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Abstract

Background: Cisplatin, gemcitabine, and durvalumab combination is a standard first-line treatment for advanced biliary tract can-
cer. This study aimed to assess the impact of genetic alterations on outcomes in patients with advanced biliary tract cancer treated
with cisplatin, gemcitabine, and durvalumab in real-world clinical practice.

Methods: Patients with unresectable, locally advanced, or metastatic biliary tract cancer treated with cisplatin and gemcitabine plus
durvalumab across 39 centers in 11 countries in Europe, the United States, and Asia were included in this analysis.

Results: The cohort included 513 patients with advanced biliary tract cancer. The 5 most frequently altered genes were TP53 (22.1%),
KRAS (13.7%), CDKN2A/B (13.6%), ARID1A (12.2%), and IDH1 (9.2%). In multivariate analysis, SMAD4 mutations were associated with
improved progression-free survival (PFS) (hazard ratio [HR] =0.49, P=.018) and overall survival (HR=0.11, P=.023), while TP53 muta-
tions were linked to worse PFS (HR=1.62, P=.0047) and TERT mutations to worse overall survival (HR=8.92, P=.0012). No other
genomic alterations were statistically associated with outcomes. Subgroup analysis showed that TP53 mutations negatively affected
PFS and overall survival in intrahepatic cholangiocarcinoma, while KRAS mutations were associated with poorer PFS in extrahepatic
cholangiocarcinoma. No gene alterations were linked to outcomes in gallbladder cancer.

Conclusions: This large-scale analysis, with comprehensive molecular profiling, supports the positive prognostic impact of SMAD4
mutations for PFS and overall survival and highlights the negative prognostic roles of TP53 (PFS) and TERT (overall survival) muta-
tions, providing valuable insights for personalized treatment strategies in biliary tract cancer.

Introduction the feasibility, safety, and potential clinical benefit of these che-
moimmunotherapy combinations in broader patient popula-
tions.’'® Despite these advancements, biomarkers capable of
predicting which patients would benefit most from immunother-
apy remain unidentified, and data on the clinical impact of
genomic features in this context are limited. Notably, the

TOPAZ-1 trial found no significant interaction between molecu-

Advanced biliary tract cancer remains a major clinical challenge
due to its aggressive behavior, poor prognosis, and limited
response to systemic therapies.™ Recently, a better understand-
ing of the molecular biology of biliary tract cancer has led to the
identification of targetable genomic alterations, such as IDH1
mutations and FGFR2 fusions, which have been successfully

addressed by biomarker-driven treatments in select patients.>*?
More recently, immunotherapy has been introduced into the
first-line setting. The phase 3 Durvalumab or Placebo in
Combination With Gemcitabine/Cisplatin in Patients With 1st
Line Advanced Biliary Tract Cancer (TOPAZ-1; ClinicalTrials.gov
ID NCT03875235) and Pembrolizumab (MK-3475) Plus
Gemcitabine/Cisplatin  Versus Placebo Plus Gemcitabine/
Cisplatin for First-Line Advanced and/or Unresectable Biliary
Tract Carcinoma (BTC) (KEYNOTE-966; ClinicalTrials.gov ID
NCT04003636) trials demonstrated a survival benefit by adding
immune checkpoint inhibitors (durvalumab and pembrolizumab,
respectively) to the standard cisplatin-gemcitabine chemother-
apy backbone.'®' In parallel, real-world studies have confirmed

lar alterations and treatment efficacy. In this exploratory analy-
sis using the FoundationOne panel (Foundation Medicine, Inc),
441 patients were tested. A trend in favor of cisplatin plus gemci-
tabine plus durvalumab was found in all clinically actionable
mutant subtypes except ERBB2 alterations.’” A recent real-world
analysis identified 3 molecular clusters with different impacts on
overall response rate: cluster 2, with multiple pathway altera-
tions, showed the highest responses; cluster 3, involving RTK/
RAS and cell-cycle pathways, had none; and cluster 1, marked by
chromatin modifications, showed intermediate activity.'®
Nevertheless, no conclusive data are available, and no molecular
criteria are currently used in clinical practice to select patient
candidates for first-line systemic treatment.
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A deeper understanding of the genomic landscape and its clin-
ical impact in this setting could help identify molecular signa-
tures associated with treatment response or resistance, thereby
guiding therapeutic decisions. Based on these premises, the
present study aimed to assess the prognostic and predictive
value of recurrent somatic alterations in a large, multinational,
real-world cohort of patients with advanced biliary tract cancer
treated with cisplatin, gemcitabine, and durvalumab as first-line
therapy. In particular, the study was designed to explore poten-
tial differences in the distribution and impact of genetic altera-
tions across biliary tract cancer anatomical subtypes and to
evaluate whether specific alteration could predict differential
benefit from chemoimmunotherapy, thereby informing more
precise therapeutic strategies. This is one of the first and largest
real-life analyses to integrate molecular profiling with clinical
outcomes in this population.

Methods
Study population

The study population consisted of patients with unresectable,
locally advanced, or metastatic biliary tract cancer who received
treatment at any of 39 clinical institutions across 11 countries
(Italy, Germany, Austria, Spain, Portugal, the United Kingdom,
the United States, the Republic of Korea, China, the Hong Kong
Special Administrative Region of China, and Japan) from July
2021 to December 2023.

All patients treated with first-line cisplatin, gemcitabine, and
durvalumab at participating centers during the study period
were retrospectively screened for inclusion. Molecular testing
was performed according to local practice on available tumor tis-
sue samples. Of the 666 patients included in the clinical analysis,
513 (77.0%) underwent molecular profiling and were evaluable
for genomic data analyses. Molecular profiling of primary tumors
was locally performed using either comprehensive multigene
next-generation sequencing panels or targeted assays focusing
on select actionable genes in accordance with local diagnostic
routine practice. Commercial assays included FoundationOne
CDx Clinical Trial Assay, Myriadpod NGS Cancer panel RNA kit
(Diatech Pharmacogenetics), Oncomine Comprehensive Assay v3
(Thermo Fisher Scientific), AmoyDx HANDLE Classic NGS Panel,
MI Tumor Seek Hybrid (Caris Life Sciences), Tempus xT Solid
Tumor, and TruSight Oncology 500 (Illumina). We excluded var-
lants of uncertain significance by including only those classified
as pathogenic or likely pathogenic. In the case of commercial
tests this classification was already provided in the results
report. Conversely, gene alterations detected by in-house panels
were classified as pathogenic or likely pathogenic based on
OncoKB (Memorial Sloan Kettering Cancer Center; https://www.
oncokb.org). The reference range of each next-generation
sequencing panel was revised to check whether biliary tract can-
cer-related genes were covered.

Patients included in the analysis were treated with first-line
cisplatin (25mg/m?, days 1 and 8), gemcitabine (1000mg/m?,
days 1 and 8), and durvalumab (1500mg, day 1), administered
intravenously on a 21-day cycle for up to 8 chemotherapy cycles,
followed by durvalumab monotherapy every 4 weeks until dis-
ease progression or unacceptable toxicity.

To find potential molecular markers predictive of response,
the cohort of patients treated with chemotherapy plus durvalu-
mab was tested vs a historical cohort of patients receiving only
chemotherapy. For this cohort, data were prospectively collected

from 17 centers in Italy from March 2006 to December 2022.
Patients who received treatment before the publication of the
TOPAZ-1 results received the previous standard combination
of cisplatin 25mg/m? plus gemcitabine 1000 mg/m? on days 1
and 8 of each 21-day cycle for up to 8 cycles, according to
the Gemcitabine With or Without Cisplatin in Treating
Patients With Unresectable Locally Advanced or Metastatic
Cholangiocarcinoma or Other Biliary Tract Tumors (ABC-02) trial
(ClinicalTrials.gov ID NCT00262769). To identify patients with
actionable alterations, European Society for Molecular Oncology
Scale for Clinical Actionability of molecular Targets criteria were
used, as recommended by European Society for Molecular
Oncology guidelines,'® and level I and II alterations according to
European Society for Molecular Oncology Scale for Clinical
Actionability of molecular Targets were defined as targetable.

The study received approval from the San Raffaele Ethics
Committee (No. 113/INT/2021) and the local ethics committees
at each participating center and adhered to Good Clinical
Practice guidelines, the Declaration of Helsinki, local laws,
and the European Union General Data Protection Regulation
2016/679.

Statistical analysis

The primary endpoint of the study was the evaluation of the
prognostic significance of the most commonly mutated genes
(>3% of patients) in terms of overall survival and progression-
free survival (PFS) in a cohort of patients who received cisplatin,
gemcitabine, and durvalumab as first-line therapy. First, the
whole patient cohort was evaluated, independent of primary
tumor location. Subsequently, subgroup analyses were per-
formed according to the primary tumor location (intrahepatic
cholangiocarcinoma, extrahepatic cholangiocarcinoma, and gall-
bladder cancer). This stratification was justified by the well-
recognized biological, molecular, and clinical differences across
biliary tract cancer subtypes. The distinct genomic landscapes
and disease behaviors of intrahepatic cholangiocarcinoma, extra-
hepatic cholangiocarcinoma, and gallbladder cancer could differ-
entially influence the prognostic significance of genomic
alterations and thus warranted separate analyses.

The secondary endpoints included the impact in terms of
overall response rate and disease control rate of the most com-
monly mutated genes (>3% of patients) in the whole cohort of
patients.

For the selected genes, we used the false discovery rate
approach to mitigate the risk of false positives associated with
multiple testing. Initially, univariate analyses were conducted.
To account for multiple testing in this context, we applied false
discovery rate correction to the results of the univariate analysis,
ensuring a more robust interpretation of our findings. Following
this, a multivariate analysis was performed on the significant
variables identified in the univariate analysis for all characteris-
tics with a P value threshold below .2.

To find potential molecular markers predictive of response,
the cohort of patients treated with chemotherapy plus durvalu-
mab was tested vs a historical cohort of patients receiving only
chemotherapy as first-line treatment, and an interaction test
was performed. To reduce the risk of bias in this analysis, a pro-
pensity score was calculated representing the likelihood of being
assigned to the historical cohort conditional on covariates. All
clinical and tumor variables available at treatment initiation
were used for propensity score calculation to avoid imbalances
related to other parameters not associated with the probability of
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receiving the historical cohort treatment but with an unknown
effect on the outcome. The obtained propensity score was then
used to generate stabilized inverse probability of treatment
weights through appropriate mathematical methods that were
applied to weight each clinical feature as well as measured out-
comes for each patient in both groups. After weighting baseline
characteristics, d values were recalculated, and adequate bal-
ance was declared if all variables showed d <0.1. Finally, a prog-
nostic index was built that integrated prognostic clinical and
molecular markers.

Overall survival was defined as the duration from treatment
initiation to death, while PFS was the duration from treatment
initiation to disease progression, death, or last follow-up, which-
ever occurred first. Overall response rate was assessed by the
investigator as the proportion of patients achieving complete
response or partial response. The disease control rate was the
proportion of patients achieving an overall response rate or sta-
ble disease. Treatment responses were evaluated using com-
puted tomography scans and categorized as complete response,
partial response, stable disease, or progressive disease according
to Response Evaluation Criteria in Solid Tumors 1.1.

Statistical analysis was performed using MedCalc, version
20.2, statistical software (MedCalc Software, Ltd).

Results

Overall results

Overall, the patient cohort comprised 666 individuals with
advanced biliary tract cancer treated with cisplatin and gemcita-
bine plus durvalumab; of these, 513 (77.0%) underwent gene
alteration analysis on tumor tissue samples. Patients’ character-
istics are presented in Table 1. Table S1 illustrates all the genes
analyzed, along with the number of cases tested and their
respective percentages of alterations.

Testing assays employed for tumor individual samples were
FoundationOne CDx (193/513 patients [37.6%]), a mixture of com-
mercial or in-house in-depth next-generation sequencing meth-
ods (156/513 patients [30.4%]), Myriapod NGS Cancer Panel (63/
513 patients [12.3%]), and Oncomine (49/513 patients [9.6%]). A
single-gene alterations assay (FGFR2, IDH1, MSI, BRAF, NTRK, RET,
and HER2) was used in 52 patients (10.1%). Table S2 reports the
genes analyzed with a mixture of commercial and in-house, in-
depth next-generation sequencing methods.

Gene alterations and clinical outcome in the overall
population

Outcomes for the 513 patients who underwent genomic testing
were as follows: median PFS was 8.4months (95% CI=7.6 to 9.0),
and median overall survival was 15.9months (95% CI=13.9 to
29.1).

We conducted a descriptive molecular analysis and identified
genomic alterations present in at least 3% of patients. These
alterations involved 22 genes, and their respective percentages
are illustrated in Figure 1. Among the 513 patients who under-
went molecular profiling, the most frequently altered genes were
TP53 (22.1%), KRAS (13.7%), CDKN2A/B (13.6%), ARID1A (12.2%),
and IDH1 (9.2%). Additional recurrent alterations included HER2
amplifications (7.2%), BRCA2 (6.8%), PBRM1 (6.6%), MTAP (5.7%),
BAP1 (5.1%), MDM2 (5.1%), SMAD4 (4.8%), ATM (4.5%), NF1 (4.4%),
and PIK3CA (4.3%). Less frequent but notable alterations were
FGFR2 fusions (4.3%), KMT2D/MLL2 (3.8%), TERT (3.8%), MYC
(3.5%), CCNE1 (3.1%), BRAF V600E (2.4%), and non-V600E BRAF
mutations (1.5%).

We subsequently analyzed outcomes of patients with any
alteration in the 22-gene panel selected. On univariate analysis
for PFS, SMAD4 mutation (all specified SMAD4 alterations were
loss of function) was associated with longer median PFS (not
reached vs 8.7months: hazard ratio [HR]=0.49, 95% CI=0.27
to 0.88, P=.018) (Figure 2, A). Conversely, TP53 mutation
(all reported TP53 alterations were known to be oncogenic, but
the majority were loss of function [69.4%] mutations and the
minority gain of function [30.6%]) was associated with shorter
median PFS (6.6 vs 9.4months: HR=1.62, 95% CI=1.16 to 2.26,
P=.0047) (Figure 2, B). Figure S1A presents the forest plot illus-
trating outcomes for all evaluated genes.

On univariate analysis for overall survival, SMAD4 mutation
was associated with longer median overall survival (not reached
vs 15.1months: HR=0.11, 95% CI=0.02 to 0.20, P=.023)
(Figure 2, C), while TERT (all TERT mutations were gain of func-
tion on the promoter region [124C>T, 112C>T, 146C>T]) and
CDKN2A alterations (all alterations are loss of function; promoter
hypermethylation was observed in 54% of patients for p16INK4a
and 46% of patients for p14ARF) were associated with shorter
median overall survival (5.3 vs 15.9months: HR=8.92, 95%
CI=2.36 to 33.70, P=.0012; 9.9 vs 16.1months: HR=2.21, 95%
CI=1.20to 4.05, P=.0105, respectively) (Figure 2, D and E, respec-
tively). Figure S1B presents the forest plot illustrating outcomes
for all evaluated genes.

To minimize the risk of obtaining false-positive results, the
false discovery rate approach was applied for both PFS and over-
all survival outcomes in the univariate analysis. After applying
the false discovery rate correction with a=.05, all the P values
remained statistically significant. After adjustment for variables
with a prognostic impact in the univariate analysis (including
factors with P <.2), the multivariate analysis (234 patients were
included) for PFS confirmed the positive prognostic role of
SMAD4 mutation and the negative prognostic role of TP53 muta-
tion (Table 2). After adjustment for variables with a prognostic
impact in the univariate analysis (including factors with P<.2),
the multivariate analysis (which included 203 patients) for over-
all survival confirmed the positive prognostic role of SMAD4
mutation and the negative prognostic role of TERT mutation
(Table 3). No other genomic alterations among the cases ana-
lyzed showed statistically significant associations with PFS or
overall survival in the multivariate analysis.

Regarding the disease control rate, TERT and TP53 mutations
were associated with lower rates than their wild-type counter-
parts (53.8% vs 80.1% and 71.0% vs 81.8%, respectively); BRAF
mutations were associated with lower overall response rates
than were wild-type tumors (16.7% vs 37.5%) (Table S3).

Finally, we identified 42 patients with actionable alterations.
Among these patients, 24 (57.1%) received a matched targeted
therapy in the second line according to their molecular profile
(ivosidenib, anti-ERBB2 [formerly HER2] agents, pemigatinib, or
dabrafenib plus trametinib), while 18 patients (42.9%) received
chemotherapy alone. These 18 patients did not receive matched
targeted therapy despite harboring actionable alterations, pri-
marily due to lack of access. Only patients who received second-
line treatment after progression on cisplatin and gemcitabine
plus durvalumab were included in this comparison. Matched tar-
geted therapy was associated with an improvement in overall
survival compared with chemotherapy alone in patients with
actionable alterations (not reached vs 4.2 months: HR=0.12, 95%
CI=0.04 to 0.37, P=.003).

To test the predictive or prognostic impact of genes that were
positive in the multivariate analysis, we compared this cohort
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Figure 1. Gene alterations in the overall population.
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Figure 2. Kaplan Meier curves of progression-free survival (PFS) according to SMAD4 (A) and TP53 (B) in the overall population. Kaplan-Meier curves of
overall survival according to SMAD4 (C), TERT (D), and CDKN2A (E) in the overall population. P < .05 was considered statistically significant (Kaplan-

Meier estimates and log-rank test).

with a historical cohort of 207 patients treated with cisplatin plus
gemcitabine. No baseline differences in somatic mutations and
patient characteristics were found in the 2 cohorts (Table S4).
Figure 3, A and B present forest plots illustrating the different out-
comes between the 2 groups in terms of PFS and overall survival.
The interaction test highlighted SMAD4 mutation as a positive
predictive factor for overall survival (P=.03) and PFS (P=.04) on
cisplatin and gemcitabine plus durvalumab. After inverse proba-
bility of treatment weights adjustment, baseline clinical and
tumor characteristics were similar between the 2 groups (Table
S5), as indicated by d < 0.10 in all cases. Figure 3, C presents forest
plots illustrating the different outcomes between the 2 groups in
terms of overall survival, confirming the previous data before
inverse probability of treatment weights adjustment. The

interaction test highlighted SMAD4 mutation as a positive predic-
tive factor for overall survival (P=.023) and PFS (P=.046) on cis-
platin and gemcitabine plus durvalumab.

Subgroup analysis in each tumor type

Figure S2 provides the complete heatmap, including all analyzed
genes, stratified by tumor location. When comparing intrahe-
patic cholangiocarcinoma to extrahepatic cholangiocarcinoma,
alterations in KRAS, SMAD4, and TP53 were more prevalent in
extrahepatic cholangiocarcinoma. Conversely, BAP1, IDH1, and
IDH2 were more frequently altered in intrahepatic cholangiocar-
cinoma. When comparing intrahepatic cholangiocarcinoma with
gallbladder cancer, alterations in ELF3, ERBB2, MAP2K4, SMAD4,
and TP53 were more prevalent in gallbladder cancer. Conversely,
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Table 2. Univariate and multivariate analysis of progression-free survival according to baseline characteristics and gene alterations.

Univariate Multivariate

Parameter Hazard ratio 95% CI p? Hazard ratio 95% CI p?
SMAD4

Wild type 1 1

Mutated 0.49 0.27 t0 0.88 .018 0.19 0.05 to 0.82 .0255
TP53

Wild type 1 1

Mutated 1.62 1.16 to 2.26 .0047 1.73 1.12 to 2.67 .0139
CDKN2B

Wild type 1 1

Mutated 1.65 0.90 to 3.00 .10 1.34 0.74 to 2.40 .33
BRCAness

Wild type 1 1

Mutated 0.76 0.50 to 1.15 .19 0.60 0.42t01.23 .25
ERBB2

Not amplified 1 1

Amplified 1.44 0.86 to 2.40 .16 2.47 0.731t08.31 .14
Age,y

>70 1

<70 0.86 0.67 to 1.10 .25
Sex

Male 1

Female 1.04 0.82 to 1.33 71
Primary tumor site

Intrahepatic cholangiocarcinoma 1 1

Extrahepatic cholangiocarcinoma 0.65 0.49 t0 0.85 0.72 0.48 to 1.09

Gallbladder 1.17 0.84t01.63 .0036 1.21 0.78t01.93 .64
Disease stage

Locally advanced 1 1

Metastatic 1.82 1.39t0 2.38 <.0001 1.78 1.10t0 2.13 .024
Carcinoembryonic antigen

Normal value 1 1

Above normal value 1.55 1.20t0 2.01 .0009 1.39 1.03to 2.01 .043
Carbohydrate antigen 19-9

Normal value 1 1

Above normal value 1.34 1.03t01.73 .02 1.65 1.02 to 1.97 .062
Neutrophil to lymphocyte ratio

>3 1

<3 0.61 0.47 t0 0.79 .0002 0.82 0.59t0 1.27 .53
ECOG-ACRIN performance status

0 1 1

>0 1.82 1.42t02.34 <.0001 1.75 1.16 to 2.64 .0079

a

Bold represent statistically significant results.

BAP1 and IDH1 were more frequently altered in intrahepatic
cholangiocarcinoma. Finally, when comparing extrahepatic chol-
angiocarcinoma with gallbladder cancer, alterations in KRAS
were more prevalent in extrahepatic cholangiocarcinoma.

Intrahepatic cholangiocarcinoma

The patient cohort comprised 364 individuals with advanced
intrahepatic cholangiocarcinoma treated with cisplatin and
gemcitabine plus durvalumab. Of these patients, 287 (78.8%)
underwent gene alteration analysis on tumor tissue samples
(Table S1).

The testing methods used for individual tumor samples
included FoundationOne CDx for 117 patients (40.8%); a combi-
nation of commercial and in-house, in-depth next-generation
sequencing methods for 92 (30.4%) patients; and the Myriapod
NGS Cancer Panel for 31 (10.8%) patients. In addition, a single-
gene alteration assay (for FGFR2, IDH1, MSI, BRAF, NTRK, RET, and
ERBB2) was performed on 27 patients (9.4%).

Outcomes for the 364 patients who underwent gene alteration
analysis were as follows: median PFS was 8.0months (95%
CI=7.1 to 8.9), and median overall survival was 14.8 months

P <.05 was considered statistically significant (Kaplan-Meier estimates and log-rank test).

(95% CI=11.3 to 29.1). A descriptive molecular analysis was con-
ducted, identifying genomic alterations in at least 3% of patients.
A total of 28 genes were affected, and their respective percen-
tages are depicted in Figure S3A. Next, outcomes for patients
with any alteration in the 28-gene panel were evaluated.
On univariate analysis for PFS, TP53 and CDKN2A alterations
were associated with shorter median PFS (5.7 vs 89 months:
HR=2.01, 95% CI=1.19 to 3.40, P=.0089; 5.5 vs 8.9months:
HR=2.33, 95% CI=1.20 to 4.51, P=.0125, respectively) (Figure 4,
A and B). Figure S1C presents the forest plot illustrating out-
comes for all evaluated genes.

On univariate analysis for overall survival, TP53 and CDKN2A
alterations were associated with shorter median overall survival
(9.9 vs 14.8 months: HR=2.21, 95% CI=1.17 to 4.15, P=.0142; 9.0
vs 16.0months: HR=3.42, 95% CI=1.53 to 7.63, P=.0026, respec-
tively) (Figure 4, C and D). Figure S1D presents the forest plot
illustrating outcomes for all evaluated genes. Following adjust-
ment for variables with a prognostic impact at univariate analy-
sis, multivariate analysis for PFS and overall survival confirmed
the negative prognostic role of TP53 mutation (Table S6 and
Table S7).
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Table 3. Univariate and multivariate analysis of overall survival according to baseline characteristics and gene alterations.*

Univariate Multivariate

Parameter Hazard ratio 95% CI P Hazard ratio 95% CI P
SMAD4

Wwild type 1 1

Mutated 0.11 0.02 to 0.20 .023 0.17 0.03 to 0.45 .035
TERT

Wwild type 1

Mutated 8.92 2.36 t0 33.70 .0012 3.79 1.03 t0 13.92 .045
CDKN2A

Wild type 1 1

Mutated 2.21 1.20 to 4.05 .0105 1.60 0.83 to 3.05 .16
TP53

Wild type 1 1

Mutated 1.40 0.89t02.19 .14 1.30 0.69to 2.44 41
ATM

Wild type 1 1

Mutated 0.50 0.22t0 1.14 .098 0.96 0.69to 2.56 .96
Age,y

>70 1

<70 0.90 0.64 to 1.25 .52
Sex

Male 1

Female 1.07 0.77 to 1.48 .70
Primary tumor site

Intrahepatic cholangiocarcinoma 1 1

Extrahepatic cholangiocarcinoma 0.47 0.32t0 0.69 0.56 0.37to1.18 .66
Gallbladder 0.87 0.58t0 1.36 .0062 0.91 0.43t01.72 43
Disease stage

Locally advanced 1 1

Metastatic 2.52 1.74 to0 3.64 <.0001 1.84 1.35t02.25 .01
Carcinoembryonic antigen

Normal value 1 1

Above normal value 2.14 1.50 to 3.04 <.0001 1.45 0.89t0 1.93 .22
Carbohydrate antigen 19-9

Normal value 1 1

Above normal value 1.32 0.92 to 1.87 12 1.54 0.54 to 2.01 32
Neutrophil to lymphocyte ratio

>3 1 1

<3 0.43 0.31 to 0.60 <.0001 0.69 0.45 to 1.04 .09
ECOG-ACRIN performance status

0 1 1

>0 2.23 1.60 to 3.12 <.0001 2.24 1.38 to 3.42 .001

a

Bold represent statistically significant results.

In conclusion, we identified 30 patients with actionable altera-
tions: 17 patients (56.7%) who received second-line targeted ther-
apy according to their molecular alteration (8 patients on
ivosidenib, 6 patients on pemigatinib, and 3 patients on anti-
ERBB2 drugs) vs 13 patients (43.3%) who did not receive targeted
therapy according to their molecular alteration but received only
chemotherapy. Patients treated with targeted therapy showed
better outcomes in terms of overall survival compared with
patients treated without targeted therapy (not reached vs
4.2months: HR=0.18, 95% CI=0.076 to 0.63, P=.0065).

Extrahepatic cholangiocarcinoma
The patient cohort comprised 168 individuals with advanced
extrahepatic cholangiocarcinoma treated with cisplatin and
gemcitabine plus durvalumab. Of these patients, 120 (71.4%)
underwent gene alteration analysis on tumor tissue samples.
Assays used for genetic testing in individual samples
included FoundationOne CDx (47 patients [39.2%)]); a mixture of
commercial and in-house, in-depth next-generation sequencing
methods (37 patients [30.8%]), Myriapod NGS Cancer Panel (18

P <.05 was considered statistically significant (Kaplan-Meier estimates and log-rank test).

patients [15.0%]), and Oncomine (7 patients [5.8%]). A single-
gene alterations assay (FGFR2, IDH1, MSI, BRAF, NTRK, RET, and
ERBB2) was used in 11 patients (9.2%). We performed a descrip-
tive molecular analysis, as well, identifying genomic alterations
occurring in at least 3% of the patients. These alterations
affected 26 genes, with the corresponding percentages shown
in Figure S3B. Following this analysis, we examined the out-
comes of patients who had any alterations within the selected
26-gene panel.

On univariate analysis for PFS, KRAS alterations were associ-
ated with shorter median PFS (8.7 vs 10.0 months: HR=2.86,
95% CI=1.13 to 7.23, P=.0265) (Figure 4, E). Figure S1E presents
the forest plot illustrating outcomes for all evaluated genes. On
univariate analysis for overall survival, no genomic alterations
were found to be linked to patient outcomes. Figure S1F dis-
plays the forest plot summarizing the outcomes for all the
genes evaluated. After adjusting for prognostic variables identi-
fied on univariate analysis, multivariate analysis for PFS con-
firmed that KRAS mutations had a negative prognostic impact
(Table S8).
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Figure 3. Forest plot of PFS (A) and OS (B) according to all evaluated genes in the overall population. Forest plot of OS according to all evaluated genes
in the overall population after IPTW-adjustment. Forest plot of OS (C) according to subgroup of index. Forest plot illustrating the different outcomes
across the four groups in terms of OS (D). On the x-axis, the HR of each analyzed gene.

Gallbladder cancer

The patient cohort comprised 135 individuals with advanced
gallbladder cancer treated with cisplatin and gemcitabine plus
durvalumab; of these patients, 107 (79.2%) underwent gene alter-
ation analysis on tumor tissue samples. Testing assays employed
for tumor individual samples were FoundationOne CDx (30
patients [28.0%]); a mixture of commercial and in-house, in-
depth next-generation sequencing methods (45 patients [42.0%]),
Myriapod NGS Cancer Panel (14 patients [13.1%)]), and Oncomine
(12 patients [11.2%]). A single-gene alterations assay (FGFR2,
IDH1, MSI, BRAF, NTRK, RET, and ERBB2) was used in 12 patients
(11.2%).

Outcomes for the 107 patients who underwent gene alteration
analysis were as follows: median PFS was 7.3months (95%
CI=6.0 to 8.5), and median overall survival was 15.1months
(95% CI=11.5 to 27.7). First, we conducted a descriptive molecu-
lar analysis and identified genomic alterations present in at least
3% of patients. These alterations involved 32 genes, and their
respective percentages are illustrated in Figure S3C. We subse-
quently analyzed outcomes of patients with any alteration in the
32 gene-panel selected. On univariate analysis for PFS and overall

survival, no gene alteration was found to be associated with out-
come. Figures S1G and S1H present the forest plot illustrating
outcomes for all evaluated genes.

Mixed prognostic index based on molecular and
clinical characteristics

With the aim to build a mixed prognostic index based on molecu-
lar and clinical characteristics, we used the model of multivari-
ate testing in the overall population. We developed the
prognostic model by combining the 4 identified prognostic varia-
bles on multivariate analysis in Table 3 (SMAD4 status, TERT sta-
tus, disease stage, and ECOG-ACRIN performance status) and
assigning a weight of 1 to each of the following: SMAD4 wild type,
TERT mutant, metastatic stage (with extrahepatic spread, includ-
ing nonlocoregional lymph nodes or with liver lesions in addition
to the primary lesion), and ECOG-ACRIN performance status
above 0. Accordingly, patients were stratified into 4 risk groups:
very low risk (1 negative prognostic factor), low risk (2 negative
prognostic factors), intermediate risk (3 negative prognostic fac-
tors), and high risk (4 negative prognostic factors). Overall, 342
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Figure 4. Kaplan Meier curves of progression-free survival according to TP53 (A) and CDKN2A (B) in patients with intrahepatic cholangiocarcinoma.
Kaplan-Meier curves of overall survival according to TP53 (C) and CDKN2A (D) in patients with intrahepatic cholangiocarcinoma. (E) Kaplan-Meier
curves of progression-free survival according to KRAS in patients with extrahepatic cholangiocarcinoma. Level of significance P < .05 was considered

statistically significant (Kaplan-Meier estimates and log-rank test).

patients were analyzed, with 59 patients categorized as very low
risk, 154 as low risk, 121 as intermediate risk, and 8 as high risk.

Survival curves according to the prognostic model are shown
in Figure S4. The median PFS was 13.3months in the very low-
risk group, 9.2months in the low-risk group, 7.1months in the
intermediate-risk group, and 2.7 months in the high-risk group.
Median overall survival was not reached in the very low-risk
group, 20.5months in the low-risk group, 11.2months in the
intermediate-risk group, and 3.6months in the high-risk group
(Figures S4A and S4B). Differences in PFS and overall survival
were statistically significant among all 4 groups (P<.001).
Differences in overall response rate were statistically significant
among the very low-risk group (42.9%), low-risk group (38.5%),
intermediate-risk group (30.2%), and high-risk group (0%)
(P<.0001). To test the predictive impact of the index, we com-
pared this cohort with a historical cohort of 114 patients treated
with cisplatin and gemcitabine.

Figure 3, D presents the forest plot illustrating the different
outcomes across the 4 groups in terms of overall survival. The
results highlighted an advantage of cisplatin and gemcitabine
plus durvalumab across all 4 subclasses of our index.

Discussion

To the best of our knowledge, the present analysis constitutes
one of the first real-world analyses focused on the prognostic
impact of somatic genomic alterations in a cohort of patients
who received cisplatin, gemcitabine, and durvalumab for
advanced biliary tract cancer. One of the first considerations is
the proportion of patients with advanced biliary tract cancer who
underwent genomic and molecular testing as well as the hetero-
geneity of tests used. Despite international guidelines recom-
mending comprehensive molecular testing for all patients with
advanced biliary tract cancer, only 77% of our cohort received

the test. This discrepancy may result from limited test reim-
bursement and a lack of awareness about its importance, high-
lighting the need for public health policies to ensure the test for
each patient.

This aspect could have influenced the proportion of patients
found to have a targetable genomic alteration, which is known to
be significantly lower than previous international evidence.?*?*
The next-generation sequencing technique could have a role,
too, because different techniques are characterized by different
sensitivity and specificity. Another remarkable issue is the access
to targeted therapies. To date, considerable heterogeneity exists
in terms of access to targeted therapies worldwide based on dif-
ferences in reimbursement policies. Thus, even for patients suit-
able for a targeted therapy, the possibility of receiving such
treatment is not guaranteed and could be influenced by the reim-
bursement policies of different countries.

Analyzing baseline characteristics, the only difference
between tested and untested patients was in ECOG-ACRIN per-
formance status. Patients with a performance status above O
were tested less often than patients with a performance status of
0. This finding may imply that patients with poorer ECOG-ACRIN
performance status have less access to further therapies or that,
upon disease progression on first-line treatment, they may not
have adequate conditions for additional treatments, leading to
less frequent testing.

In terms of molecular profiling, the present work confirmed
previous evidence from smaller cohorts of patients with biliary
tract cancer. Several differences in terms of molecular landscape
based on primary tumor site have been highlighted: a higher inci-
dence of KRAS, SMAD4, and TP53 mutations has been reported in
extrahepatic cholangiocarcinoma than in intrahepatic cholangio-
carcinoma; a higher incidence of BAP1 and IDH1/2 mutations has
been shown in intrahepatic cholangiocarcinoma than in extrahe-
patic cholangiocarcinoma and gallbladder cancer; a higher
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incidence of ELF3, ERBB2, MAP2K4, SMAD4, and TP53 alterations
has been observed in gallbladder cancer than in intrahepatic
cholangiocarcinoma; and, a higher incidence of KRAS mutations
has been detected in extrahepatic cholangiocarcinoma than in
gallbladder cancer. Previous evidence reported similar results,*"
** reinforcing the value of the present data. Recently, Kendre and
collaborators®® published a large retrospective analysis con-
ducted on 6130 patients with intrahepatic cholangiocarcinoma
from the FoundationCORE database, with a special focus on the
co-mutational spectra. They highlighted a negative selection of
the RTK/RAS/ERK pathway co-alterations and an enrichment in
epigenetic modifiers, including BAP1 and ARID1A, in patients car-
rying IDH1/2 mutations and FGFR2 alterations. Unlike the present
study, the above-mentioned work was focused on intrahepatic
cholangiocarcinoma and was aimed at providing a highly repre-
sentative cartography of the genomic landscape of intrahepatic
cholangiocarcinoma without a focus on the prognostic and pre-
dictive role of genomic alterations. Moreover, patients were
homogeneously tested using the same next-generation sequenc-
ing technique, unlike the present investigation, which studied
real-world patients who received different types of next-
generation sequencing tests.

The results from the TOPAZ-1 and KEYNOTE-966 trials led to
the introduction of immunotherapy to the therapeutic armamen-
tarium for patients with advanced biliary tract cancer. Not all
patients respond to immunotherapy, however, and biomarkers
that can identify patients who could benefit better represent an
unmet need in this setting. The current analysis revealed that
SMAD4 alteration is a prognostic and predictive factor for the
efficacy of durvalumab. Although patients with and without
SMAD4 alteration benefited from the addition of durvalumab,
this result suggests that SMAD4 mutation may only help identify
individuals who could achieve greater benefit from immunother-
apy. TP53 mutation is a negative prognostic factor for PFS,
whereas TERT mutation is a negative prognostic factor for overall
survival, regardless of primary tumor site. Data about the prog-
nostic role of SMAD4 genomic alterations in biliary tract cancer
are scarce and inconclusive. SMAD4 is regarded as a tumor sup-
pressor gene that codes for a protein known to be a crucial medi-
ator of transforming growth factor g signaling and regulates
several vital processes, including fibrosis coordination, tumor
development, immune function, and wound healing.?*?® Loss of
SMAD4 expression has been associated with chemoresistance
and worse prognosis in several oncology settings, including color-
ectal cancer, non-small cell lung cancer, and pancreatic adeno-
carcinoma.?**! In the biliary tract cancer setting, only scarce
evidence reported poor prognosis and reduced response to che-
moradiation therapy in patients with SMAD4-mutated can-
cer.***? Regarding its role in the tumor microenvironment and
immune response, SMAD4 has been found to have a multifaceted
role, with data varying across different oncologic settings.** In
particular, the transforming growth factor /SMAD signaling
pathway has been noted to interfere with the activity of cytotoxic
T cells and natural killer cells by promoting the recruitment of
FOXP3-positive regulatory T cells and by altering the function of
antigen-presenting cells from immune activation to toler-
ance,>>3® as confirmed in in vivo studies.’’ A crucial role of
SMAD4 in suppressing immunogenicity in pancreatic cancer was
uncovered.*® SMAD4 deficiency was shown to promote spontane-
ous DNA damage, which in turn stimulates type I interferon sig-
naling, leading to CD8-positive T-cell responses against cancer
cells.®

In contrast, in other oncologic settings, the loss of SMAD4 has
been noted to drive immune evasion, leading to scarce response
to immunotherapy.>>*° Preclinical evidence has demonstrated
that the loss of SMAD4 in gastric cancer cells induced immune
evasion and conferred resistance to immune checkpoint inhibitor
monotherapy, suggesting the potential role of combined immu-
notherapy treatments in this setting.*® Other previous evidence
has supported the role of SMAD4 in mediating T-cell activities
and tumor infiltration, which are known to be related to longer
survival and better outcomes with immunotherapy.** These data
contrast with the results of the present analysis. The observed
discrepancies could be explained by the complex and multifac-
eted function of SMAD4 in immune cells, which might be influ-
enced by the oncologic setting and different treatments.
Interestingly, SMAD4 loss has been associated in preclinical mod-
els with increased genomic instability and activation of innate
immune pathways, particularly type I interferon signaling, ulti-
mately leading to enhanced CD8-positive T-cell infiltration and
cytotoxicity.®® This phenomenon, described particularly in pan-
creatic cancer models, suggests that SMAD4 deficiency could par-
adoxically increase tumor immunogenicity under certain
conditions. In the context of biliary tract cancer, it is plausible
that SMAD4 mutation results in a more immunogenic tumor
microenvironment, improving immune-mediated tumor recogni-
tion and potentiating the efficacy of checkpoint inhibitors such
as durvalumab. Although the exact mechanisms have not yet
been fully elucidated, these observations suggest that SMAD4
mutations may define a molecular subset of biliary tract cancer
with increased susceptibility to immunotherapy, meriting further
prospective validation.

As mentioned, TP53 mutations have been shown to have a
negative prognostic role for overall survival, whereas TERT muta-
tions have been shown to have a negative prognostic role for PFS.
In addition, both gene mutations have been shown to correlate
with a lower disease control rate than their wild-type counter-
parts. The negative prognostic role of TP53 mutations is not sur-
prising,*? and their correlation with more aggressive biological
behavior*® has been well established. As highlighted in the sub-
group analysis of the TOPAZ-1 trial, however, our data confirm
that adding durvalumab to the treatment regimen for patients
with both mutant and wild-type cancers results in improved out-
comes compared with patients treated with chemotherapy
alone.

Conversely, the negative prognostic role of TERT mutations
could be considered a new finding and deserves consideration.
TERT encodes the catalytic subunit of telomerase, maintaining
genomic integrity. TERT expression is usually repressed in
somatic cells, but overexpression through gene rearrangements,
amplification, or promoter mutation is common in cancer.*
TERT promoter mutations have been suggested to negatively
affect prognosis in several cancers, although data are inconclu-
sive. TERT also affects the immune system as a self-antigen in
many tumors.***8 Recently, Li and colleagues®® found that TERT
mutations may predict immunotherapy response, reporting
higher tumor mutation burden and proinflammatory immune
activation in TERT-mutated tumors. Moreover, a better prognosis
was observed in the subgroup of patients who received anti-
CTLA4 treatment, but no clear data are available for patients
who received anti-programmed cell death 1 ligand 1 treatment.
The underlying pathways that could justify the negative prognos-
tic role shown by the present analysis should be investigated in
further studies. Notably, no genomic alterations with a prognos-
tic significance were detected in gallbladder cancer in the present
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study. The molecular heterogeneity of this subgroup along with
the small sample size have likely made the identification of
molecular aberrations with prognostic significance more diffi-
cult. Finally, patients with BRAF-V600 mutated tumors had a sig-
nificantly lower overall response rate than their wild-type
counterparts (16.7% vs 37.5%).

Concerning the impact of molecular profile on the clinical out-
comes of patients with advanced biliary tract cancer who
received durvalumab plus cisplatin and gemcitabine, only a few
previous exploratory analyses have been reported. Valle and col-
leagues® reported the first exploratory analysis on the impact of
mutational status in patients who received durvalumab plus cis-
platin and gemcitabine in the TOPAZ-1 trial. They highlighted
that patients with alterations in KRAS, TP53, and CDKN2A/2B/
MTAP loss had a reduced risk of cancer growth, spread, or wor-
sening after treatment with durvalumab plus chemotherapy vs
placebo plus chemotherapy. More recently, Bouattour and col-
leagues® presented their analysis, aimed at assessing clinical
characteristics, outcomes, and genomic profiles of long-term sur-
vivors treated with durvalumab plus cisplatin and gemcitabine.
Interestingly, a higher proportion of patients with BRCA1/2
mutated tumors was included in the long-term survival sub-
group, suggesting that the prevalence of these mutations may be
associated with long-term survival. The different results
observed between the above-mentioned studies and those
reported in the present analysis could be explained by the differ-
ent study design and methodology. Moreover, the different next-
generation sequencing techniques used in the studies could be at
the root of discrepancies due to the different sensitivities and
sensibilities. Our research group previously analyzed 51 patients
with advanced biliary tract cancer treated with cisplatin and
gemcitabine plus durvalumab, identifying 3 molecular clusters.
Cluster 1 showed chromatin modification mutations, cluster 2
displayed alterations in multiple pathways (DNA damage repair,
chromatin modification, RTK/RAS, cell-cycle apoptosis, TP53,
PI3K), and cluster 3 mainly involved RTK/RAS and cell-cycle apop-
tosis mutations. Cluster 2 had the highest overall response rate,
while cluster 3 showed none (P=.0188). Unlike the smaller, Italy-
based cohort of the previous study focused on molecular clusters
and clinical outcomes, this larger, multiethnic study investigated
the impact of individual gene alterations without finding survival
correlations.

As a final point, we built a combined score that included
SMAD4 mutations, TERT mutations, disease stage, and ECOG-
ACRIN performance status. This combined score stratified
patients with statistically significant differences in overall sur-
vival and PFS among 4 risk groups. Notably, patients included in
the very low-risk and the low-risk groups showed remarkable
median overall survival (>20 months), almost double the overall
survival shown in the TOPAZ-1 trial. The identified index groups
were compared with a historical cohort of patients treated with
chemotherapy alone (cisplatin plus gemcitabine), and the results
showed a benefit from adding durvalumab across all subcatego-
ries, demonstrating that all patients benefited. This finding sug-
gests that the newly developed index may have a prognostic
value and, if validated, could be used to better stratify patients in
the future.

The present study has several limitations. First, the retrospec-
tive nature of the work could not exclude potential selection
biases. Indeed, we performed multivariate adjustment, but that
cannot replace level I evidence derived from prospective random-
ized clinical trials. Second, molecular analysis was carried out
adopting several diagnostically available external and in-house

next-generation sequencing assays affected by variations in
terms of technical parameters, including reference range. We
confirm that all technical solutions were aligned to cover all bili-
ary tract cancer-related genes, harmonizing molecular records.
In addition, we excluded variants of uncertain significance by
including only those classified as pathogenic or likely pathogenic.
The classification was provided directly by the tests used, how-
ever, and it is possible that the variants of uncertain significance
classification differed slightly across tests. Moreover, our data-
base did not collect time frame information regarding the molec-
ular evaluation in relation to the start of treatment with cisplatin
and gemcitabine plus durvalumab. Nevertheless, the main goal
of the present study was to re-collect and analyze molecular data
derived from the real-world context to draw conclusions that
could be transferred to clinical practice. In addition, no univer-
sally accepted consensus exists about which next-generation
sequencing tests should be used for patients with advanced bili-
ary tract cancer. Third, limitations derived from the multina-
tional and multi-institutional nature of the work must be
considered. For instance, the PFS analysis has to account for dif-
ferences in terms of tumor assessment modalities and time
points, according to institutions’ protocols. Another important
limit is represented by the lack of information about the variant
allele frequency, which could constitute a substantial bias for
the descriptive molecular analysis and the survival analysis.
Finally, in the descriptive molecular analysis, no direct compari-
son was made between perihilar and distal cholangiocarcinoma.
Despite these important limitations, the present work reported 1
of the first molecular analyses focused on a large cohort of
patients with advanced biliary tract cancer treated with cisplatin
and gemcitabine plus durvalumab and whose tumors have been
tested in clinical practice with a next-generation sequencing test.
The present study highlighted possible prognostic and predictive
biomarkers based on the molecular profile of this complex and
heterogeneous group of diseases. Moreover, a combined clinical
and molecular score has been proposed to improve patient strati-
fication and better select patients who are most likely to respond
to the new standard of care. If validated in larger prospective
cohorts, the results presented in this work could make an impor-
tant contribution to understanding the prognostic implications
of the molecular profile of patients with advanced biliary tract
cancer who may be candidates for immunotherapy and, conse-
quently, to improve the stratification of our patients.

Acknowledgments

This publication is based on work from the European Network for
the Study of Cholangiocarcinoma and the COST Action Precision-
BTC-Network CA22125, supported by the European Cooperation
in Science & Technology [COST]; www.cost.eu).

Author Contributions

Margherita Rimini, MD (Conceptualization, Writing—original
draft, Writing—review & editing), Lorenzo Fornaro, MD
(Conceptualization, Data curation, Writing—original draft,
Writing—review & editing), Federica Lo Prinzi, MD (Investigation,
Writing—review & editing), Mario Domenico Rizzato, MD
(Investigation), Anna Saborowski, MD (Investigation), Lorenzo
Antonuzzo, MD (Investigation), Federico Rossari, MD (Data cura-
tion, Investigation), Tomoyuki Satake, MD (Investigation),
Frederik Peeters, MD (Investigation), Caterina Vivaldi, MD
(Investigation), Tiziana Pressiani, MD (Investigation), Jessica

920z Atenige 60 uo Jasn 100u oAl AQ 0G5G81.8/6202/0 /L1 L/2IOIME/IOUlWO0"dNO"d1LBPEOE/:SANY WO} PEPEOUMO(


http://www.cost.eu

JNCI: Journal of the National Cancer Institute, 2025, Vol. 117, No. 10 | 2041

Lucchetti, MD (Investigation), Jin Won Kim, MD (Investigation),
Oluseyi Abidoye, MD (Investigation), Ilario Giovanni Rapposelli,
MD (Investigation), Stefano Tamberi, MD (Investigation), Fabian
Finkelmeier, MD (Investigation), Guido Giordano, MD
(Investigation), Federico Nichetti, MD (Investigation), Hong Jae
Chon, MD (Investigation), Chiara Braconi, MD (Investigation),
Qaisar, MD (Investigation), Chiara Pirrone, MD
(Investigation), Florian Castet, MD (Investigation), Emiliano
Tamburini, MD (Investigation), Changoon Yoo, MD
(Investigation), Alessandro Parisi, MD (Investigation), Anna
Diana, MD (Investigation), Mario Scartozzi, MD (Investigation),
Gerald W. Prager, MD (Investigation), Antonio Avallone, MD
(Investigation), Salvatore Corallo, MD (Investigation), Marta
Schirripa, MD (Investigation), Il Hwan Kim, MD (Investigation),
Lukas Perkhofer, MD (Investigation), Oneda, MD
(Investigation), Monica Verrico, MD (Investigation), Jorge Adeva,
MD (Investigation), Stephen L. Chan, MD (Investigation), Gian
Paolo Spinelli, MD (Investigation), Nicola Personenni, MD
(Investigation), Ingrid Garajova, MD (Investigation), Maria Grazia
Rodriquenz, MD (Investigation), Silvano Leo, MD (Investigation),
Cecilia Melo Alvim, MD (Investigation), Ricardo Roque, MD
(Investigation), Giovanni Farinea, MD (Investigation), Francesca
Salani, MD (Investigation), Antonio De Rosa, MD (Investigation),
Daniele Lavacchi, MD (Investigation), Silvia Camera, MD
(Investigation), Masafumi Ikeda, MD (Investigation), Jeroen
Dekervel, MD (Investigation), Monica Niger, MD (Investigation),
Rita Balsano, MD (Investigation), Giuseppe Tonini, MD
(Investigation), Minsu Kang, MD (Investigation), Tanios Bakaii-
Saab, MD (Investigation), Luca Esposito, MD (Investigation),
Alessandra Boccaccino, MD (Investigation), Vera Himmelsbach,
MD (Investigation), Matteo Landriscina, MD (Investigation),
Selma Ahcene Djaballah, MD (Investigation), Valentina Zanuso,
MD (Investigation), Umberto Malapelle, MD (Investigation,
Writing—review & editing), Francesco Pepe, MD (Investigation),
Gianluca Masi, MD (Investigation), Arndt Vogel, MD
(Investigation), Sara Lonardi, MD (Investigation),
Rimassa, MD (Conceptualization, Data curation, Investigation,
Validation, Writing—original draft, Writing—review & editing),
and Andrea Casadei Gardini, MD (Conceptualization, Data cura-
tion, Formal analysis, Investigation, Methodology, Project admin-
istration, Supervision, Writing—original draft, Writing—review &
editing)

Aitzaz

Ester

Lorenza

Funding

The present work received no financial support.

Conflicts of interest

None declared.

Ethics statement

The study was conducted in accordance with the Declaration of
Helsinki, and the protocol was approved by the ethics committee
of each institution involved in the project. Under the condition of
retrospective archival tissue collection and patients’ data ano-
nymization, our study was exempted from the acquisition of
informed consent from patients by the institutional review
board. Written informed consent for treatment was, however,
obtained for all patients.

Data availability

The data underlying this article are not publicly available due to
privacy and ethical restrictions. Deidentified data can be
requested from the corresponding author, however. Requests
will be formally evaluated and approved by the Ethics
Committee of San Raffaele Scientific Institute in accordance with
institutional and General Data Protection Regulation regulations.
Requestors will be asked to provide contact details and a descrip-
tion of the intended use for the purpose of logging and data use
tracking. Data access will not be subject to discretionary appro-
val by the study investigators.

References

1. Rimini M, Puzzoni M, Pedica F, et al. Cholangiocarcinoma: new
perspectives for new horizons. Expert Rev Gastroenterol Hepatol.
2021;15:1367-1383. https://doi.org/10.1080/17474124.2021.
1991313 Epub 2021 Nov 9.

2. Wu]J, Yangs, XuL, et al. Patterns and trends of liver cancer inci-
dence rates in Eastern and Southeastern Asian countries (1983-
2007) and predictions to 2030. Gastroenterology. 2018;154:
1719-1728.e5. https://doi.org/10.1053/j.gastro.2018.01.033 Epub
2018 Mar 14.

3. Bertuccio P, Malvezzi M, Carioli G, et al. Global trends in mortal-
ity from intrahepatic and extrahepatic cholangiocarcinoma. J
Hepatol. 2019;71:104-114. https://doi.org/10.1016/j.jhep.2019.03.
013 Epub 2019 Mar 23.

4. Sia D, Villanueva A, Friedman SL, et al. Liver cancer cell of ori-
gin, molecular class, and effects on patient prognosis.
Gastroenterology. 2017;152:745-761.

5. Abou-Alfa GK, Sahai V, Hollebecque A, et al. Pemigatinib for
previously treated, locally advanced or metastatic cholangio-
carcinoma: a multicentre, open-label, phase 2 study. Lancet
Oncol. 2020;21:671-684. https://doi.org/10.1016/51470-2045(20)
30109-1 Epub 2020 Mar 20.

6. Goyal L, Meric-Bernstam F, Hollebecque A, et al.; FOENIX-CCA2
Study Investigators. Futibatinib for FGFR2-rearranged intrahe-
patic cholangiocarcinoma. N Engl ] Med. 2023;388:228-239.
https://doi.org/10.1056/NEJMo0a2206834.

7. Abou-Alfa GK, Macarulla T, Javle MM, et al. Ivosidenib in IDH1-
mutant, chemotherapy-refractory cholangiocarcinoma
(ClarIDHy): a multicentre, randomised, double-blind, placebo-
controlled, phase 3 study. Lancet Oncol. 2020;21:796-807.
Erratum in: Lancet Oncol. 2020 Oct; 21(10):e462. https://doi.org/
10.1016/S1470-2045(20)30157-1. Epub 2020 May 13.

8. Zhu AX, Macarulla T, Javle MM, et al. Final overall survival effi-
cacy results of ivosidenib for patients with advanced cholangio-
carcinoma with IDH1 mutation: the phase 3 randomized
clinical ClarIDHy trial. JAMA Oncol. 2021;7:1669-1677. https://
doi.org/10.1001/jamaoncol.2021.3836.

9. Lamarca A, Kapacee Z, Breeze M, et al. Molecular profiling in
daily clinical practice: practicalities in advanced cholangiocar-
cinoma and other biliary tract cancers. ] Clin Med. 2020;9:2854.
https://doi.org/10.3390/jcm9092854.

10. Rimini M, Loi E, Fabregat-Franco C, et al. Next-generation
sequencing analysis of cholangiocarcinoma identifies distinct
IDH1-mutated clusters. Eur J Cancer. 2022;175:299-310. https://
doi.org/10.1016/j.ejca.2022.08.026 Epub 2022 Sep 28.

11. Rimini M, Fabregat-Franco C, Burgio V, et al. Molecular profile
and its clinical impact of IDH1 mutated versus IDH1 wild type
intrahepatic cholangiocarcinoma. Sci Rep. 2022;12:18775.
https://doi.org/10.1038/541598-022-22543-z.

920z Atenige 60 uo Jasn 100u oAl AQ 0G5G81.8/6202/0 /L1 L/2IOIME/IOUlWO0"dNO"d1LBPEOE/:SANY WO} PEPEOUMO(


https://doi.org/10.1080/17474124.2021.1991313
https://doi.org/10.1080/17474124.2021.1991313
https://doi.org/10.1053/j.gastro.2018.01.033
https://doi.org/10.1016/j.jhep.2019.03.013
https://doi.org/10.1016/j.jhep.2019.03.013
https://doi.org/10.1016/S1470-2045(20)30109-1
https://doi.org/10.1016/S1470-2045(20)30109-1
https://doi.org/10.1056/NEJMoa2206834
https://doi.org/10.1016/S1470-2045(20)30157-1
https://doi.org/10.1016/S1470-2045(20)30157-1
https://doi.org/10.1001/jamaoncol.2021.3836
https://doi.org/10.1001/jamaoncol.2021.3836
https://doi.org/10.3390/jcm9092854
https://doi.org/10.1016/j.ejca.2022.08.026
https://doi.org/10.1016/j.ejca.2022.08.026
https://doi.org/10.1038/s41598-022-22543-z

2042

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Rimini M, Macarulla T, Burgio V, et al. Gene mutational profile
of BRCAness and clinical implication in predicting response to
platinum-based chemotherapy in patients with intrahepatic
cholangiocarcinoma. Eur ] Cancer. 2022;171:232-241. https://doi.
0rg/10.1016/j.ejca.2022.05.004 Epub 2022 Jun 21.

Oh DY, He AR, Qin S, et al. A phase 3 randomized, double-blind,
placebo-controlled study of durvalumab in combination with
gemcitabine plus cisplatin (GemCis) in patients (pts) with
advanced biliary tract cancer (BTC): TOPAZ-1. NEJM Evid.
2022;1:378. https://doi.org/10.1056/EVID0a2200015.

Kelley RK, Ueno M, Yoo C, et al.; KEYNOTE-966 Investigators.
Pembrolizumab in combination with gemcitabine and cisplatin
compared with gemcitabine and cisplatin alone for patients
with advanced biliary tract cancer (KEYNOTE-966): a rando-
mised, double-blind, placebo-controlled, phase 3 trial. Lancet.
2023;401:1853-1865.  https://doi.org/10.1016/S0140-6736(23)
00727-4 Epub 2023 Apr 16. Erratum in: Lancet. 2023 Sep 16; 402
(10406):964.

Rimini M, Fornaro L, Lonardi S, et al. Durvalumab plus gemcita-
bine and cisplatin in advanced biliary tract cancer: an early
exploratory analysis of real-world data.
2023;43:1803-1812. https://doi.org/10.1111/1iv.15641.
Rimini M, Masi G, Lonardi S, et al. Durvalumab plus gemcita-
bine and cisplatin versus gemcitabine and cisplatin in biliary
tract cancer: a real-world retrospective, multicenter study.
Target Oncol. 2024;19:359-370. https://doi.org/10.1007/s11523-
024-01060-1 Epub 2024 May 1.

Oh DY, He AR, Bouattour M, et al. Durvalumab or placebo plus
gemcitabine and cisplatin in participants with advanced biliary
tract cancer (TOPAZ-1): updated overall survival from a rando-
mised phase 3 study. Lancet Gastroenterol Hepatol.
2024;9:694-704. https://doi.org/10.1016/S2468-1253(24)00095-5
Rimini M, Loi E, Rizzato MD, et al. Different genomic clusters

Liver Int.

impact on responses in advanced biliary tract cancer treated
with cisplatin plus gemcitabine plus durvalumab. Target Oncol.
2024,19:223-235. https://doi.org/10.1007/s11523-024-01032-5
Epub 2024 Feb 12.

Mateo J, Chakravarty D, Dienstmann R, et al. A framework to
rank genomic alterations as targets for cancer precision medi-
cine: the ESMO Scale for Clinical Actionability of molecular
Targets (ESCAT). Ann Oncol. 2018;29:1895-1902. https://doi.org/
10.1093/annonc/mdy?263.

Valery M, Vasseur D, Fachinetti F, et al. Targetable molecular
alterations in the treatment of biliary tract cancers: an overview
of the available treatments. Cancers (Basel). 2023;15:4446.
https://doi.org/10.3390/cancers15184446.

Guo L, Zhou F, Liu H, et al. Genomic mutation characteristics
and prognosis of biliary tract cancer. Am J Transl Res.
2022;14:4990-5002.

Lowery MA, Ptashkin R, Jordan E, et al. Comprehensive molecu-
lar profiling of intrahepatic and extrahepatic cholangiocarcino-

mas: potential targets for intervention. Clin Cancer Res.
2018;24:4154-4161. https://doi.org/10.1158/1078-0432.CCR-18-
0078 Epub 2018 May 30.

Nakamura H, Arai Y, Totoki Y, et al. Genomic spectra of biliary
tract cancer. Nat Genet. 2015;47:1003-1010. https://doi.org/10.
1038/ng.3375 Epub 2015 Aug 10.

LinJ, Cao Y, Yang X, et al. Mutational spectrum and precision
oncology for biliary tract carcinoma. Theranostics.
2021;11:4585-4598. https://doi.org/10.7150/thno.56539.

Kendre G, Murugesan K, Brummer T, et al. Charting co-
mutation patterns associated with actionable drivers in

| JNCI: Journal of the National Cancer Institute, 2025, Vol. 117, No. 10

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

intrahepatic cholangiocarcinoma. J Hepatol. 2023;78:614-626.
https://doi.org/10.1016/j.jhep.2022.11.030 Epub 2022 Dec 15.

Su J, Morgani SM, David CJ, et al. TGF-f orchestrates fibrogenic
and developmental EMTs via the RAS effector RREB1. Nature.
2020;577:566-571. Erratum in: Nature. 2020 Feb; 578(7793):E11.
https://doi.org/10.1038/s41586-019-1897-5. Epub 2020 Jan 8. doi:
10.1038/541586-020-1956-y.

Liu M, Kuo F, Capistrano KJ, et al. TGF-B suppresses type 2
immunity to cancer. Nature. 2020;587:115-120. https://doi.org/
10.1038/s41586-020-2836-1

Shi A, Li], Qiu X, et al. TGF-B loaded exosome enhances ische-
mic wound healing in vitro and in vivo. Theranostics.
2021;11:6616-6631. https://doi.org/10.7150/thno.57701
Alazzouzi H, Alhopuro P, Salovaara R, et al. SMAD4 as a prog-
nostic marker in colorectal cancer. Clin Cancer Res.
2005;11:2606-2611. https://doi.org/10.1158/1078-0432.CCR-04-
1458.

Tascilar M, Skinner HG, Rosty C, et al. The SMAD4 protein and
prognosis of pancreatic ductal adenocarcinoma. Clin Cancer Res.
2001;7:4115-4121.

Li Z, Huang Y, Zhou R, et al. Clinicopathological and prognostic
significance of SMAD4 in non-small cell lung cancer: a meta-
analysis and database validation. Medicine (Baltimore). 2023;102:
e34312. https://doi.org/10.1097/MD.0000000000034312.
Yamada D, Kobayashi S, Wada H, et al. Role of crosstalk
between interleukin-6 and transforming growth factor-beta 1 in
epithelial-mesenchymal transition and chemoresistance in bili-
ary tract cancer. Eur J Cancer. 2013;49:1725-1740. https://doi.org/
10.1016/j.ejca.2012.12.002

Takayama H, Kobayashi S, Gotoh K, et al. Prognostic value of
functional SMAD4 localization in extrahepatic bile duct cancer.
World J Surg Oncol. 2022;20:291. https://doi.org/10.1186/s12957-
022-02747-3

Gu AD, Zhang S, Wang Y, et al. A critical role for transcription
factor Smad4 in T cell function that is independent of trans-
forming growth factor f receptor signaling. Immunity.
2015;42:68-79. https://doi.org/10.1016/j.immuni.2014.12.019
Nakamura K, Kitani A, Strober W. Cell contact-dependent
immunosuppression by CD4(+)CD25(+) regulatory T cells is
mediated by cell surface-bound transforming growth factor
beta. J Exp Med. 2001;194:629-644. https://doi.org/10.1084/jem.
194.5.629.

Chen W, Jin W, Hardegen N, et al. Conversion of peripheral
CD4+CD25- naive T cells to CD4+CD25+ regulatory T cells by
TGF-beta induction of transcription factor Foxp3. ] Exp Med.
2003;198:1875-1886. https://doi.org/10.1084/jem.20030152.
Bornstein S, White R, Malkoski S, et al. Smad4 loss in mice
causes spontaneous head and neck cancer with increased
genomic instability and inflammation. J Clin Invest.
2009;119:3408-3419. https://doi.org/10.1172/JC138854 Epub 2009
Oct 19.

Xiong W, He W, Wang T, et al. Smad4 deficiency promotes pan-
creatic cancer immunogenicity by activating the cancer-
autonomous DNA-sensing signaling axis. Adv Sci (Weinh).
2022;9:€2103029. https://doi.org/10.1002/advs.202103029 Epub
2022 Jan 22.

SongJ, WuJ, DingJ, Liang Y, Chen C, Liu Y. The effect of SMAD4
on the prognosis and immune response in hypopharyngeal car-
cinoma. Front Med (Lausanne). 2023;10:1139203. https://doi.org/
10.3389/fmed.2023.1139203.

An HW, Seok SH, Kwon JW, et al. The loss of epithelial Smad4
immune evasion via CXCL1 while

drives displaying

920z Atenige 60 uo Jasn 100u oAl AQ 0G5G81.8/6202/0 /L1 L/2IOIME/IOUlWO0"dNO"d1LBPEOE/:SANY WO} PEPEOUMO(


https://doi.org/10.1016/j.ejca.2022.05.004
https://doi.org/10.1016/j.ejca.2022.05.004
https://doi.org/10.1056/EVIDoa2200015
https://doi.org/10.1016/S0140-6736(23)00727-4
https://doi.org/10.1016/S0140-6736(23)00727-4
https://doi.org/10.1111/liv.15641
https://doi.org/10.1007/s11523-024-01060-1
https://doi.org/10.1007/s11523-024-01060-1
https://doi.org/10.1016/S2468-1253(24)00095-5
https://doi.org/10.1007/s11523-024-01032-5
https://doi.org/10.1093/annonc/mdy263
https://doi.org/10.1093/annonc/mdy263
https://doi.org/10.3390/cancers15184446
https://doi.org/10.1158/1078-0432.CCR-18-0078
https://doi.org/10.1158/1078-0432.CCR-18-0078
https://doi.org/10.1038/ng.3375
https://doi.org/10.1038/ng.3375
https://doi.org/10.7150/thno.56539
https://doi.org/10.1016/j.jhep.2022.11.030
https://doi.org/10.1038/s41586-019-1897-5
https://doi.org/10.1038/s41586-020-1956-y
https://doi.org/10.1038/s41586-020-2836-1
https://doi.org/10.1038/s41586-020-2836-1
https://doi.org/10.7150/thno.57701
https://doi.org/10.1158/1078-0432.CCR-04-1458
https://doi.org/10.1158/1078-0432.CCR-04-1458
https://doi.org/10.1097/MD.0000000000034312
https://doi.org/10.1016/j.ejca.2012.12.002
https://doi.org/10.1016/j.ejca.2012.12.002
https://doi.org/10.1186/s12957-022-02747-3
https://doi.org/10.1186/s12957-022-02747-3
https://doi.org/10.1016/j.immuni.2014.12.019
https://doi.org/10.1084/jem.194.5.629
https://doi.org/10.1084/jem.194.5.629
https://doi.org/10.1084/jem.20030152
https://doi.org/10.1172/JCI38854
https://doi.org/10.1002/advs.202103029
https://doi.org/10.3389/fmed.2023.1139203
https://doi.org/10.3389/fmed.2023.1139203

41.

42.

43.

44,

45.

JNCI: Journal of the National Cancer Institute, 2025, Vol. 117, No. 10 |

vulnerability to combinatorial immunotherapy in gastric can-
cer. Cell Rep. 2022;41:111878. https://doi.org/10.1016/j.celrep.
2022.111878.

Principe DR, Underwood PW, Kumar S, et al. Loss of SMAD4 is
associated with poor tumor immunogenicity and reduced
PD-L1 expression in pancreatic cancer. Front Oncol. 2022;12:
806963. https://doi.org/10.3389/fonc.2022.806963

Carlsen L, Zhang S, Tian X, et al. The role of p53 in anti-tumor
immunity and response to immunotherapy. Front Mol Biosci.
2023;10:1148389. https://doi.org/10.3389/fmolb.2023.1148389.
Wu CE, Pan YR, Yeh CN, et al. Targeting P53 as a future strategy
to overcome gemcitabine resistance in biliary tract cancers.
Biomolecules. ~ 2020;10:1474.  https://doi.org/10.3390/biom1
0111474.

Colebatch AJ, Dobrovic A, Cooper WA. TERT gene: its function
and dysregulation in cancer. J Clin Pathol. 2019;72:281-284.
https://doi.org/10.1136/jclinpath-2018-205653 Epub 2019 Jan
29.

Yuan Y, Qi C, Maling G, et al. TERT mutation in glioma: fre-
quency, prognosis and risk. J Clin Neurosci. 2016;26:57-62.
https://doi.org/10.1016/j.jocn.2015.05.066 Epub 2016 Jan 4.

46.

47.

48.

49.

50.

2043

Shuai H, Duan X, Zhou JJ, et al. Effect of the TERT mutation on
the prognosis of patients with urothelial carcinoma: a system-
atic review and meta-analysis. BMC Urol. 2023;23:177. https://
doi.org/10.1186/512894-023-01349-9.

Liu C, Liu Z, Chen T, et al. TERT promoter mutation and its asso-
ciation with clinicopathological features and prognosis of papil-
lary thyroid cancer: a meta-analysis. Sci Rep. 2016;6:36990.
https://doi.org/10.1038/srep36990.

LiH, Li], Zhang C, et al. TERT mutations correlate with higher TMB
value and unique tumor microenvironment and may be a potential
biomarker for anti-CTLA4 treatment. Cancer Med. 2020;9:7151-7160.
https://doi.org/10.1002/cam4.3376 Epub 2020 Aug 18.

Valle JW, Qin S, Antonuzzo L, 111, et al. Impact of mutation status
on efficacy outcomes in TOPAZ-1: a phase 1II study of durvalu-
mab (D) or placebo (PBO) plus gemcitabine and cisplatin (+GC) in
advanced biliary tract cancer (BTC). Ann Oncol. 2022;33:51457.
Bouattour M, Valle JW, Vogel A, et al. Characterization of long-
term survivors in the TOPAZ-1 study of durvalumab or placebo
plus gemcitabine and cisplatin in advanced biliary tract cancer.
J Clin Oncol. 2023;41:531-531. https://doi.org/10.1200/JClin Oncol.
2023.41.4_suppl.531

© The Author(s) 2025. Published by Oxford University Press. All rights reserved. For commercial re-use, please contact reprints@oup.com for reprints
and translation rights for reprints. All other permissions can be obtained through our RightsLink service via the Permissions link on the article page on
our site—for further information please contact journals.permissions@oup.com.
JNCI: Journal of the National Cancer Institute, 2025, 117, 2029-2043
https://doi.org/10.1093/jnci/djaf155

Article

920z Areniga 60 U0 Jasn 100U oAl A 0GGS818/620Z/0L/L L L/aI0IE/oul/Woo"dno-olwapeo.//:sdjy oy papeojumoq


https://doi.org/10.1016/j.celrep.2022.111878
https://doi.org/10.1016/j.celrep.2022.111878
https://doi.org/10.3389/fonc.2022.806963
https://doi.org/10.3389/fmolb.2023.1148389
https://doi.org/10.3390/biom10111474
https://doi.org/10.3390/biom10111474
https://doi.org/10.1136/jclinpath-2018-205653
https://doi.org/10.1016/j.jocn.2015.05.066
https://doi.org/10.1186/s12894-023-01349-9
https://doi.org/10.1186/s12894-023-01349-9
https://doi.org/10.1038/srep36990
https://doi.org/10.1002/cam4.3376
https://doi.org/10.1200/JClinOncol.2023.41.4_suppl.531
https://doi.org/10.1200/JClinOncol.2023.41.4_suppl.531

	Active Content List
	Introduction
	Methods
	Results
	Discussion
	Acknowledgments
	Author Contributions
	Funding
	Conflicts of interest
	Ethics statement
	Data availability
	References


