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Abstract

Background The results reported in the TOPAZ-1 phase III trial led to the approval of the combination of cisplatin
and gemcitabine with durvalumab as the new first-line standard of care for patients with locally advanced or metastatic
cholangiocarcinoma.

Objective We performed a clustering analysis to classify patients into different groups based on their mutation profile, cor-
relating the results of the analysis with clinical outcomes.

Methods We selected 51 patients with cholangiocarcinoma who were treated with the combination of chemotherapy and
durvalumab and who were screened using the next-generation sequencing-based FoundationOne gene panel. We conducted
mutation-based clustering of tumors and a survival analysis.

Results Three main clusters were identified. Cluster 1 is mostly characterized by mutations in genes belonging to the chro-
matin modification pathway, altered in 100% of patients. Cluster 2 is characterized by the alteration of several pathways,
among which DNA damage control, chromatin modification, RTK/RAS, cell-cycle apoptosis, TP53, and PI3K were the most
affected. Finally, most altered pathways in cluster 3 were RTK/RAS and cell-cycle apoptosis. Overall response rate was 4/13
(31%), 12/24 (50%), and 0/10 (0%) in cluster 1, cluster 2, and cluster 3, respectively, and the difference between the three
clusters was statistically significant (» = 0.0188).

Conclusions By grouping patients into three clusters with distinct molecular and genomic alterations, our analysis showed
that patients included in cluster 2 had higher overall response rates, whereas patients included in cluster 3 had no objective
response. Further investigations on larger and external cohorts are needed in order to validate our results.
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1 Introduction

Biliary tract cancers (BTCs) are a heterogeneous group of
malignancies with a dismal prognosis and poor therapeutic
options [1-4]. For early stage, surgery followed by chemo-
therapy is the only curative option, but the proportion of
recurrences after radical treatment remains high [5]. For
locally advanced and metastatic stages, platinum-based
chemotherapy had constituted the standard of care since
2010, when the randomized ABC-02 phase III trial reported
a survival benefit with the addition of cisplatin to gemcit-
abine compared with gemcitabine alone. Nevertheless,
survival rates reported for the chemotherapy combination
were about 2% at 5 years for patients with metastatic disease
[6, 7]. Recently, the development of new high-throughput
molecular analysis techniques has highlighted the genomic
heterogeneity of BTC, and several potential molecular tar-
gets with therapeutic implications have been investigated
[1, 8-12].

Moreover, immunotherapy has shown promise for these
patients: the phase III TOPAZ-1 trial reported a benefit in
terms of both overall survival (OS) and progression-free
survival (PFS) for patients with locally advanced or meta-
static BTC who received the anti-programmed cell death
ligand 1 (anti-PD-L1) durvalumab in addition to the standard
chemotherapy combination [13]. More precisely, the com-
bination of cisplatin/gemcitabine and durvalumab achieved
a median OS of 12.8 months compared with 11.5 months
for chemotherapy alone, with a significant reduction in the
risk of death of 20% in favor of the experimental arm [13].
These results led to the approval of the combination with
durvalumab as the new first-line standard of care by the US
Food and Drug Administration and European Medicines
Agency. Another chemo-immunotherapy combination has
been recently proposed for patients with advanced BTC:

the phase III KEYNOTE-966 trial demonstrated improved
survival outcomes with the addition of the anti-programmed
cell death 1 pembrolizumab to the standard chemotherapy
backbone cisplatin/gemcitabine [15], thus confirming the
benefit of chemotherapy combined with immunotherapy in
this setting.

Despite the recent progress in this field, no biomark-
ers able to identify which patients could benefit most from
immunotherapy have been identified, and only scarce data
about the clinical impact of genomic features in this setting
are available. Of note, the TOPAZ-1 trial reported no sig-
nificant interaction between PD-L1 status and treatment effi-
cacy, as the clinical benefit of the addition of durvalumab to
chemotherapy was not significantly different in PD-L1-pos-
itive and PD-L1-negative patients. The impact of molecu-
lar features on efficacy outcomes in patients enrolled in the
same trial has been recently presented: efficacy expressed
in terms of OS, overall response rate (ORR), and PFS with
the addition of durvalumab to standard chemotherapy has
been reported consistently in all patients regardless of the
mutational profile, including patients with actionable altera-
tions [14]. A deeper knowledge on the molecular profile of
these patients and on the therapeutic implications could lead
to the identification of those patients who are more likely to
respond to a treatment. Moreover, the identification of those
patients who could be more responsive to immunotherapy
could open the way to further investigations focused on other
clinical settings, including the neoadjuvant and adjuvant
settings.

To gain insight into the molecular heterogeneity of BTC
and the therapeutic impact of genomic profiling, we per-
formed a clustering analysis to classify patients into dif-
ferent groups based on their mutation profile. In details,
we analyzed a cohort of patients with locally advanced or
metastatic BTC who received durvalumab plus cisplatin/
gemcitabine as first-line treatment in a real-world setting,
correlating the results of the analysis with clinical outcomes.

2 Materials and Methods
2.1 Patients’ Enrollment and Sample Collection

The overall population included patients with unresectable,
locally advanced, or metastatic BTC, including intra-hepatic
and extra-hepatic cholangiocarcinoma and gallbladder car-
cinoma. Data were prospectively collected from 11 Italian
institutions. Formalin-fixed paraffin-embedded samples and
hematoxylin-eosin staining slides of the patients included
were collected from the pathology department of each insti-
tution. A genomic analysis of primary tumors was performed
by the FOUNDATION Cdx technology (FoundationOne
assay).



Patients included in the cohort received gemcitabine
(1000 mg/m?) plus cisplatin (25 mg/m?) intravenously on
days 1 and 8 of a 21-day cycle for up to eight cycles. Dur-
valumab (1500 mg) was administered on day 1 of each cycle,
in combination with chemotherapy. After completion of up
to eight cycles, durvalumab monotherapy was administered
once every 4 weeks until clinical or imaging disease progres-
sion or unacceptable toxicity. Because durvalumab is not
yet reimbursed by the Italian Medicines Agency (AIFA),
it was provided free of charge at the request of physicians
for each individual patient by AstraZeneca Italy within an
early access program. AstraZeneca Italy had no role in plan-
ning this study or collecting or analyzing patient data. The
present study was approved by the local ethics committee at
each center, complied with the provisions of the Good Clini-
cal Practice guidelines and the Declaration of Helsinki and
local laws, and fulfilled the Regulation (European Union)
2016/679 of the European Parliament and of the Council
of 27 April 2016 on the protection of natural persons with
regard to the processing of personal data.

2.2 Clinical Data

Clinical data including patients’ age, gender, and Eastern
Cooperative Oncology Group Performance Status were ret-
rospectively collected at baseline. Pathological data, includ-
ing primary tumor location, histological grading, and TNM
stage according to the 8th edition of the 2017 American Joint
Committee on Cancer staging system were collected at base-
line. Response to treatment was assessed using RECIST 1.1
criteria. For each patient, a follow-up and oncology assess-
ment were planned as per standard of practice, according to
guidelines and institutional protocols.

2.3 Identification of Genomic Alterations

Formalin-fixed paraffin-embedded tumor tissues containing
at least 20% of tumor cells were collected at each center and
sent for genomic analysis by the next-generation sequenc-
ing (NGS)-based FoundationOne assay (FoundationOne®;
Foundation Medicine Inc., MA, USA) gene panel. Identi-
fied alterations included insertions/deletions (indel, 1-40
bp), base substitutions, copy number alterations/amplifi-
cations (ploidy < 4, amplification with copy number > 8),
copy number alterations/deletions (ploidy < 4, homozygous
deletions), and fusion/rearrangements in 324 genes. Variants
of uncertain significance were included in the analysis. In
addition, microsatellite status (determined by assessing indel
characteristics at 114 homopolymer repeat loci in or near
the targeted gene regions of the FoundationOne test) was
assessed. A descriptive analysis of the molecular landscape
in the entire sample was performed.

2.4 Clustering Analysis

Genomic data were collected into electronic data files by
each participating center and centrally reviewed at the coor-
dinating center (IRCCS San Raffaele Hospital) in order to
perform a clustering analysis. For each patient, the muta-
tional status of 324 genes screened in the FoundationOne
assay was annotated. Genes showing mutations in more
than 5% of patients were selected for the clustering analysis
resulting in 37 genes.

Mutation-based clustering analysis was performed with
ccpw Model from Zhang et al. [16], using a manually
curated cancer pathway list (mep list), including 511 puta-
tive cancer genes belonging to 16 pathways, as described
in our previous work [9]. In brief, binary values indicate
the mutational status of cancer driver genes and are used as
features in the in the Ward’s hierarchical clustering process.
The mcp list includes the following pathways: cell cycle and
apoptosis (32 genes), chromatin modification (31 genes),
DNA damage control (31 genes), HH (6 genes), HIPPO (38
genes), MAPK (8 genes), MYC (13 genes), NOTCH (73
genes), NRF2 (3 genes), PI3K (57 genes), RTK RAS (99
genes), STAT (11 genes), TGF-b (14 genes), TP53 (6 genes),
transcriptional regulation (13 genes), and WNT (76 genes).
It should be noted that the same genes could belong to mul-
tiple pathways.

2.5 Statistical Analysis

Categorical variables were presented as totals and frequen-
cies and evaluated by the Chi-squared test or Fisher exact
test, as appropriate. Genomic alterations observed in >5% of
the entire cohort of patients were considered for the analysis
of distribution of genomic alterations. A survival analysis
according to the identified clusters was performed. In the
survival analysis, PFS and OS were considered. Progres-
sion-free survival was measured from the date of the start
of first-line therapy to the date of disease progression, death,
or last follow-up. Overall survival was measured from the
date of the first-line therapy start and the date of death or last
follow-up. The last follow-up was not counted as an event,
but patients were censored at that point.

Progression-free survival and OS frm first-line therapy
were calculated by the Kaplan—-Meier ethod and assessed
by a log-rank test for a univariate analysis. The results were
recorded as hazard ratios (HRs) and 95 confidence inter-
vals (Cls). A two-tailed p-value less than 0.05 was consid-
ered statistically significant. For the respnse rate analysis,
both ORR and disease control rate were cnsidered. Overall
response rate was defined as the proportio of patients who
achieved a complete response or partial response. Disease
control rate was defined as the proportionof patients who
achieved a complete response or partial respnse or a stable



disease. A MedCalc package (MedCalc® version 16.8.4)
was used for the statistical analysis.

3 Results
3.1 Clinical Characteristics

Overall, the cohort of patients included 138 patients with
advanced BTC who received treatment from January 2017
to November 2022; 51 of them were studied with a 324-
gene NGS panel (FoundationOne), and thus were included
in the survival and clustering analysis. Median age at diag-
nosis was 62 years (range: 3680 years). Overall, 74.5% of
the sample was affected by an intrahepatic cholangiocarci-
noma, whereas less than 20% presented with an extrahepatic
cholangiocarcinoma and 6% with a gallbladder carcinoma.
Thirty-five percent of the patients had received previous sur-
gery, and 21.5% of patients were treated with adjuvant chem-
otherapy. Most of the cohort (96%) had metastatic disease at
baseline, with only two patients with locally advanced dis-
ease. Fifty-seven percent of the entire population presented
an Eastern Cooperative Oncology Group Performance Status
of 0—1, and 55% were classified as normal weight. A signifi-
cant proportion of patients (65%) had high blood levels of
CA 19-9 at baseline, whereas approximately 50% presented
with a neutrophil-lymphocyte ratio >3. Baseline character-
istics are reported in Table 1.

3.2 Selection of Genomic Alterations

First, we performed a descriptive molecular analysis and
selected the genomic alterations observed in at least 5%
of patients. Overall, the 324-gene NGS panel allowed the
identification of 183 genomic alterations observed in at
least 5% of the entire cohort. These genomic alterations
involved 37 genes, with a median of 5.0 genomic altera-
tions per gene (range 3—15) and a median of genomic altera-
tions for patients of 3.6. The most common genomic altera-
tions were found in ARIDIA, (29%) CDKN2A/2B (21.5%),
MLL2 (17.5%), BRCA2 (15.5%), PBRM1 (15.5%), NRAS/
KRAS (15.5%), BAP1 (15.5%), TP53 (14%), IDH1 (12%),
MTAP (12%), MDM?2 (10%), ATM (10%), MSH3 (10%),
SMAD4 (10%), and PIK3C2B (10%) (Fig. 1). The entire
list of genomic alterations observed in >5% of patients is
reported in Table 2.

3.3 Clustering Analysis

Overall, 30 out of the 37 genes with a mutation frequency of
>5% were present in the mcp list and therefore included in
the clustering analysis (Table 2). Figure 2A shows two main
clusters: one including 27 patients (cluster 2) and the second

including 24 patients, further subdivided into one cluster
of 13 patients (cluster 1) and one of 11 patients (cluster 3).
The three main clusters are characterized by alterations in
genes belonging to different pathways (Fig. 2B-D). Patients
included in the three different clusters had similar baseline
characteristics, except for baseline blood levels of CA 19-9,
as patients in cluster 3 showed fewer patients with elevated
CA 10-9 levels compared with those included in cluster
1 and 2 (18% vs 59% vs 62%, respectively, p = 0.0395)
[Table 1].

By comparing the number of mutated genes in the three
clusters, cluster 2 had the highest number of mutated genes
(36/37 analyzed genes), while patients belonging to clus-
ter 1 and cluster 3 showed genomic alterations in a similar
number of genes (15/37 and 13/37 analyzed genes, respec-
tively). Cluster 1 is mostly characterized by mutations in
genes belonging to the chromatin modification pathway,
altered in 100% of patients (Fig. 2B). Cluster 2 is charac-
terized by the alteration of several pathways, among which
DNA damage control (81%), chromatin modification (78%),
RTK/RAS (63%), cell-cycle apoptosis (59%), TP53 (48%),
and PI3K (30%) were the most affected (Fig. 2C). Finally,
the most altered pathways in cluster 3 were RTK/RAS (36%)
and cell-cycle apoptosis (27%) (Fig. 2D).

By considering the single pathways, several differences
were found in terms of altered genes and frequencies in clus-
ter 1, cluster 2, and cluster 3. Eight genes belonging to the
chromatin modification pathway were found to be altered
in our sample (ARIDIA, PBRMI, MLL2, IDHI, IDH?2,
SETD2, TET2, and ASXLI). This pathway was altered in
both cluster 1 and cluster 2 (Fig. S1A of the Electronic Sup-
plementary Material [ESM]). Overall, 7/8 genes belonging
to this pathway were mutated in cluster 1 and cluster 2, in
particular, /DH?2 was mutated only in cluster 1, while SE72D
was mutated only in cluster 2. Mutations in ARIDIA4 (6/13,
46% of patients), IDH1 (4/13, 31% of patients), and IDH?2
(3/13, 23% of patients) defined almost the entire cluster 1
(12/13 patients, 92%) and were mutually exclusive except for
one patient who presented with mutations in both ARIDIA
and IDH?. In contrast, mutations in ARID1A4 (9/27, 33% of
patients), PBRM1 (7/27, 26% of patients), and MLL2 (7/27,
26% of patients) defined 67% of cluster 2. No genes included
in the chromatin modification pathway were altered in clus-
ter 3.

Cluster 2 and cluster 3 shared alteraions in the same
pathways not altered in cluster 1, i.e., DNA damage con-
trol, RTK/RAS, cell cycle and apoptosi, and TP53, but
with striking differences. Four genes inclded in the DNA
damage control pathway were found to e altered in our
sample (BRCA2, BAPI, TP53, and ATM) Fig. S1B of the
ESM]. This pathway was altered almost only in cluster
2, showing mutations in 4/4 genes includd in this path-
way: BRCA2 (8/27, 30% of patients), TP53(7/27, 26% of



Table 1 Patients'characteristics in the whole population, in cluster 1, cluster 2 and cluster 3

Characteristics Total population Cluster 1 Cluster 2 Cluster 3 P-value
N (%) (N =13) (N =27) (N=11)
N=51

Gender
Male 27 (53) 7 (54) 16 (59) 4 (36) 0.4382
Female 24 (47) 6 (46) 11 (41) 7 (64)

Age, years
=170 17 (33) 431 8 (30) 5 (45) 0.6274
<70 34 (67) 9 (69) 19 (70) 6 (55)

Primary tumor site
Intrahepatic 38 (74.5) 11 (85) 20 (74) 7 (63) 0.7575
Extrahepatic 10 (19.5) 2 (15) 5(18.5) 327
Gallbladder 3(6) 0(0) 2(7.5) 1 (10)

Hepatitis
HBV 3(6) 1(8) 2(7.5) 2(7.5) 0.8247
HCV 24 0(0) 2(7.5) 2(7.5)
Negative 46 (90) 12 (92) 23 (85) 23 (85)

Previous surgery
Yes 18 (35) 4(31) 7 (26) 7 (64) 0.0811
No 33 (65) 9 (69) 20 (74) 4 (36)

Previous adjuvant therapy
Yes 11 (21.5) 3(23) 3(11) 5(45) 0.5531
No 8 (15.5) 2 (15) 4 (15) 2 (18)

Unknown 32 (63) 8 (62) 20 (74) 4(37)

Drainage or stent
Yes 11 (21.5) 4(31) 4(5) 327 0.4516
No 40 (78.5) 9 (69) 23 (95) 8(73)

Disease status
Locally advanced 24 0(0) 14 19 0.5184
Metastatic 49 (96) 13 (100) 26 (94) 10 91)

BMI
Underweight 24 0(0) 0(0) 109 0.3938
Normal-weight 28 (55) 8 (62) 16 (59) 5(45.5)
Overweight 21 (41) 5(38) 9 (41) 5(45.5)

ECOG PS
0 29 (57) 5(38) 17 (63) 7 (64) 0.2997
>0 22 (43) 8 (62) 10 (37) 4 (36)

CA 199
<Normal value 17 (33) 5(38) 10 (37) 9 (82) 0.0395
> Normal value 33 (65) 8(62) 16 (59) 2 (18)
Not reported 12 0(0) 1(4) 0 (0)

CEA
<Normal value 36 (70.5) 9 (69) 21 (78) 19 <0.0001
> Normal value 3 (6) 0(0) 2(7) 6 (55)
Not reported 12 (23.5) 4(31) 4 (15) 4 (36)

NLR
<3 25 (49) 5(38) 12 (44) 8(73) 0.1940
>3 26 (51) 8 (62) 15 (56) 327

CEA and CA 19.9 are the two main tumor markers used in this setting of patients, and are normally used in clinical practice with that names

BMI body mass index, ECOG PS Eastern Cooperative Oncology Group Performance Status, BV hepatitis B virus, HCV hepatitis C virus, NLR
Neutrophil-lymphocyte ratio
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Fig. 1 Diagram of the most frequently altered genes according to the
next-generation sequencing test

patients), BAPI (6/27, 22% of patients), and ATM (5/27,
19% of patients). Only two patients included in cluster 3
were reported to have mutations in BAPI (2/11, 18% of
patients).

Six genes included in the RAS/RTK pathway were
found to be altered in our patient sample (KRAS, NFKI,
ERBB3, FGFR3, IGFIR, and MAP3K]I) [Fig. S1C of the
ESM]. Mutations in 6/6 genes of RAS/RTK pathway were
observed in cluster 2: RAS (5/27, 19% of patients), NF
(4/27, 15% of patients), FGFR3 (3/27, 11% of patients),
IGFIR (3/27, 11% of patients), MAP3KI (3/27, 11% of
patients), and ERBB3 (2/27, 7% of patients). The only
altered genes included in this pathway in cluster 3 were
RAS (3/11, 27% of patients) and ERBB3 (1/11, 9% of
patients).

TP53, CDKN2A/2B, and CCNDI genes included in
the cell-cycle apoptosis pathway were found to be altered
in our patient sample (Fig. S1D of the ESM). While
TP53 was mutated in cluster 2 (7/27, 26% of patients),
CDKNZ2A/B and CCNDI were mutated in both clusters
with similar frequencies (CDKN2A/B: 8/27, 30% of
patients in cluster 2 and 3/11, 27% of patients in cluster
3; CCNDI: 2/27, 7% of patients in cluster 2 and 1/11, 9%
of patients in cluster 3).

Finally, three genes included in the TP53 pathway
were found to be altered in our patient sample (7P53,
MDM?2, and ATM). A high percentage of the alterations
in this pathway were observed in cluster 2 with muta-
tions in all three genes: TP53 (7/27, 27% of patients),
ATM (5/27, 19% of patients), and MDM?2 (3/27, 11% of
patients). In contrast, the only mutated gene in cluster 3
was MDM?2 (2/11, 18% of patients). Of note, mutations
in in CDKN2A/B and RAS defined 86% (6/7) of mutated
patients in cluster 3.

Table 2 List of the main altered genes with the respective pathway
and frequency

Altered gene Pathway(s) Frequency, N (%)
ARIDIA Chromatin Modification 15(29)
CDKN2A/2B Cell cycle_Apoptosis 11 (21.5)
MLL2 Chromatin Modification 9(17.5)
BRCA2 DNA damage control 8 (15.5)
PBRM1 Chromatin Modification 8 (15.5)
NRAS/KRAS RTK RAS 8 (15.5)
BAP1 DNA damage control 8 (15.5)
TP53 Cell cycle_Apoptosis; DNA 7(14)
damage contro; TP53
IDH1 Chromatin Modification 6 (12)
MTAP - 6 (12)
MDM2 TP53 5(10)
ATM DNA damage control; TP53 5(10)
MSH3 - 5(10)
SMAD4 TGF-B 5(10)
PIK3C2B - 5(10)
TGFBR2 TGF-B 4 (8)
NF1 RTK RAS 4 (8)
PIK3CA PI3K 4 (8)
DIS3 - 4 (8)
NOTCHS3 NOTCH 4 (8)
POLE - 4 (8)
CTNNBI1 WNT 3(6)
SETD2 Chromatin Modification 3(6)
ERBB3 RTK RAS 3(6)
CCND1 Cell cycle_Apoptosis 3(6)
IDH2 Chromatin Modification 3(6)
SF3B1 Transcriptional Regulation 3(6)
TET2 Chromatin Modification 3(6)
FGFR3 PI3K; RTK RAS; STAT 3(6)
IGFIR RTK RAS 3(6)
ATR - 3(6)
ASXL1 Chromatin Modification 3(6)
SPEN NOTCH 3(6)
ZNF703 - 3(6)
NOTCHI1 NOTCH 3(6)
RICTOR PI3K 3(6)
MAP3K1 RTK RAS; MAPK 3(6)

3.4 An Algorithm to Stratify Patients in Clinical
Practice According to the Clustering Analysis

We propose an easy-to-use algorithm able to stratify patients
in clinical practice according to our clustering analysis. We
chose the following genes as nodal points of our algorithm
based on the presence of genomic alterations: TP53, BRCA2,
IDHI1/2 or ARID1A4, CDKN2A/B or RAS and SMAD4, BAP1,
or PBRM1 (Fig. 3).



Fig. 2 Classification of patients
according to their mutation
profile. A Mutation-based clus-
tering. B Main altered pathways
in the three clusters. Bar plots
indicate the mutation frequency
for the most altered pathways
in the three clusters. Cluster

1 is mostly characterized by
mutations in genes belonging
to the chromatin modification
pathway, altered in 100% of
patients (B). Cluster 2 is char-
acterized by the alteration of
several pathways, among which
DNA damage control (81%),
chromatin modification (78%),
RTK/RAS (63%), cell-cycle
apoptosis (59%), TP53 (48%),
and PI3K (30%) were the most
affected (C). Finally, the most
altered pathways in cluster 3
were RTK/RAS (36%) and cell-
cycle apoptosis (27%) (D)
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Fig. 3 Schematic of the algorithm designed to stratify patients in the three clusters based on a clustering analysis

3.5 Outcome Analysis According to the Identified 2, and cluster 3 (cluster 3 reference HR 1, cluster 2 HR 2.01,
Clusters cluster 3 HR 2.09, p = 0.7834) (Fig. 4B).

Overall, 13, 24, and 10 patients were available for the
A survival analysis based on the clustering analysis was  response rate analysis in cluster 1, cluster 2, and cluster 3,
performed. In terms of PFS, a trend toward a better out-  respectively. Overall response rate was 4/13 (31%), 12/24
come was reported for cluster 2, without reaching statistical ~ (50%), and 0/10 (0%) in cluster 1, cluster 2, and cluster 3,
significance with a median PFS of 8.88 months versus 6.45  respectively, and the difference was statistically significant
and 6.25 months for cluster 1 and cluster 3, respectively  (p = 0.0188). In terms of the disease control rate, 8/13
(cluster 2 reference HR 1, cluster 1 HR 1.79, cluster 3 HR ~ (61.5%), 12/24 (50%), and 9/10 (90%) patients had disease
1.44, p = 0.5605) (Fig. 4A). In terms of OS, no statistically ~ control in clster 1, cluster 2, and cluster 3, respectively
significant differences were found between cluster 1, cluster (» = 0.0900).In terms of adverse events, no statistically
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Fig. 4 Kaplan—Meier curves for progression-free survival (A) and overall survival (B) in months according to the three genomic clusters.



significant differences were reported in the three clusters of
patients (Table 3).

4 Discussion

To the best of our knowledge, the present work reported the
first clustering analysis performed on a sample of patients
with advanced BTC treated with durvalumab plus cisplatin/
gemcitabine as first-line treatment in a real-world setting.
Our analysis highlighted three clusters characterized by dif-
ferent molecular and genomic features. Patients included in
the three clusters showed significant differences in terms of
response rate, with patients in cluster 2 showing the highest
ORR (50%) and no patients included in cluster 3 achieving
an objective response. Of note, the negative impact in terms
of response rate was observed despite more favorable levels
of CA 19-9. Finally, we developed an easy-to-use algorithm
in order to transfer our results into clinical practice, thus

providing a useful tool to stratify patients who could benefit
from treatment with cisplatin/gemcitabine and durvalumab
in terms of ORR.

Several considerations arise from our results. Cluster
1 has been shown to be mainly characterized by genomic
alterations in genes involved in the chromatin modifica-
tion pathway, thus including /DHI and ARIDIA. In con-
trast, cluster 2 has been highlighted as the most mutated,
probably due to frequent mutations in genes involved in
DNA damage repair (primarily, BRCA2 and ATM), thus
conferring a sort of genomic instability on this group of
patients. Finally, cluster 3 was shown to be characterized
by genomic alterations in genes involved in RAS/RTK,
the cell cycle, and apoptosis. In the survival analysis, no
statistically significant differences in OS or PFS were
found between the three clusters, possibly because of the
small sample size and the low rate of events. However,
despite the small sample size, this result is of particu-
lar interest in the selection of patient who could benefit

Table 3 Safety Profile in the whole population, in cluster 1, cluster 2 and cluster 3

Toxicities Total population Cluster 1 Cluster 2 Cluster 3 P-value
N (%) (N=13) (N=27) nN=11)
N=51

Neutrophils decreased
Yes 3(6) 1(8) 2(7.5) 0(0) 0.6447
No 48 (94) 12 (92) 25(92.5) 11 (100)

Pruritus
Yes 3(6) 0(0) 3(11) 0(0) 0.2425
No 48 (94) 13 (100) 24 (89) 11 (100)

Colitis
Yes 1(2) 0(0) 14 0(0) 0.6355
No 50 (98) 13 (100) 26 (96) 11 (100)

Hypothyroidism
Yes 24 0(0) 2(7.5) 0(0) 0.3965
No 49 (96) 13 (100) 25(92.5) 11 (100)

Decreased appetite
Yes 5(10) 1(8) 2(7.5) 2 (18) 0.5729
No 46 (90) 12 (92) 25(92.5) 9(82)

Fever
Yes 9(17.5) 4 (31) 2(7.5) 3(27) 0.1231
No 42 (82.5) 9 (69) 25(92.5) 8(73)

Fatigue
Yes 27 (53) 8 (61.5) 14 (52) 5(45.5) 0.7240
No 24 (47) 5(38.5) 13 (48) 6 (54.5)

Immune-related toxicities
Yes 7 (14) 1(8) 5(18.5) 109 0.5704
No 44 (86) 12 (92) 22 (81.5) 10 (91)

Other toxicities
Yes 3(6) 1(8) 14 109 0.7738
No 48 (94) 12 (92) 26 (96) 10 (91)




from neoadjuvant and/or conversion treatment. To date,
no standard neoadjuvant treatment has been approved for
BTC, data are scarce, and the selection of patients who
could benefit from neoadjuvant or conversion treatment is
still challenging. Indeed, in other cancer types, systemic
treatment has been shown to reduce the risk of recurrence
after surgery and make patients who were not resectable at
baseline resectable. From the TOPAZ-1 trial, patients with
locally advanced disease were found to have a larger sur-
vival benefit with cisplatin/gemcitabine plus durvalumab
compared with patients with metastatic disease. Further-
more, the chemotherapy triplet cisplatin/gemcitabine plus
nab-paclitaxel was shown to confer a survival benefit in
patients with locally advanced disease and not in patients
with metastatic disease [19]. We found distinct response
rates by molecular cluster in the advanced setting may
lead to some speculations on the impact of cisplatin/gem-
citabine plus durvalumab also in a setting of conversion/
neoadjuvant treatment, where shrinkage is even more
needed to reach better outcomes. Our results might suggest
that patients included in cluster 3 might not benefit from
conversion/neoadjuvant treatment before surgery. In con-
trast, patients with locally advanced disease included in
cluster 2 could be the best candidates for conversion treat-
ment with cisplatin/gemcitabine plus durvalumab. More
investigations are needed in order to verify our hypothesis.
The improved response rate reported in cluster 2 could
be ascribed to the molecular profile. Indeed, cluster 2 is
enriched with mutations in genes like BRCA2 and ATM,
which are known to confer the “BRCAness” phenotype.
As already demonstrated in several oncological settings,
including breast, ovarian, and pancreatic cancer, the
“BRCAness” phenotype confers a special susceptibility to
platinum compounds and PARP inhibitors [11, 20-24]. In
a previous retrospective analysis, our group demonstrated
a significant benefit in terms of PFS and a trend toward
better OS in a cohort of patients with advanced BTC with
the “BRCAness” phenotype treated with cisplatin plus
gemcitabine as first-line therapy compared with “BRCA-
ness wild-type” patients [25]. In addition, a growing body
of evidence suggests that changes in the DNA damage
repair system could alter genomic stability [26], as they
lead to the accumulation of DNA damage thus promot-
ing local antigen release and enhancing immunogenic-
ity in tumors [27-29]. The immunogenicity promoted by
alterations in DNA damage repair systems may underlie
the improved response to immune checkpoint inhibitors,
which has been reported in various oncology settings [30].
Thus, “BRCAness” patients seem to be biologically prone
to respond well not only to cisplatin and PARP inhibitors,
but also to immunotherapy, which is consistent with our
findings. Interestingly, a molecular analysis performed on

patients included in the TOPAZ-1 study showed a benefit
on the ORR regardless of any genomic alteration.

From a molecular point of view, our work has shown
that the most commonly altered genes are ARIDIA, (29%)
CDKN2A/2B (21.5%), MLL2 (17.5%), BRCA2 (15.5%),
PBRM1 (15.5%), NRAS/KRAS (15.5%), BAPI (15.5%),
TP53 (14%), IDHI (12%), MTAP (12%), MDM?2 (10%),
ATM (10%), MSH3 (10%), SMAD4 (10%), and PIK3C2B
(10%). Recently, Valle and colleagues presented the results
of the genomic analysis from the TOPAZ-1 trial: this analy-
sis showed that TP53 (48.8%), CDKN2A/B (25.2%), KRAS
(24.0%), ARID1A4 (20.9%), SMAD4 (14.5%), IDH]I (8.8%),
and PIK3CA (8.2%) were the most frequently altered genes,
with differences depending on the primary tumor site and
geographic location. Moreover, they presented the impact of
clinically actionable genomic alterations such as in KRAS,
IDHI, ERBB2, BRCAI1/2, BRAF, and FGFR2 on the objec-
tive response rate. Interestingly, in the cisplatin/gemcitabine
plus durvalumab arm, patients with BRCA1/2 mutations
reported a higher ORR compared with wild-type patients,
which is consistent with our results.

Our research has several limitations. First, this is a retro-
spective analysis, thus selection biases cannot be excluded
owing to the nature of the investigation. Second, the small
sample size and short follow-up period do not allow the
drawing of definitive conclusions, thus validation on a larger
cohort of patients is needed. Nevertheless, durvalumab has
been recently introduced in the therapeutic armamentarium
for BTC, and our cohort is the largest cohort of patients
with advanced BTC who received durvalumab in a real-
world setting and who were screened with a comprehensive
NGS panel at baseline, thus making our results, although
preliminary, of interest. Another limitation is related to the
NGS panel used: no whole exome sequencing analysis was
performed in our cohort, but all patients were tested with the
FoundationOne assay, to ensure consistent data quality and,
consequently, more reliable results. In addition, the choice
to include the variants of uncertain significance has to be
considered and justified. Because scarce data are already
available concerning the role of molecular alteration and
clinical outcomes to cisplatin/gemcitabine plus durvalumab
in this setting of patients, as well as the role of many
genomic alterations in advanced BTC not yet conclusively
defined, we decided to include all the genomic alterations
highlighted, thus including the variants of uncertain signifi-
cance. If it could be considered a methodological choice,
we need to consider that in the interpretation of the present
results. Moreover, no complete data about the variant allele
frequency were available, so this important information has
not been considered in the present analysis, thus configuring
an important limitation. Finally, our data resulting from a
sophisticated clustering analysis need to be confirmed and
validated on larger cohorts of patients.



5 Conclusions

The present analysis is one of the first comprehensive
genomic analyses performed on a cohort of patients with
advanced BTC who received cisplatin/gemcitabine plus dur-
valumab. The clustering analysis highlighted the presence
of three clusters characterized by different genomic profiles
with interesting clinical impacts, mainly in terms of response
rates. No prognostic value has been shown, and further
investigations are needed. The present analysis aimed to
identify molecular and genomic biomarkers to select which
patients are more likely to respond to the combination of
immunotherapy plus chemotherapy. By grouping patients
into three clusters with distinct molecular and genomic
alterations, despite the limitation of the small sample size,
our analysis showed that patients included in cluster 2 had a
higher ORR, whereas patients included in cluster 3 had no
objective response. Further investigations with larger and
external cohorts are needed in order to validate our results.
Nevertheless, this preliminary insight into the molecular het-
erogeneity of patients with BTC treated with cisplatin/gem-
citabine plus durvalumab as first-line therapy could open
new avenues of research focusing on mechanisms of primary
resistance to treatments, with the ultimate goal of improving
the stratification of patients and clinical outcomes.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11523-024-01032-5.

Declarations

Funding No external funding was used in the preparation of this arti-
cle.

Conflict of Interest/Competing Interests Monica Niger received trav-
el expenses from AstraZeneca, speaker honoraria from Accademia
della Medicina and Incyte; honoraria from Sandoz, Medpoint SRL,
Incyte, and Servier for editorial collaboration; and consultant hono-
raria from EMD Serono, Basilea Pharmaceutica, Incyte, MSD Italia,
Servier, Astrazeneca, and Taiho. TP: Swedish Orpahn Biovitrum AB,
Ability Pharmaceuticals SL, Aptitude Health, AstraZeneca, Basilea
Pharma, Baxter, BioLineRX Ltd, Celgene, Eisai, Ellipses, Genzyme,
Got It Consulting SL, Hirslanden/GITZ, Imedex, Incyte, Ipsen Bio-
science , Inc, Janssen, Lilly. Marketing Farmacéutico & Investigacion
Clinica, S.L, MDS, Medscape, Novocure, Paraxel, PPD Development,
Polaris, QED Therapeutics, Roche Farma, Sanofi-Aventis, Servier,
Scilink Comunicacién Cientifica SC, Surface Oncology, and Zyme-
works. Tiziana Pressiani received/reports consulting fees from Bayer,
Ipsen, and Astra Zeneca; institutional research funding from Roche,
Bayer, and Astra Zeneca; and travel accommodations from Roche.
Lorenza Rimassa declares consulting/advisory roles for AstraZen-
eca, Basilea, Bayer, BMS, Eisai, Exelixis, Genenta, Hengrui, Incyte,
Ipsen, IQVIA, Jazz Pharmaceuticals, MSD, Nerviano Medical Sci-
ences, Roche, Servier, Taiho Oncology, Zymeworks; honoraria for
lectures from AstraZeneca, Bayer, BMS, Eisai, Incyte, Ipsen, Merck
Serono, Roche, and Servier; travel expenses from AstraZeneca; and
research funding (to institution) from Agios, AstraZeneca, BeiGene,
Eisai, Exelixis, Fibrogen, Incyte, Ipsen, Lilly, MSD, Nerviano Medi-
cal Sciences, Roche, and Zymeworks. Sara Lonardi reports research

funding (to institution) from Amgen, Astellas, Astra Zeneca, Bayer,
Bristol-Myers Squibb, Daichii Sankyo, Hutchinson, Incyte, Merck Se-
rono, Mirati, MSD, Pfizer, Roche, and Servier; personal honoraria as
an invited speaker from Amgen, Bristol-Myers Squibb, Incyte, GSK,
Lilly, Merck Serono, MSD, Pierre-Fabre, Roche, and Servier; and par-
ticipation in advisory boards for Amgen, Astellas, Astra Zeneca, Bay-
er, Bristol-Myers Squibb, Daiichi-Sankyo, GSK, Incyte, Lilly, Merck
Serono, MSD, Servier, and Takeda. Lorenzo Fornaro reports personal
honoraria as an invited speaker from Incyte, Bristol Myers Squibb
and Lilly; research funding (to institution) from MSD, Bristol Myers
Squibb, AstraZeneca, Incyte, BeiGene, Astellas, Daiichi Sankyo, and
Roche; and participation in advisory boards for MSD, AstraZeneca,
Incyte, Taiho, Servier, Daiichi Sankyo, and Lilly. Margherita Rimini,
Eleonora Loi, Mario Domenico Rizzato, Caterina Vivaldi, Eleonora
Gusmaroli, Lorenzo Antonuzzo, Erika Martinelli, Ingrid Garajova,
Guido Giordano, Jessica Lucchetti, Marta Schirripa, Noemi Cornara,
Federico Rossari, Francesco Vitiello, Elisabeth Amadeo, Mara Per-
sano, Vittoria Matilde Piva, Rita Balsano, Francesca Salani, Chiara
Pircher, Stefano Cascinu, Mario Scartozzi, Patrizia Zavattari, Andrea
Casadei-Gardini have no conflicts of interest that are directly relevant
to the content of this article.

Ethics Approval The ethics review board of each institutional hospital
approved the present study. This study was performed in line with the
principles of the Declaration of Helsinki.

Consent to Participate Written informed consent for treatment was
obtained for all patients.

Consent for Publication Not applicable.

Availability of Data and Material Data are available on request from
the authors.

Code Availability Not applicable.

Authors’ Contributions Conception and design: EL, MR, PZ, AC-G;
acquisition of data (acquired and managed patients): all authors. analy-
sis and interpretation of data: EL, MR, PZi, AC-G; writing, review,
and/or revision of the manuscript: EL, MR, PZ, AC-G; final approval
of manuscript: all authors.

References

1. Rimini M, Puzzoni M, Pedica F, Silvestris N, Fornaro L, Aprile
G, et al. Cholangiocarcinoma: new perspectives for new horizons.
Expert Rev Gastroenterol Hepatol. 2021;15(12):1367-83. https://
doi.org/10.1080/17474124.2021.1991313.

2. Wul, Yang S, Xu K, Ding C, Zhou Y, Fu X, et al. Patterns and
trends of liver cancer incidence rates in Eastern and Southeastern
Asian countries (1983-2007) and predictions to 2030. Gastro-
enterology. 2018;154(6):1719-28.e5. https://doi.org/10.1053/j.
gastro.2018.01.033.

3. Bertuccio P, Malvezzi M, Carioli G, Hashim D, Boffetta P, El-
Serag HB, et al. Global trends in mortality from intrahepatic and
extrahepatic cholangiocarcinoma. J Hepatol. 2019;71(1):104-14.
https://doi.org/10.1016/j.jhep.2019.03.013.

4. Sia D, Villanueva A, Friedman SL, Llovet JM. Liver cancer cell
of origin, molecular class, and effects on patient prognosis. Gas-
troenterology. 2017;152:745-61.

5. Mazzaferro V, Gorgen A, Roayaie S, DrozDitBusset M, Sapi-
sochin G. Liver resection and transplantation for intrahepatic


https://doi.org/10.1007/s11523-024-01032-5
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/10.1053/j.gastro.2018.01.033
https://doi.org/10.1016/j.jhep.2019.03.013

10.

11.

12.

13.

14.

15.

16.

17.

cholangiocarcinoma. J Hepatol. 2020;72(2):364—77. https://doi.
org/10.1016/j.jhep.2019.11.020.

Valle J, Wasan H, Palmer DH, Cunningham D, Anthoney A, Mara-
veyas A, et al. Cisplatin plus gemcitabine versus gemcitabine for
biliary tract cancer. N Engl J Med. 2010;362(14):1273-81. https://
doi.org/10.1056/NEJM0a0908721.

Vogel A, Bridgewater J, Edeline J, Kelley RK, Kliimpen HJ,
Malka D, ESMO Guidelines Committee, et al. Biliary tract can-
cer: ESMO clinical practice guideline for diagnosis, treatment
and follow-up. Ann Oncol. 2023;34(2):127—40. https://doi.org/
10.1016/j.annonc.2022.10.506.

Lamarca A, Kapacee Z, Breeze M, Bell C, Belcher D, Staiger H,
et al. Molecular profiling in daily clinical practice: practicalities
in advanced cholangiocarcinoma and other biliary tract cancers. J
Clin Med. 2020;9(9):2854. https://doi.org/10.3390/jcm9092854.
Rimini M, Loi E, Fabregat-Franco C, Burgio V, Lonardi S, Niger
M, et al. Next-generation sequencing analysis of cholangiocar-
cinoma identifies distinct IDH1-mutated clusters. Eur J Cancer.
2022;175:299-310. https://doi.org/10.1016/j.ejca.2022.08.026.
Rimini M, Fabregat-Franco C, Burgio V, Lonardi S, Niger M,
Scartozzi M, et al. Molecular profile and its clinical impact of
IDH1 mutated versus IDH1 wild type intrahepatic cholangio-
carcinoma. Sci Rep. 2022;12(1):18775. https://doi.org/10.1038/
s41598-022-22543-z.

Rimini M, Macarulla T, Burgio V, Lonardi S, Niger M, Scartozzi
M, et al. Gene mutational profile of BRCAness and clinical impli-
cation in predicting response to platinum-based chemotherapy in
patients with intrahepatic cholangiocarcinoma. Eur J Cancer.
2022;171:232-41. https://doi.org/10.1016/j.ejca.2022.05.004.
Nakamura H, Arai Y, Totoki Y, Shirota T, Elzawahry A, Kato
M, et al. Genomic spectra of biliary tract cancer. Nat Genet.
2015;47(9):1003—10. https://doi.org/10.1038/ng.3375.

Oh DY, He AR, Qin S, Chen LT, Okusaka T, Vogel A, et al. A
phase 3 randomized, double-blind, placebo-controlled study of
durvalumab in combination with gemcitabine plus cisplatin (Gem-
Cis) in patients (pts) with advanced biliary tract cancer (BTC):
TOPAZ-1. NEJM Evid. 2022. https://doi.org/10.1056/EVIDo
a2200015.

Valle JW, Qin S, Antonuzzo L, Tougeron D, Lee C, et al. Impact
of mutation status on efficacy outcomes in TOPAZ-1: A phase
III study of durvalumab (D) or placebo (PBO) plus gemcitabine
and cisplatin (+GC) in advanced biliary tract cancer (BTC). Ann
Oncol.  2022;33(Suppl_9):S1454-84. https://doi.org/10.1016/
annonc/annoncl123.

Kelley RK, Ueno M, Yoo C, Finn RS, Furuse J, Ren Z, et al.
Pembrolizumab in combination with gemcitabine and cisplatin
compared with gemcitabine and cisplatin alone for patients
with advanced biliary tract cancer (KEYNOTE-966): a ran-
domised, double-blind, placebo-controlled, phase 3 trial. Lancet.
2023;S0140-6736(23):00727-34. https://doi.org/10.1016/S0140-
6736(23)00727-4.

Zhang W, Flemington EK, Zhang K. Driver gene mutations based
clustering of tumors: methods and applications. Bioinformatics.
2018;34(13):1404—11. https://doi.org/10.1093/bioinformatics/
bty232.

Vogelstein B, Papadopoulos N, Velculescu VE, Zhou S, Diaz
LA Jr, Kinzler KW. Cancer genome landscapes. Science.

18.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

2013;339(6127):1546-58. https://doi.org/10.1126/science.12351
22.

Sanchez-Vega F, Mina M, Armenia J, Chatila WK, Luna A, La
KC, et al. Oncogenic signaling pathways in The Cancer Genome
Atlas. Cell. 2018;173(2):321-37.e10. https://doi.org/10.1016/j.
cell.2018.03.035.

Shroff RT, Guthrie KA, Scott AJ, et al. SWOG 1815: a phase
111 randomized trial of gemcitabine, cisplatin, and nab-paclitaxel
versus gemcitabine and cisplatin in newly diagnosed, advanced
biliary tract cancers. J Clin Oncol. 2023;41(Suppl 4):LBA490.
https://doi.org/10.1200/JC0O.2023.41.3_suppl. LBA490.

Watkins JA, Irshad S, Grigoriadis A, Tutt AN. Genomic scars
as biomarkers of homologous recombination deficiency and
drug response in breast and ovarian cancers. Breast Cancer Res.
2014;16:211.

Turner N, Tutt A, Ashworth A. Hallmarks of ‘BRCAness’ in spo-
radic cancers. Nat Rev Canc. 2004;4:814¢9.

Muggia F, Safra T. ‘BRCAness’ and its implications for platinum
action in gynecologic cancer. Anticancer Res. 2014;34:551-6.
Bryant HE, Schultz N, Thomas HD, Parker KM, Flower D,
Lopez E, et al. Specific killing of BRCA2-deficient tumours
with inhibitors of poly(ADP-ribose) polymerase. Nature.
2005;434(7035):913-7. https://doi.org/10.1038/nature03443.
Wattenberg MM, Asch D, Yu S, O’Dwyer PJ, Domchek SM,
Nathanson KL, et al. Platinum response characteristics of patients
with pancreatic ductal adenocarcinoma and a germline BRCAL,
BRCA2 or PALB2 mutation. Br J Cancer. 2020;122(3):333-9.
https://doi.org/10.1038/s41416-019-0582-7.

Golan T, Hammel P, Reni M, Van Cutsem E, Macarulla T, Hall
MJ, et al. Maintenance olaparib for germline BRCA-mutated met-
astatic pancreatic cancer. N Engl J Med. 2019;381(4):317-27.
https://doi.org/10.1056/NEJMoa1903387.

O’Connor MIJ. Targeting the DNA damage response in cancer.
Mol Cell. 2015;60(4):547-60. https://doi.org/10.1016/j.molcel.
2015.10.040.

Chatzinikolaou G, Karakasilioti I, Garinis GA. DNA damage
and innate immunity: links and trade-offs. Trends Immunol.
2014;35(9):429-35. https://doi.org/10.1016/;.it.2014.06.003.
Mouw KW, Goldberg MS, Konstantinopoulos PA, D’Andrea AD.
DNA damage and repair biomarkers of immunotherapy response.
Cancer Discov. 2017;7(7):675-93. https://doi.org/10.1158/2159-
8290.CD-17-0226.

Nastasi C, Mannarino L, D’Incalci M. DNA damage response and
immune defense. Int J Mol Sci. 2020;21(20):7504. https://doi.org/
10.3390/ijms21207504.

Galon J, Costes A, Sanchez-Cabo F, Kirilovsky A, Mlecnik B,
Lagorce-Pages C, et al. Type, density, and location of immune
cells within human colorectal tumors predict clinical outcome.
Science. 2006;313(5795):1960—4. https://doi.org/10.1126/scien
ce.1129139.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1016/j.jhep.2019.11.020
https://doi.org/10.1016/j.jhep.2019.11.020
https://doi.org/10.1056/NEJMoa0908721
https://doi.org/10.1056/NEJMoa0908721
https://doi.org/10.1016/j.annonc.2022.10.506
https://doi.org/10.1016/j.annonc.2022.10.506
https://doi.org/10.3390/jcm9092854
https://doi.org/10.1016/j.ejca.2022.08.026
https://doi.org/10.1038/s41598-022-22543-z
https://doi.org/10.1038/s41598-022-22543-z
https://doi.org/10.1016/j.ejca.2022.05.004
https://doi.org/10.1038/ng.3375
https://doi.org/10.1056/EVIDoa2200015
https://doi.org/10.1056/EVIDoa2200015
https://doi.org/10.1016/annonc/annonc1123
https://doi.org/10.1016/annonc/annonc1123
https://doi.org/10.1016/S0140-6736(23)00727-4
https://doi.org/10.1016/S0140-6736(23)00727-4
https://doi.org/10.1093/bioinformatics/bty232
https://doi.org/10.1093/bioinformatics/bty232
https://doi.org/10.1126/science.1235122
https://doi.org/10.1126/science.1235122
https://doi.org/10.1016/j.cell.2018.03.035
https://doi.org/10.1016/j.cell.2018.03.035
https://doi.org/10.1200/JCO.2023.41.3_suppl.LBA490
https://doi.org/10.1038/nature03443
https://doi.org/10.1038/s41416-019-0582-7
https://doi.org/10.1056/NEJMoa1903387
https://doi.org/10.1016/j.molcel.2015.10.040
https://doi.org/10.1016/j.molcel.2015.10.040
https://doi.org/10.1016/j.it.2014.06.003
https://doi.org/10.1158/2159-8290.CD-17-0226
https://doi.org/10.1158/2159-8290.CD-17-0226
https://doi.org/10.3390/ijms21207504
https://doi.org/10.3390/ijms21207504
https://doi.org/10.1126/science.1129139
https://doi.org/10.1126/science.1129139

Authors and Affiliations

Margherita Rimini'?

* Eleonora Loi® * Mario Domenico Rizzato*S * Tiziana Pressiani® - Caterina Vivaldi’

Eleonora Gusmaroli® * Lorenzo Antonuzzo!®!! * Erika Martinelli‘? * Ingrid Garajova'® * Guido Giordano4*5 *

Jessica Lucchetti' - Marta Schirripa!’ * Noemi Cornara? * Federico Rossari? * Francesco Vitiello? * Elisabeth Amadeo?
Mara Persano® - Vittoria Matilde Piva*® * Rita Balsano® * Francesca Salani'®? + Chiara Pircher?® * Stefano Cascinu'? *

Monica Niger® * Lorenzo Fornaro’ * Lorenza Rimassa®?? * Sara Lonardi * Mario Scartozzi® * Patrizia Zavattari® *
Andrea Casadei-Gardini'?

P4 Margherita Rimini

margherita.rimini@gmail.com

IRCCS San Raffaele Scientific Institute Hospital, Vita-Salute
San Raffaele University, Milan, Italy

Department of Oncology, IRCCS San Raffaele Hospital, Via
Olgettina n. 60, Milan, Italy

Department of Biomedical Sciences, Unit of Biology
and Genetics, University of Cagliari, Cagliari, Italy

Department of Oncology, Veneto Institute of Oncology IOV,
IRCCS, Padua, Italy

Department of Surgery, Oncology and Gastroenterology,
University of Padua, Padua, Italy

Medical Oncology and Hematology Unit, Humanitas Cancer
Center, IRCCS Humanitas Research Hospital, Rozzano,
Milan, Italy

Unit of Medical Oncology 2, Azienda
Ospedaliero-Universitaria Pisana, Pisa, Italy

Department of Translational Research and New Technologies
in Medicine and Surgery, University of Pisa, Pisa, Italy

Medical Oncology Department, Fondazione IRCCS Istituto
Nazionale dei Tumori di Milano, Milan, Italy

Clinical Oncology Unit, Careggi University Hospital,
Florence, Italy

20

Department of Experimental and Clinical Medicine,
University of Florence, Florence, Italy

Division of Medical Oncology, Department of Precision
Medicine, University of Campania Luigi Vanvitelli, Naples,
Italy

Medical Oncology Unit, University Hospital of Parma,
Parma, Italy

Unit of Medical Oncology and Biomolecular Therapy,
Policlinico Riuniti, Foggia, Italy

Department of Medical and Surgical Sciences, University
of Foggia, Foggia, Italy

Division of Medical Oncology, Fondazione Policlinico
Universitario Campus Bio-Medico, Rome, Italy

Medical Oncology Unit, Department of Oncology
and Hematology, Central Hospital of Belcolle, Strada
Sammartinese Snc, Viterbo, Italy

Unit of Medical Oncology 2, Azienda
Ospedaliero-Universitaria Pisana, Pisa, Italy

Institute of Interdisciplinary Research “Health Science”,
Scuola Superiore Sant’Anna, Pisa, Italy

Department of Biomedical Sciences, Humanitas University,
Milan, Italy


mailto:margherita.rimini@gmail.com

