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ARTICLE INFO ABSTRACT
Keywords: Background: Biliary tract cancers (BTCs) including intrahepatic, perihilar, and distal cholangiocarcinoma as well
Cholangiocarcinoma as gallbladder cancer, are rare but aggressive malignancies with few effective standard of care therapies.

Next-generation sequencing

Methods: We implemented integrative clinical sequencing of advanced BTC tumors from 124 consecutive pa-
Precision oncology

tients who progressed on standard therapies (N=92 with MI-ONCOSEQ and N=32 with commercial gene panels)
enrolled between 2011-2020.

Results: Genomic profiling of paired tumor and normal DNA and tumor transcriptome (RNA) sequencing identified
actionable somatic and germline genomic alterations in 54 patients (43.5%), and potentially actionable alterations
in 79 (63.7%) of the cohort. Of these, patients who received matched targeted therapy (22; 40.7%) had a median
overall survival of 28.1 months compared to 13.3 months in those who did not receive matched targeted therapy
(32; P < 0.01), or 13.9 months in those without actionable mutations (70; P < 0.01). Additionally, we discovered
recurrent activating mutations in FGFR2, and a novel association between KRAS and BRAF mutant tumors with
high expression of immune modulatory protein NT5E (CD73) that may represent novel therapeutic avenues.
Conclusions: Overall, the identification of actionable/ potentially actionable aberrations in a large proportion of
cases, and improvement in survival with precision oncology supports molecular analysis and clinical sequencing
for all patients with advanced BTC.

Introduction and distal) cholangiocarcinoma (CCA), and gallbladder cancer. The in-
cidence of these cancers is rising, driven predominantly by intrahepatic

Biliary tract cancers (BTCs) arise from the epithelial lining of the CCA [1-3]. A majority of these tumors are advanced and unresectable
biliary ducts and comprise of intrahepatic and extrahepatic (perihilar at diagnosis [1]. Prognosis of patients with advanced BTC remains poor
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with median overall survival (OS) from diagnosis of less than 12 months
[4,5], and five-year survival rate of about 5% despite therapy [6]. Cur-
rent systemic chemotherapy options for patients with advanced BTCs
remain nonspecific and suboptimal, thus it is imperative to further our
understanding of the molecular biology of this disease and to define
more targeted and effective therapeutic options.

Molecular profiling of BTCs has identified many common drivers
[7-11], as well as molecular aberrations associated with specific
anatomical subgroups, for example, FGFR2 fusions, and mutations in
IDH1/2, BAP1, ARID1A, and KRAS predominantly seen in intrahepatic
CCA (iCCA) [12-14]; KRAS, TP53, and ARID1A mutations or amplifi-
cation of ERBB2 or ERBB3 in extrahepatic CCA; and TP53, ERBB2/3,
CDKN2A/B, and ARIDIA in gallbladder cancer [13,15]. Among these,
targeted therapy options have recently become available for BTC pa-
tients with FGFR2 and IDH1 aberrations. Pan-FGFR inhibitors pemiga-
tinib and infigratinib received accelerated FDA approval for use in pa-
tients with FGFR2 fusion or translocation who had progressed on first-
line therapy, following multiple clinical trials that demonstrated clinical
benefit in refractory BTC patients with objective response rates (ORR)
ranging from 25% to 36%, and disease control rates as high as 70% to
80% [16-18]. Ivosidenib, an IDH1 inhibitor, demonstrated a statistically
significant improvement in median progression-free survival (PFS) from
1.4 months to 2.7 months and disease control rate from 28% to 53%
in patients as compared to placebo which led to its FDA approval in
2021 [19]. Other promising targets in BTC under clinical investigation
include BRAF V600E [20] and ERBB2/HER-2 amplification [21]. Addi-
tionally, application of immune checkpoint inhibitors (ICI) in BTCs has
yielded variable benefit across several trials evaluating role of ICI as sin-
gle agent or dual therapy, and combination with chemotherapy. In the
frontline setting, the combination of chemotherapy with ICI resulted in
response rates ranging from 27-73% and median PFS of 4.3-11.0 months
and median OS of 10.6-20.7 months [22-25]. In the refractory popula-
tion, single agent or combination immunotherapy demonstrated an ORR
ranging from 5.8 to 23% with median PFS of 1.5-3.6 months and me-
dian OS of 4.3-14.23 months [24,26-30]. In many of these trials, the
median duration of response had not been reached suggesting a subset
of patients had durable response. Fewer than 5% of patients with BTC
have underlying microsatellite instability /deficient mismatch repair or
high tumor mutational burden for which ICI has received FDA approval
in a tissue-type agnostic manner.

Herein, we summarize findings from clinical sequencing of 124 BTC
patients with a focus on defining the spectrum of molecularly matched
therapeutic options for this rare cancer and assess their impact on the
clinical management of patients.

Materials and methods

Sequencing was performed via the MI-ONCOSEQ program us-
ing standard protocols under Institutional Review Board (IRB
HUMO00046018, HUM00067928, HUM00056496) approved studies at
Michigan Center for Translational Pathology a Clinical Laboratory Im-
provement Amendments (CLIA) compliant sequencing lab at University
of Michigan [31-34]. Patients enrolled in the MI-ONCOSEQ study pro-
vided written informed consent to perform comprehensive molecular
profiling of tumor/germline exomes and tumor transcriptome on either
fresh tumor biopsies or (FFPE) tissue blocks. In addition, patient data
was collected from the electronic medical records under IRB applica-
tion HUM00165244.

Next generation sequencing library preparation

Sample details, including age, gender, and disease stage are sum-
marized in Table 1 and Supplementary Table S1. Tissue acquisition,
pathology review and sequencing of matched pair (tumor/normal
DNA) exome, and tumor only transcriptome libraries were prepared
using previously described protocols [32]. Samples with low tumor
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content were macro-dissected to enrich for tumor tissue based on
pathologist assessment. “Human All Exon v4” Agilent exon probes and
a selected target capture panel probes were used to capture tumor
DNA and enriched following manufacturer’s protocol (Agilent/Roche).
DNA/RNA paired-end sequencing libraries were sequenced using the Il-
lumina HiSeq 2000 or HiSeq 2500 (2 x 100 nucleotide read length)
(Illumina Inc. San Diego, CA).

Exome sequencing analysis

Whole Exome paired end Fastq sequence files were aligned to
GRCh37 genome build using Novoalign multithreaded (version 2.08.02,
Novocraft). Novosort and Picard (version 1.93) were used to sort, index
and remove duplicates from the aligned bam files. Mutation analysis was
carried out on matched normal-tumor pairs using freebayes (version
1.0.1) and pindel (version 0.2.5b9) as previously described [31,32,35].
Somatic SNV and Indel files from freebayes and pindel were postfiltered
using at least 5% variant allelic fraction, minimum six variant reads,
<2% variant allelic fraction in normal with at least 20X coverage. The
indel thresholds were optimized using a pool of hundreds of matched
normal samples sequenced using the same protocol and platform as de-
scribed [35]. Germline mutation analysis was performed using at least
10 variant reads in normal sample, with >=20% allelic fraction and,
<1% population frequency in 1000 Genomes and ExXAC. Variant anno-
tation was performed using snpEff and snpSift (version 4.1g) based on
refseq (from UCSC genome browser, retrieved on 8/22/2016), COSMIC
v79, dbSNP v146, EXAC v0.3, and 1000 Genomes phase 3 databases.

Copy number aberration analysis was performed on exome data
using DNAcopy (version 1.48.0) to get CBS segments, regions were
normalized for GC content, and log2-transformed exon coverage ratio
between tumor/normal samples across the targeted regions were
calculated as previously described [32,35]. Cohort wise copy number
analysis was performed by merging all the segment files used as input
to gistic version 2, and maftools was used to generate cumulative copy
number plot.

RNA sequencing data analysis

Strand-specific RNA sequencing (RNA-seq) libraries were used
for gene expression and fusion analysis. Gene expression quan-
tification was performed using kallisto version 0.43.1, transcript
per million (TPM) values were used as input for qlucore omics
(https://www.qlucore.com/) software for downstream expression anal-
ysis. Genes with transcripts with <1 TPM in at least 95% of the co-
hort were removed and the data was transformed to log2. The expres-
sion data was normalized for preservation method (FFPE/Fresh Frozen),
biopsy sites and tumor content. Unsupervised hierarchical clustering
was performed for the 69 immune marker genes, including 66 genes
recently evaluated (Cancer Genome Atlas Research Network) plus IFN-y
responsive chemokines (CXCL9-11). Fusion calling was performed us-
ing a combination of CRISP, CODAC MI-ONCOSEQ pipeline [32,35],
fusioncatcher v1.10 [36] and arriba_v1.1.0. [37] The fusions calls were
compiled and reported in Supplementary Table S8.

Mutation burden estimation

Freebaye’s mutation calls were used for the mutation burden estima-
tion. Mutations were filtered for coverage (>=10x) and variant allelic
fraction (>=6%). Mutation burden was expressed as (number of muta-
tions/ total covered bases) x 10°. Varscan2 processed VCF files from
TCGA CCA cohort (N=51) were downloaded from the GDC data portal
and lifted-over from the GRCh38 to GRCh37 reference genome using
CrossMap for comparison with the MI-ONCOSEQ cohort.

Pathogenic germline variant analysis

Pathogenicity of germline variants were determined through review
of the published literature, public databases including but not limited
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Table 1
Patient Characteristics.
All Actionable Matched Actionable Matched Non-actionable
Treated Untreated
Total, N (%) 124 (100) 22 (17.7) 32 (25.8) 70 (56.5)
Age, years
Median 59 56 58 61
Range 17-80 27-75 17-72 20-80
Sex, N (%)
Female 65 (52) 13 (59.1) 19 (59.4) 33 (47.1)
Male 59 (48) 9 (40.1) 13 (40.6) 37 (52.9)
Race, N (%)
White or Caucasian 111 (89.5) 21 (95.5) 30 (93.8) 59 (84.3)
Asian or Asian American 5 (4.0) 1.1 3(4.3)
Black or African American 4(3.2) 1.1 5(7.1)
American Indian 2(1.6) 1(4.5) 1149
Other or missing 2 (6) 2 (2.9
Primary tumor site, N (%)
Intrahepatic 88 (71) 21 (95.4) 27 (84.4) 40 (57.1)
Extrahepatic perihilar 10 (8) 1(3.1) 9(12.9
Extrahepatic distal 8 (6) 2(6.3) 6 (8.6)
Gallbladder 13 (10) 1@3.1) 12 (17.1)
Mixed hepatocellular/ cholangiocarcinoma 5(4) 1(4.5) 1@3.1) 3(4.3)
First-line systemic therapy, N (%)
Gemcitabine/platinum +/- agent 90 (72.6) 16 (72.7) 24 (75.0) 50 (71.4)
Gemcitabine/taxane 4(3.2) 309.49) 1(1.49
5-fluorouracil based regimen 15 (12.1) 2(9.1) 1@3.1) 12 (17.1)
Immunotherapy only 5 (4.0) 1(4.5) 1.1 3(4.3)
Other 4(3.2) 3(13.6) 1(1.4)
Unknown or none 6 (4.8) 3(9.4) 3(4.3)
NGS Platform, N (%)
MI-ONCOSEQ 92 (74.2) 14 (63.6) 27 (84.4) 51 (81.4)
Other 32 (25.8) 8 (36.4) 5 (15.6) 19 (27.1)
Stage at biopsy, N (%)
Resectable 16 (12.9) 2(9.1) 3(9.4) 11 (15.7)
Locally advanced unresectable 11 (8.9) 1(4.5) 4(12.5) 6 (8.6)
Metastatic 97 (78.2) 19 (86.4) 25 (78.1) 53 (75.7)
Biopsy specimen, N (%)
Primary 61 (49) 13 (59.1) 20 (62.5) 29 (41.4)
Metastatic 63 (51) 9 (40.9) 12 (37.5) 41 (58.6)
Biopsy in relation to chemotherapy, N (%)
Pre-chemotherapy 41 (33) 5(22.7) 13 (40.6) 23 (32.9)
Post-chemotherapy 83 (67) 17 (77.3) 19 (59.4) 47 (67.1)

NGS, next-generation sequencing; MI-ONCOSEQ, Michigan Oncology Sequencing

to ClinVar, the Human Genome Mutation Database, Leiden Open Vari-
ation Databases, and variant-specific databases. Only cancer-relevant
germline variants that had been previously categorized as pathogenic
or likely pathogenic in ClinVar, or adjudicated at the precision molecu-
lar tumor board as pathogenic were included in the study.

Survival analysis

Subject efficacy data was manually extracted from review of elec-
tronic medical records. OS was defined as the duration of time from the
date of advanced unresectable or metastatic disease until death from any
cause. Follow-up time was censored at the date of last disease evalua-
tion. The survival analysis was estimated using the product-limit method
of Kaplan and Meier (GraphPad Prism 8, San Diego, CA). The analyzes
should be considered post hoc, and the results herein exploratory with
the intention to guide further definitive studies. A significance threshold
for P value was arbitrarily set to 0.05 for all statistical tests.

In order to associate patient outcome with reported molecular alter-
ations, we included all consecutive subjects with BTC with targeted gene
panel analysis completed using alternative CLIA platforms at our institu-
tion. Gene alterations predictive of response to an FDA approved drug(s)
were classified as ‘actionable (Tier 1)’, and aberrations associated with
potential responsiveness to experimental drugs based on emerging data
from ongoing clinical trials or compelling pre-clinical evidence were
designated as ‘potentially actionable (Tier 2)’, and frequent aberrations
noted in this cohort for which currently no therapeutic approach is avail-
able were deemed non-actionable (Supplementary Table S9).

Results

Somatic aberration landscape of advanced BTCs presents diverse
therapeutic avenues

Clinical sequencing data was obtained from a total of 124 consecu-
tive patients with advanced BTC (from a total of 239 patients enrolled
between September 2011 and February 2020 (Fig. S1). The sequencing
cohort was comprised of 52% women, median age of 59 (range, 17—
80) years), including intrahepatic (N=88), perihilar (N=10), and distal
(N=8) CCA, mixed hepatocellular/CCA (N=5), and gallbladder cancer
(N=13), with 83 (67%) cases being post-chemotherapy and 63 (51%)
metastatic (Table 1 and Supplementary Table S1). We obtained high
quality exome sequencing data from 92 tumor/normal samples at MI-
ONCOSEQ as indicated by the 94% median alignment rate (range, 53-
97%), mean coverage of 203X for whole exome (WXS) and 506X for
target capture panel, and overall low PCR duplication rate averaging
8% (range 0.6-79%) (Supplementary Table S2). In parallel, high qual-
ity capture transcriptome sequencing data from 85 tumor tissues was
analyzed for gene fusions (Supplementary Table S7), and gene expres-
sion (Supplementary Table S8). Additionally, tumors from 32 cases were
analyzed through other CLIA-approved gene panels from commercial
vendors including 30 from Foundation Medicine, and 2 from Guardant
Health) (Supplementary Table S4).

Somatic mutations (Supplementary Tables S3 and S4), copy num-
ber aberrations (Supplementary Table S6), gene fusions (Supplemen-
tary Table S7), and tumor mutation burden (Supplementary Table S5)



C. Kumar-Sinha, P. Vats, N. Tran et al.

Neoplasia 42 (2023) 100910

TMB g g £
FGrR2 TN 1 15%
FGFR3 [ ]] 2%
FGFR1 | 1%
IDH1 I 16%
IDH2 = 3%
KRAS | L 15%
NRAS [ 1]]] 4%
BRAF il 11 1111} 10%
PIK3CA | [ | i i 6%
PTEN | [ [ ] 4%
ERBB2 | [ [ 4%
EGFR | 2%
CCND1 [ p m § 5%
CCND3 [ ] 1%
CCNE1 | (11 3%
MDM?2 [ | [ | [} m 4%
MSH2 1%
BRCA1 | | 2%
BRCA2 | [ |} 3%
PALB2 | | | 2%
ATM _ | | i1 g 7%
EPHA2 | | | | 1 1 8%
SMAD4 ] R 11 | 10%
PBRM1 11 I i o | 1%
BAPT 1 em AL =l |} 15%
ARID1A . I b | -1 -nn i m 21%
CDKN2A mfn | L L | EEE BB §©§ el sEmmE E 5 mmEm 26%
TP aeersresssm e e A 2 MHIAL AW 8 M - B L - LI 2o
B T o O e o o g e N ST S o N A S I S e N A RSt
00lobok ool on 2R R o Boobloh bk bh oo R i O ook i bl 0ok 0L Bk Dok 0oL G ok i ok oh oDb Bk Boobok ol BoBRE R R0k ERdohon PRk
: m;znse Mutation . :Sng [ TMB >10 mutations/ Mb
® Nonsense Mutation = Amp
Splice Site = Multi Hit
= Fusion Germline

Fig. 1. Integrative landscape of molecular alterations in biliary cancer. Landscape of molecular alterations in biliary tract cancer cohort (n=124). Each column
represents a sample, identified at the bottom, each row represents a gene shown on the left, arranged according to functional groups as indicated. The bar on
top displays cases with tumor mutation burden (TMB >10 mutations/Mb). Mutation types are color coded: missense (green), indels (red), nonsense (black), splice
site (orange), pathogenic germline (cyan), fusion (purple), copy number deletion (blue), copy number amplification (dark red), multiple hits (grey), and promotor
mutation (dark pink). Respective percentages of cases with gene aberrations are shown on the right.

from all the cases were assessed for potential clinical relevance and
summarized in executive reports returned to the treating oncologists.
The most frequently altered genes in the cohort included TP53 (N=43,
34.7%) and CDKN2A (N=36, 29%) followed by ARID1A (N=25, 20.2%),
IDH1/2 (N=23, 18%), BAP1 (N=19, 15.3%), FGFR2/3 (N=25 20.2%),
KRAS (N=19, 15%), and PBRM1 (N=13, 10%) (Fig. 1). Among driver
aberrations, FGFR2, KRAS and IDH1 were largely mutually exclusive
except for one patient with concurrent mutations in IDHI and KRAS.
Actionable genomic alterations (Tier 1), defined as predictive of re-
sponse to FDA approved drug(s) in any cancer, were noted in a to-
tal of 54 cases (43.5%), and included hotspot activating/hotspot muta-
tions in IDH1/2 (N=23), gene fusions in FGFR2/3 (N=15), BRAF V600E
mutation (N=4), ERBB2 amplification (N=4), deleterious mutations in
BRCA1/BRCA2 (N=4), and KRAS G12C (N=3). Apart from mutations,
high mutation burden in tumors also defines an actionable aberration,
that can be potentially matched with checkpoint blockade immunother-
apy. Enumeration of mutation burden in the MI_Oncoseq cohort iden-
tified three cases with high tumor mutation burden, defined as >10
mutations/Mb (Supplementary Table S5). These included MO_1347, a
46-year-old male with metastatic CCA (and a history of ampullary car-
cinoma) previously treated with gemcitabine and cisplatin; a lymph
node biopsy from this case, histologically seen as poorly differenti-
ated high-grade adenocarcinoma admixed with prominent inflamma-
tion, was found to harbor 225 mutations/MB and high microsatellite
instability (MSI-high) score, consistent with a biallelic loss of function

of the mismatch repair deficiency gene MSH2 (with truncating germline
mutation MSH2 ¢.2494G>T; p.Glu832Ter; dbSNP: rs863225396), cou-
pled with the somatic loss of heterozygosity through the splice accep-
tor mutation, MSH2 ¢.1662-1G>A. No specific mutation or extrinsic
etiology could be associated with the high mutation burden of 109
mutations/MB in the tumor from TP_2475, a 62-year-old female with
stage IV metastatic CCA, “mixed” subtype (CMS-HCC) previously treated
with CDDP/gemcitabine. The third case with high mutation burden,
TP_2703 with 25.3 mutations/MB displayed mutation signature 4 (as-
sociated with tobacco smoking [18,19]), consistent with the patient’s
30 pack-year history of smoking. The average mutation burden in the
MI _Oncoseq cohort, after excluding 2 cases with low tumor content
and one, MO_1347 with MSI high associated outlier mutation burden
(Supplementary Table S5), was calculated as 4.3 mutations/Mb (range
0.45 to 108.9 mutations/Mb). This mutation burden in the cohort of ad-
vanced, metastatic tumors was found to be significantly higher than that
of the TCGA-BTC cohort comprised of primary tumors (Wilcoxon rank
test p-value 0.05%, Fig. 2A), consistent with similar observations across
tumor types (for example, Robinson et al [32]). No significant difference
was noted in the mutation burden of tumor samples post-chemotherapy
(N=52), compared to advanced tumors prior to chemotherapy (N=39).

Gene fusion analysis using RNA-seq data identified known [12] and
novel translocation events in 12 (9.7%) patients, including FGFR2,
FGFR3 and YAP] fused in frame with known and novel partners (Fig.
S2). FGFR translocations were enriched in iCCA subtype (N=9) with
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Fig. 2. Frequent genomic aberrations seen in biliary cancer. (A) Violin plots showing mutation burden across cholangiocarcinoma cohorts: TCGA-CHOL, MI-
ONCOSEQ pre- and post-chemotherapy BTC cohort. The overall mutation burden is significantly higher in MI-ONCOSEQ advanced biliary tract cohort relative
to the primary tumors in the TCGA cohort. (B) A summary of mutations in chromatin modifier genes in the BTC cohort. Individual samples represented in columns,
genes in rows. The bar graphs on the right summarize the mutation frequency and number of samples mutated for each gene. Molecular alterations are color coded
as described in Fig. 1. (C) Copy number landscape of the BTC cohort (GISTIC2, Q <0.05), significant losses or gains with interesting genes are represented in blue

and red color, respectively.

three cases of FGFR2-BICCI, and one each with FGFR2-KIAA1967,
FGFR2-AFF4, FGFR2-AHCYL1 and FGFR2-CCDC6 fusion, and one each
with novel partners including, FGFR2-TAX1BP1 and MATN4-FGFR2.
One gallbladder patient was identified to have FGFR3-TACC3 fusion,
and one patient with mixed hepatocellular and CCA subtype had FGFR2-
BICCI fusion (Fig. S1). All the FGFR rearrangements were found to retain
the kinase domain and all the FGFR fusion partners potentially exhibited
oligomerization capability, suggesting a shared mode of kinase activa-
tion as noted previously [12].

In addition to FGFR2 gene fusions, two samples had hotspot ac-
tivating mutations p.Y375C (also reported as p.Y276C) and p.C382R
(also reported as p.C383R), and two cases had a novel in-frame indel
p-H167_N173del located in the extracellular domain (Figs. 2B and S3).
Importantly, a significant upregulation of FGFR2 gene expression (P=
0.029) was noted in the FGFR2 mutants (N=4) as compared to the wild
type cases (Fig. 2C), suggesting that the two patients with the novel in-
dels represent a potentially activating aberration. Moreover, the median
OS of patients in the fusion cohort (N=12; 21.3 months) and mutation
cohort was similar (N=4; 21.5 months).

Patient MO_1778 with perihilar CCA exhibited two known, recur-
rent driver oncogenic fusions: FGFR2- BICC1 and YAP1-MAML2. While
the FGFR2 fusion is a known driver in iCCA, recurrent YAP1-MAML2
fusion associated with aberrant Hippo pathway signaling has not been
reported in CCA, but has been previously identified in other cancers

[38-41]. The YAP1-MAML2 fusion encodes TEAD1, WW1 and WW2
domains from YAPI and loss of Notch interaction domain in MAML2,
associated with transactivation of TEAD target genes leading to dedif-
ferentiation or proliferation [39,42,43].

Potentially actionable aberrations and novel avenues for targeted therapies
in advanced BTCs

A total of 79 (63.7%) cases harbored one or more potentially ac-
tionable (Tier 2) aberrations for which preliminary clinical/ preclinical
rationale is available to match with experimental targeted therapeutics
in ongoing clinical trials (Supplementary Table S9). Among the most
common aberrations in this category were 35 patients with homozy-
gous deletion or biallelic loss of Cyclin Dependent Kinase Inhibitor 2A,
CDKN2A (p16INK4), associated with potential sensitivity to CDK4/6 in-
hibitors.; 21 patients with activating mutations in KRAS/NRAS (and one
case with deleterious mutation in NF1), that may be considered for treat-
ment with novel KRAS and/or MEK inhibitors; and 23 patients with
truncating mutations in ARID1A, a SWI-SNF pathway regulator, poten-
tially associated with synthetic lethality to PARPi, ATRi or EZH2i. Ad-
ditional cases with potentially actionable aberrations included tumors
with amplification of MDM2 (with wild type TP53); CDK4 and CCND1
(with wild type RB1), NTRK1, MYC and CCNE1 (Fig. 2D), supported
by outlier expression of these genes (data not shown). We identified
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recurrent in frame indels in FGFR2 that may represent gain of function
mutations responsive to FGFR inhibitors as recently shown, and non-
BRAF V600 mutations (class II and class IIT) [44] that may respond to
MEK inhibitors. Overall, 105 out of 124 (84.7%) cases analyzed, were
determined to harbor one or more actionable or potentially actionable
aberrations that could be matched with FDA approved or experimental
therapies in ongoing clinical trials.

Germline alterations

Pathogenic germline mutations were noted in 6 patients in the
MI_Oncoseq cohort (6.5%) with majority in DNA damage repair path-
way genes (2 cases of MUTYH, one each of BRCA1, BRCA2, ATM and
MSH2), and one case with germline mutation in FH, an essential gene
in the tricarboxylic acid cycle (Fig. 1; Supplementary Tables S3 and S4).
Three patients with pathogenic germline mutations in MSH2, MUTYH
and BRCA2 were found to harbor a second somatic aberration in the
tumor resulting in biallelic loss.

Targeted therapies and survival

The median OS for the expanded cohort (MI-ONCOSEQ and other
CLIA platforms) from date of diagnosis of advanced unresectable or
metastatic disease was 15.2 months (range, 1.5-96.9), and from date
of diagnosis was 19.2 months (range, 1.3-166). The median follow-up
from date of release of genomic analysis report was 8.6 months (range,
-1.4-61.3). We observed no significant imbalances in the baseline char-
acteristics and treatment variables between the actionable matched and
unmatched cohorts, including gender, age, ECOG performance status,
FGFR status, exposure to platinum therapy, or number of lines of ther-
apy, or distance from cancer center (P > 0.05 by Fisher’s exact test or
Wilcoxon test; data not shown).

In the actionable cohort (N=54; 43.5%), defined by the presence
of a molecular aberration that can be matched with an FDA approved
therapeutic, 22 (40.7%) subjects received a molecularly matched ther-
apy (matched treated cohort) off-label or on clinical trials (Table 2),
while 32 (59.3%) patients did not receive molecularly matched ther-
apy (matched untreated cohort). The remaining patients were defined
as non-actionable for this analysis (70; 56.5%). In the matched treated
group, patients received matched therapy after failure of systemic
chemotherapy with the exception of one subject who received cobime-
tinib and vemurafenib off-label as first-line therapy for BRAF V600E
mutation (Table 2, Fig. 3A). Patients with actionable mutations who re-
ceived a matched therapy (N=22) had significantly longer OS than the
70 patients in the non-actionable group, or 32 patients in the matched
untreated group (281 months, 13.3 months and 13.9 months, respec-
tively; P < 0.01). The median OS between the matched treated and un-
treated arms of the actionable cohort had a hazard ratio of 0-33 (95%
CI, 0-18-0-60, P < 0-01). However, median OS did not differ between the
untreated actionable group and non-actionable group (HR 1.13, 95% CI,
0-80-2.00, P=0-31) (Fig. 3B).

A novel association between BRAF/ KRAS mutations and
immune-modulator NT5E

Apart from somatic mutations or copy number aberrations, we used
RNAseq data (in MI_Oncoseq cohort) to help inform precision oncol-
ogy avenues. This included sensitive detection of FGFR2 gene fusions
in a partner-agnostic manner, and corroboration of outlier expression
in cases with amplification of targetable genes such as ERBB2, CCND1,
CCNE1, and MDM2. Additionally, querying individual driver aberrations
for therapeutically informative gene expression correlates, we discov-
ered a remarkable association between tumors with RAS/RAF muta-
tions and expression of 5’-Nucleotidase Ecto, NT5E (CD73), a membrane
protein that converts extracellular nucleotides to membrane-permeable
nucleosides, associated with promotion of tumor immunosuppression.
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Fig. 4A shows a significantly higher level of NT5E in BTC cases in the
MI_Oncoseq cohort with activating mutations in KRAS and BRAF, the lat-
ter being significantly higher than KRAS. To assess this correlation in an
external dataset, we accessed TCGA pan-cancer dataset from cBioportal,
and compared NT5E expression in tumors with (1) BRAF V600E muta-
tion, (2) KRAS G12/13 or Q61 substitutions, and (3) wild-type BRAF
and KRAS. Tumors with other mutations in BRAF or KRAS, and cases
with mutations in NRAS or HRAS, as well as cases with amplification
or deletion of NT5E were excluded from this analysis to ensure rela-
tively discreet comparisons. As seen in Fig. 4B, tumors with activating
KRAS/BRAF mutations showed significantly higher levels of NT5E ex-
pression, with BRAF mutated tumors showing relatively higher expres-
sion than KRAS mutated. In the context of BTCs, we corroborated the
association between BRAF/KRAS mutations and NT5E expression level
by IHC staining of select tumor tissue sections, as indicated (Fig. 4C-D).
This association suggests follow up investigations for combination ther-
apy with MEK and NTS5E inhibitors in KRAS/BRAF mutant cases.

Discussion

Recent large-scale sequencing efforts like TCGA, ICGC and TARGET
have provided insights into underlying molecular mechanisms in vari-
ety of cancer types. In this study, we analyzed a cohort of 124 patients
with advanced BTC and subjected data to integrative clinical sequenc-
ing. Overall, a sizeable 43% of BTC patients harbored actionable muta-
tions, of which, the 40.7% that received matched therapy had signifi-
cantly longer OS by approximately 15 months compared to the cohort
with actionable mutations that did not receive matched therapy. This
suggests that patients with well-defined actionable molecular alterations
derive considerable benefit in survival from receiving matched targeted
therapy.

Admittedly, the definition of actionability varies in literature but we
used a common and perhaps stringent interpretation to include only
FDA approved therapies for specific molecular alterations in any can-
cer unless BTC-specific data suggested lack of benefit, such as palboci-
clib monotherapy in cases with CDKN2A deletion [45]. Unfortunately,
only 40.7% of the actionable cohort received matched targeted ther-
apy. The most common reason was lack of available early phase clinical
trial (n=15), but other reasons included, the molecular analysis report
preceded clinical trial investigation/availability (n=9), inability to ob-
tain off-label targeted therapy for those who did not meet trial eligi-
bility (n=5), decline in functional status or demise of the patient prior
to release of the molecular analysis report (n=2), or patient refusal to
participate in clinical trial (n=1). These outcomes suggest that precision
oncology has a substantial clinical impact in patients with biliary cancer
and warrants consideration of genomic analysis in all patients particu-
larly earlier in their treatment course, and continued investigation of
novel biomarkers and therapeutics in this rare cancer.

We found the mutational burden in our cohort to be significantly
higher compared to the TCGA cohort perhaps since majority of the pa-
tients in our cohort had sequencing on tissue obtained at advanced dis-
ease (89%), biopsies mostly included metastatic sites (55%), and pa-
tients had had prior exposure to chemotherapy (56%). In comparison
the TCGA cohort includes tissue obtained at primary resection. This find-
ing supports the hypothesis that tumor mutational burden may worsen
with prior exposure to chemotherapy and perhaps during the natural
progression of the cancer. The overall tumor mutational burden is still
low, however, compared to other cancers [46], and only a small per-
centage of tumors have a high enough mutational burden (3% with >10
mutations/Mb in our cohort) to leverage potential therapeutic benefit
from immune checkpoint blockade [47,48].

Tumors with DDR gene mutations have been associated with sen-
sitivity to DNA damaging chemotherapy, including platinum agents,
as well as PARP inhibition [49-51]. Germline mutants of BRCA1 and
2 without defined locus specific loss of heterozygosity (LOH) in tu-
mors have been associated with functional homologous recombination



Table 2

Patients in the study who underwent treatment with experimental agents.

Case ID Gender Age Anatomic Stage at Pre-biopsy treatment(s) for Actionable Alterations Potentially Actionable Other Notable Post-biopsy Treatment(s)
(years) subtype diagnosis advanced disease Alterrations Alterations
MO_1022 M 49 iCCA Localized Capecitabine/ oxaliplatin Gemcitabine/capecitabine/bevacizumab
resectable (OL); Tivantinib/gemcitabine;
Erlotinib/bevacizumab; MEK inhibitor
(CT); cabozantinib (OL)
MO_1175 M 66 CUP (iCCA) Metastatic Gemcitabine/carboplatin; gBRCA2 E13fs KRAS G12D, TP53 MEK inhibitor (CT)
FOLFOX/ bevacizumab R273C, GNAS R201H
MO_1203 F 46 iCCA Localized Gemcitabine/ cisplatin; FOLFOX; FGFR2-CCAR2 fusion BAP1 Y173C, PBRM1 SMAC mimetic (CT); EGFR antibody (CT)
resectable IAP antagonist (CT) E991fs
MO_1338 M 42 iCCA Metastatic Gemcitabine/ cisplatin STK11 deletion SMAD4 deletion, KEAP1 5FU (CT); mTOR inhibitor (OL)
deletion, GNA11
deletion, TP53 P98fs,
gFH K477dup- likely
pathogenic/ VUS
MO_1347 M 45 iCCA Metastatic Gemcitabine/cisplatin Hypermutation EGFR Q787R, BRCA2 TP53 R174G and R158H, MEK inhibitor (CT)
(TMB>10), gMSH2 T3033fs, CDKN2A BAP1 V27fs, TET2 K534*
E832*+sMSH2 P105fs, ARID1A P1326fs
¢.1662-1G>A splA
MO_1369 F 61 iCCA Localized Gemcitabine/ cisplatin; RFA; IDH1 R132C TP53 R248Q Ivosidenib (CT)
resectable Capecitabine/RT; SBRT;
Capecitabine/ oxaliplatin;
Capecitabine/ gemcitabine
MO_1388 M 44 iCCA Metastatic Gemcitbaine/ cisplatin ERBB2 amplification & MDM2 FOLFIRI; FOLFOX; Trastuzumab (OL)
outlier expression amplification + outlier
expression
MO_1518 F 63 CUP (iCCA) Metastatic None FGFR2-CCDC6 fusion PIK3CA E545G Gemcitabine/cisplatin; Pemigatinib (CT);
Anti-LAG3 antibody (CT)
MO_ 1595 M 50 iCCA Metastatic Gemcitabine/ cisplatin; FOLFOX FGFR2-MATN4 fusion gATM R2832C FOLFIRI; Pemigatinib (CT)
MO_1613 M 70 iCCA Locally Gemcitabine/ nab-paclitaxel ARID1A p.Q177*+LOH BAPI1 R252fs+LOH, FOLFIRI; CDK4/6 inhibitor (CT)
advanced (CT); Gemcitabine/ cisplatin; CDKN2A deletion
FOLFOX
MO_1642 M 53 iCCA Metastatic Gemcitabine/ cisplatin; NRAS G12D Anti-PD-L1 antibody/TAK-659 (CT)
Gemcitabine/ carboplatin
MO_1723 F 50 Mixed Locally Gemcitabine/ carboplatin; SIRT; FGFR2-AHCYL1 fusion Pemigatinib (CT)
advanced FOLFOX; TACE
MO_1778 M 27 CUP (iCCA) Metastatic Cisplatin/ etoposide; FGFR2-BICC1 fusion CDKNZ2A p.H83Y+LOH Pan FGFR inhibitor (CT)
FOLFIRINOX
MO_1780 M 71 Mixed Metastatic FOLFOX/ bevacizumab; BAP1 Anti-PD-1 antibody (OL)
Capecitabine/ bevacizumab; K421fs+¢.375+1G>T
Sorafenib splice donor
MO_ 1794 F 51 iCCA Metastatic Gemcitabine/ cisplatin FGFR2-BICC1 fusion BAP1 T203K, PBRM1 FOLFOX; Pemigatinib (CT); FOLFIRI;
R690fs SIRT; Gemcitabine/paclitaxel; Sunitinib
(CT)
MO_1883 F 57 GB Metastatic Gemcitabine/ cisplatin CDKNZ2A deletion, TP53 R175H+LOH, Gemcitabine/capecitabine; CTLA-4
ARID1A Q479 SMAD4 G386D+LOH antibody/PD-1 antibody (CT)
MO_2057 F 63 CUP (iCCA) Locally Carboplatin/ etoposide; IDH2 R172W ARID1A D2178fs+LOH RASA1 p.L870fs+LOH Gemcitabine/oxaliplatin; Enasidenib
advanced Capecitabine/ temozolomide (oL)
MO_2127 M 20 iCCA Metastatic Gemcitabine/ cisplatin/anti-PD-1 CCND1 TGFBR1 1109fs+LOH, FOLFOX

antibody (CT)

amplification+outlier
expression, ARIDIA
Q335*+LOH

APC P1594fs+LOH,
CDKN2A deletion

(continued on next page)
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Table 2 (continued)

Case ID Gender Age Anatomic Stage at Pre-biopsy treatment(s) for Actionable Alterations Potentially Actionable Other Notable Post-biopsy Treatment(s)
(years) subtype diagnosis advanced disease Alterrations Alterations
MO 2549 F 52 iCCA Metastatic Gemcitabine/ cisplatin ERBB2 MDM2 CDKN2A/B deletion PARP inhibitor/PD-1 antibody (CT)
amplification+outlier amplification+outlier
expression expression
TP_2475 F 62 Mixed Locally None Hypermutation (TMB ARID1A P153A, PTEN BAP1 p.E31*+LOH, RB1 Gemcitabine/cisplatin; Anti-CTLA-4
advanced >10) S129G p.S567*+LOH antibody/anti-PD-1 antibody (CT);
Capecitabine/oxaliplatin
TP_2495 F 67 iCCA Metastatic None BRAF D594G, ARIDIA gMUTYH G393D, TP53 Gemcitabine/cisplatin; FOLFOX;
p.E1836fs, NRAS N29fs+Splice Donor Regorafenib (CT); FOLFIRI
p.V14_Gdel in frame
TP_2541 M 59 iCCA Localized None NRAS G13R CDKNZ2A deletion Gemcitabine/cisplatin/anti-PD-1 antibody
resectable ((&4y)]
TP_2670 F 65 iCCA Metastatic None IDH1 R132G ARID1A P120fs RASA1 1859fs PARP inhibitor/anti-PD-1 antibody
(CT)
TP_2682 M 43 iCCA Localized Gemcitabine/ cisplatin TSC1 R786*+LOH MAX R33*+LOH, NF2 Capecitabine/gemcitabine;
resectable K44*+LOH, CDKN2A 5-FU/nal-irinotecan/anti-PD-1 antibody
deletion (CT
TP_2694 F 55 iCCA Metastatic None FOXQ1 E147*+ E107K, Gemcitabine/cisplatin;
KRAS G12V 5-FU/nal-irinotecan/anti-PD-1 antibody
(CT); FOLFOX;
Gemcitabine/nab-paclitaxel
BT_7001 M 57 iCCA Metastatic None IDH1 R132G BAP1 L100R+LOH Gemcitabine/cisplatin/anti-PD-1 antibody
(CT); Ivosidenib (CT)
BT_7019 M 51 iCCA Metastatic Anti-CTLA-4 antibody/anti-PD-1 ARID1A Q67*+LOH NRAS G12D, CDKN2A Gemcitabine/cisplatin/nab-paclitaxel;
antibody (CT) deletion Capecitabine/gemcitabine
BT_7036 M 59 iCCA Metastatic Anti-CTLA-4 antibody/anti-PD-1 CCNE1 TP53 p.R175H Gemcitabine/cisplatin; FOLFOX
antibody (CT) amplification+moderate
expression
BT_7047 M 61 iCCA Locally Gemcitabine/ cisplatin/ TP53 H178fs+LOH, SIRT; resection followed by
Advanced anti-PD-1 antibody (CT) SMAD4 p.E49*+LOH, Gemcitabine/cisplatin, SBRT
CDKN2A deletion, KRAS
G12D, KDM6A deletion
BT_7201 F 54 iCCA Metastatic None ARID1A TP53 p.R306*+LOH, Gemcitabine/cisplatin; PARP
p-R1528*+LOH CDKNZ2A p.H83Y+LOH inhibitor/anti-PD-1 antibody (CT);
Capecitabine/oxaliplatin;
Gemcitabine/nab-paclitaxel
BT_7304 F 66 GB Metastatic Capecitabine/ gemcitabine ARID1A E2250fs+LOH, BAP1 D672G+LOH, 5-FU/nal-irinotecan/anti-PD-1 antibody
AKT2 amplification SMAD4 splice (CT); Capecitabine/oxaliplatin
acceptor+LOH
G360.01 M 75 iCCA Metastatic None BRAF V600E TP53 G279E Cobimetinib + vemurafenib (OL)
FDX001 M 54 iCCA Metastatic FOLFIRI plus nab-paclitaxel (CT) FGFR2-SLMAP fusion PIK3CA H1047L BAP1 splice site Pemigatinib (CT)
255+2T>G, PBRM1
L848fs*16
FDX002 F 60 iCCA Metastatic Gemcitabine/ cisplatin FGFR2-SHROOM3 PTEN D268fs*30, CDKN2A A17_G23>GR, Pemigatinib (CT)
fusion PIK3CA K593fs*8 TERT promoter -146C>T
G360.02 F 57 iCCA Metastatic None IDH1 R132C MYC A299V Ivosidenib (CT)
FDX005 F 55 iCCA Metastatic Capecitabine BRAF V600E Cobimetinib + vemurafenib (OL)
FDX006 F 52 iCCA Metastatic None VCL-FGFR2 fusion Pemigatinib (CT)
FDX026 M 64 iCCA Metastatic Anti-CTLA-4 antibody/anti-PD-1 IDH1 R132C TP53 K132N Ivosidenib (CT)

antibody (CT)

0 32 UDAL, N ‘SIDA “d ‘DYUIS-spwmy )

Bold denotes matched treatment to actionable or potentially actionable mutation; iCCA, intrahepatic cholangiocarcinoma; GB, gall bladder carcinoma; mixed, mixed hepatocellular/ cholangiocarcinoma; CUP,
carcinoma of unknown primary; OL, off-label; CT, clinical trial
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Fig. 3. Targeted therapies and survival. (A) Swimmers plot highlighting actionable alterations and progression-free survival for molecularly matched therapies
(n=22). Arrow denotes ongoing therapy. (B) Kaplan-Meier plot showing overall survival (OS) from diagnosis of advanced cancer in patients with actionable alterations
treated with matched targeted therapy (blue; n=22 in Fig. 3C), actionable alterations without matched therapy (red; n=32), and patients with no actionable alterations
(green; n=70) with an overall P < 0.01.
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Fig. 4. Biliary cancers with KRAS/ BRAF mutations show increased expression of immune-modulatory membrane protein CD73. (A) Box-plot representation of NT5E
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reads). (B) Violin-plot representation of NTSE expression in TCGA pan-cancer cohort with indicated status of KRAS and BRAF mutation. The y-axis shows NTSE
expression levels (RPKM, reads per kb per million reads). (C) NT5E overexpression in BRAF/ KRAS mutated cholangiocarcinoma by immunohistochemistry (IHC),
as indicated. Scale bar represents 50 uM (3B) and 10 uM (3C) respectively.
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deficiency as the wild-type allele may be inactivated via alternative
mechanisms, such as promoter methylation. However, in absence of
LOH inactivation they may lack sensitivity to DNA damaging agents
[52]. Results from the phase 3 POLO trial showed significant im-
provement in median PFS when patients with germline BRCA1 or
2 mutated metastatic pancreatic adenocarcinoma were treated with
olaparib as maintenance therapy after platinum-based chemotherapy
in patients compared to placebo [53]. It is worthwhile to hypothe-
size a similar benefit in BRCA-mutated BTC treated with PARP in-
hibitors, and indeed multiple clinical trials with PARP inhibitors alone
(NCT04298021, NCT04042831), or in combination with anti-PD1 an-
tibody (NCT03639935) are accruing patients with BTC. In addition
to BRCA1 or 2 (incidence of 3-5%) [54] in BTC, other DDR mutated
genes have also been identified including ATM and PALB2 (5 patients
in our cohort; 4%) that may also benefit with PARP inhibitors [55,56].
Furthermore, patients with IDH1 or IDH2 hotspot mutations (10-15%)
may also be susceptible to PARP inhibitors due to production of (R)-2-
hydroxyglutarate (2HG), an oncometabolite that may impair homolo-
gous recombination by inhibiting the function of histone demethylases
[57]. Thus, there is a potential for significant benefit in up to 30% of
patients with BTC with PARP inhibitors.

A significantly high frequency (34.6%) of deleterious mutations in
epigenetic modifiers, ARID1A, BAP1 and PBRM1 in the SWI/SNF acces-
sory subunit highlights the role of dysregulated chromatin remodeling
in BTC. ARID1A, BAP1 and PBRM1 encode subunits of the SWI/SNF
chromatin-remodeling genes and were mutated in 20%, 15% and 10%
of the samples, respectively; these have previously been shown to be
drivers of progression in iCCA [15]. ARIDIA and BAP1 have been shown
to impair homologous repair in vitro [58,59] and therefore increase sus-
ceptibility to PARP inhibitors; clinical trials to test this hypothesis are
ongoing (e.g. NCT03207347). In addition, epigenetic inhibitors such as
HDAC and EZH2 inhibitors [60], proteolysis targeting chimera (PRO-
TAC) degraders [61], anti PD-1 antibodies [62], and Aurora kinase A in-
hibitors [63] may also hold promise in targeting these mutations in BTC.

In addition to the mutations in the SWI/SNF complex, other epige-
netic regulators such as IDHI (and less commonly IDH2, FH) hotspot
mutations have been described in iCCA [64,65]. As noted above, the 2-
HG oncometabolite is a byproduct of the IDHI mutation and is known
to dysregulate the function of the histone methylases [57]. Recently an
IDH1 inhibitor, ivosidenib showed significant improvement in median
PFS and OS compared to placebo in a phase 3 clinical trial [66]. Interest-
ingly, 6 out of 23 (26%) patients with IDH1/2 mutations had concurrent
mutations in either ARIDI1A, BAP1 or PBRM1 thus suggesting potential
benefit from a combination of an IDH inhibitor and histone modifying
agents such as HDAC or demethylating inhibitors in this subset, similar
to AML [67,68,69].

ERBB2 amplification was identified in 4% of our cohort consis-
tent with other studies with fluke-negative BTCs [70]. Data from in
vitro experiments [71], retrospective case series [72], and prospective
phase 1/2 trial [73] support the ongoing investigation of ERBB2 tar-
geted therapies in clinical trials in BTC (NCT02693535, NCT03613168,
NCT01953926, NCT04466891). We also identified amplifications in
CCND1 [74], MDM2 [75] and NTRK [76,77] and when targeted have
shown modest preliminary clinical data noted in other cancers, and are
under further investigation in integral biomarker trials.

Other molecular alterations with less than 5% incidence in BTC that
have shown promising activity include BRAF V600E mutation [20].
We identified 12 (9.7%) patients with BRAF mutation in our cohort of
which 7 patients had non-V600E activating mutations, including class
IIT (D594N, D594E, D594G), and undefined kinase domain mutations,
K483E, M693V, G466E as well as N661K. Cells with BRAF class III mu-
tations have been shown to be responsive to MEK inhibitors [44]. BRAF
K483E is a recurrent mutation, shown to be transforming in culture [78],
and thus may represent a therapeutic target. Additionally, one case had
a gene TRIM24-BRAF fusion, previously reported in a case of melanoma,
sensitive to MEK inhibitor [79].
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The MI-ONCOSEQ study first described the FGFR2 fusions across
diverse cancers in 2013. Herein, we describe that FGFR2 activating
mutations also lead to upregulation of gene expression similar to the fu-
sions. Moreover, the median OS in the FGFR fusion cohort was similar to
the FGFR activating mutation cohort (21.3 versus 21.5 months, respec-
tively; data not shown) although the cohort sizes are small (N=15 and
4, respectively). The median OS of patients in the FGFR cohort (fusions
or activating mutations) was higher compared to the FGFR wild type
(21.3 versus 14.0 months, respectively; p value 0.07; data not shown).
Of the 19 patients in the FGFR fusion/activating mutation cohort, 8
patients were treated with pan FGFR inhibitors and had a median OS
of 22.8 months compared to 17.3 months in the untreated arm (p value
of 0.31; data not shown). These data suggest that FGFR fusions (and
potentially activating mutations) are both prognostic and predictive
biomarkers in this rare cancer. We also identified a FGFR3-TACC3
fusion in a patient with gallbladder cancer, and to our knowledge this is
the first report of a FGFR3 fusion in gallbladder cancer. Multiple FGFR
fusion partners have been previously identified of which BICCI is the
most commonly noted [16]. Herein, we describe additional novel fusion
partners, specifically the FGFR2-TAX1BP1, and MATN4-FGFR2. Clinical
sequencing efforts like MI-ONCOSEQ which incorporate transcriptome
analysis for gene fusions are important to identify targetable FGFR
fusions due to the combinatorial possibilities of FGFR family fusion
to a variety of oligomerization partners, as well as other rare fusions
[80,81].

The discovery of novel association between BRAF/KRAS mutations
and the expression of immunomodulatory target NTSE may define dual-
precision therapeutic targets in a subset of cancers including the rela-
tively intractable KRAS driven cancers. Notably, CD73 inhibitors are
under intense clinical investigation for therapy across various can-
cers, wherein some exciting results were noted in pancreatic cancer,
a predominantly KRAS driven malignancy. In a Phase I ARC-8 trial
(NCT04104672), treatment with small-molecule CD73 inhibitor AB680
in combination with gemcitabine and nab-paclitaxel and PD-1 inhibitor
zimberelimab, in previously untreated patients with metastatic pancre-
atic adenocarcinoma demonstrated effectiveness, with ORR 41%. Tu-
mors reportedly shrank or stabilized in 11 of 13 patients who received
the treatment for at least 16 weeks [82], spurring dose-expansion and
placebo-controlled phase II trials.

We acknowledge the limitations of sample resources including neo-
plastic cellularity which reduced the sample size in RNA-seq and im-
mune cluster analysis. Our study also merged data from different se-
quencing platforms (whole exome and targeted sequencing), thus lim-
iting our analysis across the cohort to genomic regions common across
the platforms. However, a uniform MI-ONCOSEQ analysis pipeline was
used to ensure consistency and concordance across samples. These re-
sults may not be applicable in the community for multiple reasons, in-
cluding the use of a more inclusive genomic analysis platform such as
MI-ONCOSEQ, lack of clinical trials at many non-academic sites, patient
willingness to travel to an academic institution which may represent a
more motivated sub-group (preserved performance status, younger age),
and use of non-MI-ONCOSEQ genomic analysis reports in our expanded
cohort includes a biased group of patients referred specifically for open
clinical trials.

Conclusion

This study highlights the importance of integrative clinical sequenc-
ing in defining molecularly matched targeted therapy options for bil-
iary tract cancer, a rare yet anatomically and molecularly diverse malig-
nancy with an aggressive clinical course, poor long-term prognosis due
to limited therapeutic options. We observed significant improvement
in survival when patients with actionable targets can receive matched
therapies, and also enumerate several potentially actionable targets that
provide a basis for matching with investigational drugs in ongoing clin-
ical trials. Furthermore, we describe novel FGFR activating mutations
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and novel FGFR2 fusion partners which are likely to have direct impact
on patient care, and diagnostic and therapeutic investigation. The novel
association between KRAS/BRAF mutant tumors and the immunomod-
ulatory target NT5E merits further investigation as a potential dual tar-
geting modality in subsets of BTCs (as well as other cancers). These data
provide evidence to strongly consider molecular analysis of tumors in
patients with this rare cancer and the role of investigational therapies.
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