EC50s) for IFN-γ production were 0.089 µM for Donor 1 and 0.189 µM for Donor 2. A representative of two 
independent experiments is shown; all experiments showed comparable EC50 values. DCs, dendritic cells; FGFR2, fibroblast 
growth factor receptor 2; IFN-γ, interferon gamma; PBMCs, peripheral blood mononuclear cells; TCRs, T-cell receptors; TDRD1, 
tudor domain-containing 1; TIL, tumor infiltrating lymphocyte.
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identified by WES in the tumors from patient 1. Next, 
transfected cells were pulsed for 2 hours with the FGFR2-
TDRD1 peptide, followed by an overnight co-culture with 
TCR-transduced T cells. As indicated in figure 4A, IFN-γ 
production was detected only when TCR-transduced T 
cells were co-cultured in presence of HLA-DRA1*01:01 
and HLA-DRB1*04:04, thus identifying this MHC-II pair 
as the restriction element for the fusion-reactive TCR.

To delineate the minimal epitope that mediated FGFR2-
TDRD1 recognition, TCR-transduced T cells were co-cul-
tured with patient 1’s B cells pulsed with serial two-amino 
acid truncations of fusion 26-mer peptide. As indicated 
in figure 4B, the loss of the second and third amino acids 
in the N-terminal direction of the fusion breakpoint, and 
the loss of sixth and seventh amino acid in the C-terminal 
direction of the breakpoint (TNEASMSVKS) resulted 
in significantly decreased IFN-γ production, suggesting 
that the TNEASMSVKS 10-mer peptide, or potentially 
one of the 9-mers contained in its sequence, was likely 
the minimal epitope required for fusion recognition. 
Interestingly, in a computational analysis using NetM-
HCIIpan-4.0,33 the best predicted HLA-DRB1*04:04 
binder that overlapped with this minimal epitope had a 
predicted affinity rank of 63% among all the peptides that 
spanned the FGFR2-TDRD1 breakpoint and that were 
predicted to bind to any of the patient’s MHC-II mole-
cules (online supplemental figure 7B). Thus, the epitope 
discovered in our study would have probably been missed 
if an MHC-II binding prediction algorithm were used to 
prioritize shorter peptides for TIL screening. This high-
lights the advantage of bypassing current MHC-II binding 
predictions by using longer, 25-mer peptides (and corre-
sponding minigenes) presented by the autologous APCs 
for detection of MHC-II neoepitopes.

Finally, to assess whether cells bearing the FGFR2-TDRD1 
gene can form a peptide presented on the cell surface 
MHC-II molecules, TCR-transduced T cells were co-cul-
tured with COS-7 cells transfected with DNA expression 
plasmids encoding HLA-DRA1*01:01, HLA-DRB1*04:04, 
and either a 300-mer portion of the FGFR2-TDRD1 
protein, centered around the fusion breakpoint, or corre-
sponding FGFR2 and TDRD1 control proteins. Expres-
sion of the HLA and fusion molecules was confirmed 
by flow cytometry and by RT-PCR, respectively (online 
supplemental figure 7CD). As indicated in figure  4C, 
IFN-γ production was detected in presence of the fusion 
gene, but not the control genes, indicating that the fusion 
gene could indeed be transcribed, translated, and intra-
cellularly processed into a peptide (epitope) recognized 
by T cells.

DISCUSSION
In this study, we analyzed whole transcriptome data 
derived from tumors of 12 patients with chemotherapy-
refractory metastatic ICC. We found that four of them 
harbored fusions involving FGFR2, each with a unique 
breakpoint sequence. We then tested their TILs for 

recognition of peptides and minigenes corresponding to 
breakpoint regions of these fusions. We found that CD4+ 
TILs from patient 1 specifically recognized a peptide 
spanning the breakpoint of the FGFR2-TDRD1 protein. 
Furthermore, we isolated an HLA-DRB1*04:04-restricted 
TCR from the reactive TILs and confirmed that it specifi-
cally recognized the fusion, but not the control FGFR2 or 
TDRD1 peptides or minigenes.

More than 100 FGFR2 fusions with different partner 
genes have been reported in patients with ICC.34 Although 
some of them are shared among patients (eg, FGFR2-
BICC, which can be detected in approximately one-third 
of fusion-positive ICC cases), most fusions have unique 
partner genes or exhibit unique breakpoint sequences, 
and so require a personalized sequencing-based 
approach for detection.5 8 Consistently, FGFR2-TDRD1 
and FGFR2-CEP55 fusions described here have not yet 
been reported in ICC but were reported in other cancers, 
although with different breakpoint sequences.35–37 Thus, 
the epitope encoded by the FGFR2-TDRD1 breakpoint 
appears unique to patient 1. Conversely, an FGFR2-WAC 
fusion seemingly matching the breakpoint detected 
in patient 4 (but not in patient 3) has been previously 
reported in metastatic ICC.38 39

All FGFR2 fusions reported here included partner genes 
that were located on the same chromosome as the FGFR2 
(chromosome 10), but on the opposite DNA strand. This 
suggested that the mechanism of fusion formation was 
intrachromosomal inversion, which is consistent with a 
previous finding that more than 50% of FGFR2 fusions 
in ICC arise from intrachromosomal arrangements.5 All 
four fusion partners reported here were transcribed in 
the same reading frame as the FGFR2, and, except for 
WAC from patient 3, retained domains with known or 
presumed dimerization motifs (figure  1D).40–42 This is 
consistent with a proposed model ascribing the onco-
genic potential of FGFR2 fusion proteins to their ability 
to self-aggregate and thus initiate the FGFR2 signaling 
cascade in a ligand-independent fashion.3

Our study provides evidence that TILs from ICC can 
specifically recognize an FGFR2 fusion and can be used 
to isolate a TCR that mediates this recognition. Due to 
its small size, it cannot be used to accurately determine 
the proportion of all patients with ICC who harbor FGFR2 
fusion-reactive TILs, nor how many responses are medi-
ated by CD8+ versus CD4+ cells. Rather, it provides a ratio-
nale and a blueprint to accomplish this by screening TILs 
from a larger, prospective cohort of patients with fusion-
positive ICC.

The only recognized fusion in our study, FGFR2-
TDRD1, exhibited significantly higher expression levels 
in the tumors from patient 1 than the non-immunogenic 
fusions in other patients. Although this suggested that 
the expression level may influence fusion recognition, 
as was previously demonstrated for point mutations in 
gastrointestinal cancers,20 the correlation between the 
FGFR2 fusion expression and immunogenicity could be 
established only by testing T cells from a larger number 
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Figure 4  TCR1 demonstrated HLA-DRB1*04:04-restricted recognition of FGFR2-TDRD1 peptide, which could be derived from 
the breakpoint region in the FGFR2-TDRD1 minigene. (A) TCR1-transduced T cells from two healthy donors were co-cultured 
with COS-7 cells, which were first transfected with pairs of plasmids encoding all MHC class II molecules detected in patient 
1’s tumors, and then pulsed with the FGFR2-TDRD1 peptide. The following day, IFN-γ production was measured using an IFN-γ 
electrochemiluminescence assay. Mock-transfected COS-7 cells (No HLA) were used as a negative control; PMA/ionomycin 
(PMA) was used as a positive control. (B) Same TCR1-transduced T cells were co-cultured with patient 1’s B cells that were 
pulsed with peptides derived from the FGFR2-TDRD1 26-mer (arrowhead) by serial truncations of the FGFR2 (black) or TDRD1 
portion of the fusion (red). IFN-γ production was measured the following day. (C) TCR1-transduced T cells were co-cultured 
with COS-7 cells that were transfected with plasmids encoding HLA-DRA1*01:01 and DRB1*04:04 molecules and a plasmid 
encoding either the breakpoint region of the FGFR2-TDRD1 protein, or the corresponding portions of normal FGFR2 or TDRD1 
proteins. IFN-γ production was measured via electrochemiluminescence. COS-7 cells transfected only with the HLA plasmids 
were used as a negative control. For all experiments in this figure, bar graphs represent average reads from duplicate co-culture 
wells; error bars represent SD. FGFR2, fibroblast growth factor receptor 2; HLA, human leukocyte antigen; IFN-γ, interferon 
gamma; MHC, major histocompatibility complex; PMA, phorbol 12-myristate 13-acetate; TCR, T-cell receptor; TDRD1, tudor 
domain-containing 1.
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of patients with ICC. Expanding the screening efforts 
could also help determine whether current or prior FGFR 
inhibitor treatment can influence recognition of FGFR2 
fusions, and thus inform the optimal timing for isolation 
of fusion-reactive T cells.

Our study could not address whether TILs or T cells 
transduced with the MHC class II-restricted, FGFR2-
TDRD1-reactive TCR described here would be of clinical 
benefit if used for the ACT while patient 1 was still alive. 
Because of the lack of preserved tumor material, we could 
not test whether these T cells could recognize and destroy 
autologous tumor cells or patient-derived xenografts, 
nor whether the immunogenic peptide could be eluted 
from the tumor MHC-II molecules. Likewise, we could 
not test whether low MHC class II expression, which was 
demonstrated in the tumors of patient 1 by IHC, could be 
enhanced after the fusion-reactive T cells produced IFN-γ 
in response to encountering the immunogenic peptide 
on the surface of antigen presenting cells in the tumor.

Targeting of class II antigens by ACT has proven clini-
cally efficacious in patients with several cancer types.12 43 44 
However, unlike in the case of targeting MHC class I anti-
gens, the question whether therapeutic success of class 
II antigen targeting requires direct recognition of tumor 
cells (vs recognition of tumor-infiltrating APCs) remains 
unresolved. For instance, studies that used murine tumor 
models found that adoptively transferred tumor-specific 
CD4+ T cells were able to completely eradicate estab-
lished, MHC-II deficient tumors, and that tumor rejection 
was dependent on T cell-mediated activation of intratu-
moral macrophages.45 46 Thus, because the mechanism 
underlying successful MHC-II targeting in humans is not 
yet fully understood, the lack of evidence of autologous 
tumor-cell recognition by the TCR reported in this study 
would have not necessarily precluded an attempt to use it 
for patient treatment.

Because of the dismal prognosis associated with the 
ICC treated with currently available therapies, including 
the small molecule FGFR inhibitors, and because of the 
previous success of ACT targeting a point mutation in a 
patient with metastatic ICC, targeting FGFR2 fusions with 
T cells should be explored in an attempt to improve clin-
ical outcomes for patients with this disease. Moreover, 
fusion-directed ACT may bypass toxicities associated with 
inhibition of vital cellular pathways such as the FGFR 
signaling cascade, which in some cellular contexts may 
exhibit tumor-suppressive properties.47

The personalized screening approach for discovery of 
fusion-reactive T cells described in this study could be 
used for future design of personalized clinical trials for 
patients with ICC or other cancers that harbor FGFR2 
fusions.3 These trials, in which putative MHC class I or 
II-restricted TILs or TCR-transduced T cells recognizing 
different FGFR2 fusions would be infused to the patients, 
could be conducted similarly to (or even as a part of) the 
ongoing personalized ACT trials in which tumor-specific 
point mutations are targeted by TILs (NCT01174121) 
or TCRs (NCT04102436). Importantly, because most 

FGFR2 fusion breakpoints in cholangiocarcinoma are 
patient-specific, most of the discovered fusion-reactive 
TILs or TCRs would not be beneficial for treatment of 
other patients. This is exemplified by the discovery of 
the FGFR2-TDRD1-reactive TCR from patient 1, which 
targeted a fusion sequence that was not reported in other 
cases of ICC.

Several oncogenic (ie, driver) fusions have been identi-
fied in malignancies other than ICC, including the FGFR3-
TACC fusions in glioblastoma, and fusions involving ALK 
and NTRK1 or NTRK2 in other types of solid cancers.48 
Targeting these fusions with TILs and TCRs may be akin 
to targeting driver point mutations, which is considered 
beneficial for several reasons, including the high expres-
sion levels needed to sustain the malignant phenotype, as 
well as their relatively homogenous distribution among 
cancer cells.9 49 The benefit of targeting driver mutations is 
illustrated by clinical studies that demonstrated profound 
cancer regressions after targeting driver KRASG12D muta-
tions in patients with metastatic colorectal and pancreatic 
cancer by either KRASG12D-reactive TILs14 and the TCR-
transduced T cells,15 respectively.

The benefit of targeting driver fusions may be even 
more pronounced than targeting driver point mutations 
because the oncogenic fusions may occur in absence of 
other oncogenes.50 This increases tumor dependence 
on the fusion expression, and thus potentially mini-
mizes the ability of the tumor to evade the immune 
attack through fusion loss or downregulation. Such 
dependency is illustrated by the outcomes of studies in 
which different oncogenic fusions were targeted with 
pharmacological therapies. For instance, complete and 
sustained cancer regressions were seen when targeting 
BCR-ABL fusion in patients with chronic myeloid 
leukemia with tyrosine kinase inhibitor imatinib,51 or 
when targeting EML4-ALK fusions in patients with lung 
adenocarcinoma with several ALK inhibitors.52 However, 
these therapies either do not exhibit curative potential, 
or are unavailable for most patients with fusion-driven 
solid cancers.

In conclusion, we demonstrated that an FGFR2-TDRD1 
fusion from a patient with ICC elicited a TCR-mediated, 
MHC class II-restricted recognition by autologous TILs. 
This proof-of-principle study provides evidence that TILs 
from a patient with an aggressive metastatic cancer can 
specifically recognize a peptide derived from an FGFR2 
fusion, thereby providing the further rationale for 
future studies of adoptively transferred, fusion-reactive 
T cells in the treatment of patients with fusion-driven 
solid tumors.
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