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Simple Summary: Perihilar cholangiocarcinoma is a type of biliary tract cancer with a poor prognosis.
There is growing interest in treatments targeting specific molecular changes within these cancers, and
a broad range of these treatments (targeted therapies) is currently in development. This article reviews
knowledge of the molecular changes within cholangiocarcinoma, which often group together to form
so-called molecular subtypes, and reviews the targeted therapies used to exploit these molecular
changes to improve outcomes for patients. Biliary tract cancer subtypes differ in their patterns
of molecular alterations; therefore, targeted therapies are not equally applicable to all subtypes.
This article examines the relevance of targeted therapies within biliary tract cancer to patients with
perihilar cholangiocarcinoma.

check for

updates Abstract: Perihilar cholangiocarcinoma (pCCA) is the anatomical sub-group of biliary tract cancer

Citation: Gray, S.; Lamarca, A.;
Edeline, J.; Klimpen, H.-].;
Hubner, R.A.; McNamara, M.G.;
Valle, ].W. Targeted Therapies for

(BTC) arising between the second-order intrahepatic bile ducts and the cystic duct. Together with
distal and intrahepatic cholangiocarcinoma (dCCA and iCCA; originating distal to, and proximal
to this, respectively), gallbladder cancer (GBC) and ampulla of Vater carcinoma (AVC), these clini-
copathologically and molecularly distinct entities comprise biliary tract cancer (BTC). Most pCCAs
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are unresectable at diagnosis, and for those with resectable disease, surgery is extensive, and recur-
rence is common. Therefore, the majority of patients with pCCA will require systemic treatment
for advanced disease. The prognosis with cytotoxic chemotherapy remains poor, driving interest
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for efficacious targeted therapies has been fuelled both by whole-genome and epigenomic studies,
looking to uncover the molecular landscape of CCA, and by specifically testing for aberrations where
established therapies exist in other indications. This review aims to provide a focus on the current

molecular characterisation of pCCA, targeted therapies applicable to pCCA, and future directions in
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1. Introduction

Biliary tract cancer (BTC) is a heterogeneous entity comprising cholangiocarcinoma
(CCA), gallbladder cancer (GBC) and ampulla of Vater carcinoma (AVC). Cholangiocarci-
noma is subdivided into intrahepatic, perihilar and distal CCA (iCCA, pCCA and dCCA,
respectively) [1]. The term extrahepatic CCA (eCCA) is no longer recommended, because
pCCA and dCCA are now considered distinct clinicopathologic entities [2], although the
term remains prevalent and limits the direct application of many study results to patients
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with pCCA. Mixed hepatocellular carcinoma (HCC)-CCA shares features of both HCC
and iCCA, and is considered distinct from BTC [3]. Cholangiocarcinoma represents the
second most common primary liver malignancy after HCC, representing 3% of gastroin-
testinal cancers [4]. Due to a lack of clinical symptoms in its early stages, CCA presents as
unresectable (locally advanced or metastatic) in approximately 75% of patients. Surgical
resections are typically extensive, with significant associated morbidity and mortality: the
median recurrence-free survival (RFS) of resected patients is approximately 2 to 3 years,
and may vary depending on anatomical sub-group [5-7]. Following resection, the cur-
rent standard-of-care adjuvant treatment is capecitabine, based on the BILCAP study in
which capecitabine conferred a median overall survival (mOS) of 51.1 months (95% CI
34.6-59.1) and a median RFS of 24.4 months (95% CI 18.6-35.9) on intention-to-treat analy-
sis. Patients with pCCA appeared to derive little benefit from capecitabine (HR 1.08; 95%
CI 0.68-1.71), although the study was not powered for such subgroup analysis [8]. For
patients with BTC who present with unresectable, metastatic or recurrent disease, first-line
standard-of-care cisplatin and gemcitabine (Cis/Gem) provides a median progression-free
survival (mPFS) of 8.0 months and a mOS of 11.7 months, as reported in the landmark
ABC-02 study [9]; its efficacy was subsequently confirmed in a Japanese population in
the BT22 study [10]. The recently published TOPAZ-1 study suggests a benefit with the
addition of the programmed death receptor ligand 1 (PD-L1) antibody durvalumab to
Cis/Gem in molecularly unselected patients [11], and is discussed further in Section 3.4.
Following the results of the ABC-06 study, an option for second-line chemotherapy for
BTC is 5-fluorouracil, folinic acid and oxaliplatin (FOLFOX), which conferred a mOS of
6.2 months (95% CI 5.4-7.6), compared with 5.3 months (95% CI 4.1-5.8; hazard ratio [HR]
0.69; 95% CI 0.50-0.97; p = 0.031) for active symptom control alone with improved 6- and
12-month survival rates [12]. Following the NIFTY study, a further second-line option
may be 5-fluorouracil /liposomal irinotecan, associated with a mPFS of 7.1 months (95% CI
3.6-8.8) and a mOS of 8.6 months (95% CI 5.4-10.5) [13]. The modest benefit with cytotoxic
chemotherapy regimens has been a driver towards developing targeted therapies in CCA.

Anatomically, pCCA is defined as CCA arising between the second-order bile ducts
(proximal to which is iCCA) and the cystic duct (distal to which is dCCA) [4]. The incidence
of all subtypes of CCA shows considerable geographic variation, ranging from 85 cases
per 100,000 people in Thailand to 0.4 per 100,000 in Canada [2]. Assessments of trends in
the relative incidence of anatomical CCA subtypes have been hampered by the omission
of a separate diagnostic code for pCCA in previous iterations of both the International
Classification of Diseases (ICD) and the ICD-Oncology (ICD-O) [2,14]. A common feature
among many risk factors for CCA is chronic inflammation of the biliary tree; infection by
the liver flukes Opisothorchis viverrini and Clonorchis sinensis account for some of the highest
rates of CCA, seen in endemic areas [15,16]. Metabolic risk factors, such as hypertension,
obesity and type 2 diabetes mellitus, likely contribute to rising CCA rates globally; although
they confer a relatively small relative risk increase, the high overall prevalence of such risk
factors in Western countries suggests a significant contribution to case numbers overall [15].
In recent observational data from the ENSCCA registry, diabetes mellitus was seen less
commonly in pCCA compared with the whole CCA cohort (15.6% vs. 22.5%, respectively),
whereas primary sclerosing cholangitis was more common in pCCA compared with the
whole cohort (8.8% vs. 4.5%, respectively) [17].

As previously mentioned, CCA generally presents at an advanced stage; the typi-
cal presentation of pCCA is with biliary obstruction without mass formation, due to the

‘periductal infiltrating” morphology noted in the majority of cases [17]. The Bismuth-

Corlette classification subdivides pCCA according to which biliary ducts are involved [18].
The associated difficulty in obtaining adequate tissue in pCCA is a barrier to diagnosis, but
crucially, also prevents molecular profiling analysis, resulting in the under-representation of
pCCA in clinical trials of systemic therapy (see Table 1) and an impaired ability to identify
and act on molecular targets in the clinic, respectively [19]. Regarding the limitations of
subdividing CCA anatomically, both hilar and small bile ducts and ductules are present
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in the liver parenchyma at the perihilar and intrahepatic levels. Both pCCA and iCCA,
therefore, have multiple potential cells of origin, and anatomical pCCA and iCCA may
arise from the same cell type; thus, they have similar molecular landscapes [20]. Anatom-
ical classifications, therefore, do not map perfectly onto the cells of origin or molecular
pathology, which is highly pertinent when considering the role of targeted therapies.

Table 1. Representation of subtypes of biliary tract cancer in selected clinical trials of chemotherapy
and targeted therapies.

Trial; Number of Patients Enrolled iCCA pCCA dCCA GBC AVC

ABC-02 [9]; n =410 241 (59% CCA) 149 (36%) 20 (5%)

BT22[10]; 1 = 83 28 (34%) 19 (23% eCCA) 32 (39%) 4 (5%)

ABC-06 [12]; 1 = 162 72 (44%) 45 (28% eCCA) 34 (21%) 11 (7%)
NIFTY [13]; 1 = 174 74 (43%) 47 (27% eCCA) 53 (30%) 0
ClarIDHy [21]; n = 185 169 (91%) 4 (2%) 2 (1%) 0 0
KEYNOTE-158 [22] (CCA patients only); n = 22 22 (100%; CCA subtype not reported) 0 0
ROAR [23]; n = 43 39 (91%) 1(2%) 0 1 (2%) 0

MyPathway [24] (BTC patients only); n = 39 7 (18%) 7 (18% eCCA) 16 (41%) 5 (13%)

Note that a small proportion of enrolled patients had an “‘unknown’ anatomical subtype; hence, the sum
of all subtyped patients may not equal the total enrolled for a given study. iCCA/pCCA/dCCA, intrahep-
atic/perihilar/distal cholangiocarcinoma. GBC, gallbladder cancer. AVC, ampulla of Vater carcinoma. BTC,
biliary tract cancer.

2. Molecular Characterisation of pCCA

In 2017, a large study of CCA (featuring 310 iCCAs, 128 pCCAs and 40 dCCAs) inte-
grated whole-genome and epigenomic data to identify four distinct molecular “clusters”,
and demonstrated that survival was better predicted by classification using those molecular
subtypes than by the anatomical site of origin [25]. Clusters 3 and 4 were composed almost
entirely of iCCA (92% vs. 8% pCCA; p < 0.001); CCA in Clusters 1 and 2 comprised a
combination of anatomical subtypes, and conferred a worse prognosis (p < 0.001), including
when fluke status was considered (p < 0.05). Cluster 1 was formed of 93% fluke-positive tu-
mours, whereas Cluster 2 was 64% fluke-negative. The representation of 29 pCCA samples
which were matched to a cluster was 38%, 48% and 14% for Clusters 1,2 and 4, respectively.
Cluster 2 tumours featured higher rates of TP53 mutations and human epidermal growth
factor-2 (HER2) amplifications (p < 0.001 and p < 0.01, respectively) and increased HER2
expression (p < 0.05) [25].

A transcriptomic analysis of 189 cases of eCCA reported in 2020 proposed classifying
eCCA into the following subtypes—immune, mesenchymal, metabolic and proliferation
(11%, 47%, 19% and 23% of the cohort, respectively). Notably, 76% of the evaluated samples
were pCCAs, and structural genetic alterations were not significantly different between
pCCA and dCCA samples. Inmune-type eCCAs were characterised by more intense lym-
phocytic infiltration, PD-1/PD-L1 overexpression and a corresponding improved response
to immune checkpoint inhibition. Mesenchymal-type eCCAs demonstrated poorer survival
and increased cell plasticity, secondary to epithelial-mesenchymal transition, with aberrant
signalling via transforming growth factor beta and tumour necrosis factor alpha. Metabolic-
type eCCAs demonstrated a hepatocyte-like phenotype with prominent derangement of
bile acid metabolism; meanwhile, the proliferation subtype featured under-representation
of pCCA, along with higher rates of MYC overexpression, HER2 aberrations and activation
of the RAS-RAF-mitogen-activated protein kinase kinase—extracellular-signal-regulated
kinase (RAS-RAF-MEK-ERK) pathway [26].

Figure 1 summarises the frequency of potentially actionable molecular aberrations in
pCCA. These molecular targets will now be discussed in further detail.
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Figure 1. Frequency of potentially actionable molecular aberrations in perihilar cholangiocarcinoma.
Anatomical groupings of patients sampled to determine each frequency are beside/below the corre-
sponding frequency [25-36]. Rates of co-occurrence of the described molecular aberrations within
patients are unknown. Created with BioRender.com. KRAS, Kirsten rat sarcoma virus. eCCA,
extrahepatic cholangiocarcinoma. HRD, homologous repair deficiency. BRCA, breast cancer suscep-
tibility gene. BTC, biliary tract cancer. HER2, human epidermal growth factor receptor 2. BRAF,
v-Raf murine sarcoma viral oncogene homolog B. EGFR, epidermal growth factor receptor. MSI-H,
microsatellite instability high. pCCA, perihilar cholangiocarcinoma. IDH, isocitrate dehydrogenase.
NTRK, neurotrophic tropomyosin receptor kinases. FGFR?2, fibroblast growth factor receptor 2.

3. Potentially Actionable Molecular Aberrations in Perihilar Cholangiocarcinoma
3.1. Isocitrate Dehydrogenase-1

Isocitrate dehydrogenase (IDH) mutations are somatic gain-of-function mutations
which typically occur early in tumour development to prevent normal cell differentiation
and promote epigenetic dysregulation and carcinogenesis via accumulation of the on-
cometabolite 2-hydroxyglutarate [37,38]. Mutations in IDH-1 are more common than those
in IDH-2, and classically occur in fluke-negative, hepatitis-negative CCA [39,40]. In a 2019
systematic review, IDH1 mutations were observed in 13% of 4214 iCCA cases, compared
with 0.8% of 1123 eCCAs; no association with prognosis was identified [27]. Following im-
pressive results in IDHI-mutant acute myeloid leukaemia [41] and a dose-escalation and ex-
pansion study within CCA—which included no patients with pCCA [42]—the phase 3 Clar-
IDHy trial demonstrated improved mPFS for ivosidenib versus placebo (2.7 vs. 1.4 months;
HR 0.37,95% CI 0.25-0.54; p < 0.0001) in patients with previously treated, IDHI-mutated
CCA, and was subsequently FDA-approved in this setting [21,43]. The subsequently pub-
lished mOS for ivosidenib was also superior to the placebo (10.3 vs. 7.5 months; HR 0.79,
95% CI 0.56-1.12; p = 0.093); patients who progressed on the placebo were subsequently of-
fered ivosidenib, and as such a rank-preserving structural failure time model was employed,
which adjusted the mOS in the placebo group to 5.1 months (HR 0.49, 95% CI 0.34-0.70;
p < 0.0001) [44]. Only 2.2% of patients in this trial had pCCA, limiting the assessment of
benefits according to anatomical subtype [21].
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3.2. Fibroblast Growth Factor Receptor

The fibroblast growth factor receptor family of trans-membrane receptors has five
members (FGFR 1-5). Fibroblast growth factor receptors 14 contain intracellular tyrosine
kinase domains which, when activated, trigger signalling through multiple pathways
including the RAS-RAF-MEK-ERK, Janus kinase/signal transducer and activator of tran-
scription (JAK/STAT) and phosphatidylinositol-3-kinase/protein kinase B/mammalian
target of rapamycin (PI3K/AKT/mTOR) pathways, which are heavily implicated in cell
proliferation, differentiation and migration [45-48]. A sequencing study of 115 CCA cases
found that aberrations of FGFR2 are most common (6.1%, vs. 0.9% in FGFR1; 0% for
FGFR3-5) with rearrangements/fusions (3.5%) more frequent than amplifications (2.6%)
or mutations (0.9%) [49]. FGFR-targeted tyrosine kinase inhibitors (TKIs) have been de-
veloped, although patients with FGFR?2 fusions appear to be the only group who present
responses to the majority of these [50-55]. Further sequencing studies have identified
FGFR?2 fusions in approximately 14% of iCCA, and noted apparent mutual exclusivity
with IDH mutations but identified no FGFR1-3 aberrations in a combined 94 cases of
eCCA [28,29]. Regarding the FGFR-TKIs in the most advanced stages of clinical develop-
ment, phase 2/3 trials of futibatinib and derazantinib have specified iCCA as an inclusion
criterion [56—60], whereas those of infigratinib and pemigatinib have permitted FGFR2
fusion-positive eCCA (NCT03773302, NCT03656536). Among completed phase 2/3 trials
of these drugs, only 1 patient with eCCA was included among a combined 190 enrolled
patients with FGFR2 fusions [50,61]. Pemigatinib and infigratinib are FDA-approved for
previously treated FGFR2 fusion-positive CCA [62,63] on the basis of phase 2 trials which
demonstrated a mPFS of 6.9-7.3 months and an overall response rate (ORR) of 23.1-35.5%,
and the former demonstrating a mOS of 21.1 months [61,64—66]. In summary, there is little
evidence that patients with pCCA have the required molecular alteration to derive benefit
from demonstrably effective FGFR-targeted therapies.

3.3. The Epidermal Growth Factor Receptor Family

The four members of the epidermal growth factor receptor family (EGFR/HERI,
HER2/3/4) are tyrosine kinases whose activation, by various possible ligands, causes
dimerisation to produce either a homodimer or a heterodimer with another receptor of the
same family. Heterodimers containing HER2 are particularly potent signal transducers [66].
Downstream effects of EGFR family member activation include activation of the RAS-RAF-
MEK-ERK, JAK/STAT and PI3K/AKT/mTOR pathways [67]. Epidermal growth factor
receptor expression, determined by IHC, has been observed in 19.2% of 130 eCCA cases,
and confers significantly higher rates of lymph node metastasis, lymphatic vessel invasion
and perineural invasion [68]. The overexpression of EGFR and HER? has been identified as
an independent marker of poor prognosis within BTC [69-71]. Somatic activating EGFR
mutations occur in eCCA, but their frequency within pCCA is difficult to determine, because
data on mutational frequency are rarely stratified by anatomical subtype [72]—somatic
EGFR mutations were found in 9.5% of 137 resected BTCs in one study [73], and in 13.6% of
22 consecutive resected CCAs in another [74]. A next-generation sequencing study featuring
248 eCCAs revealed that 9.7% of patients harboured aberrations within the EGFR family, of
which 53.6% had mutated HER? [30]. A further meta-analysis of 11 studies of eCCA found
a mean HER2 overexpression rate (defined as moderate/strong IHC staining) of 17.4% (95%
CI 3.4-31.4%) by IHC, with an HER2 amplification rate by in-situ hybridisation of 57.6%
among tumours with moderate/strong expression by IHC [31].

Epidermal growth factor receptor-targeted therapies have demonstrated efficacy in
other solid tumours including non-small cell lung cancer, and mutational status predicts
response to such therapies [75]. Mutations of the K isoform of RAS (KRAS) serve as a
strong negative predictor of anti-EGFR efficacy [76]. Conversely, the overexpression of
HER?2 in gastric and breast cancer is an established biomarker for efficacy of anti-HER2
treatment [77,78].
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A randomised phase 3 study compared erlotinib, an EGFR TKI, with gemcitabine / oxaliplatin
(GEMOX) chemotherapy as a first-line treatment in patients with metastatic BTC, without molec-
ular selection. There was no significant difference in PFS, the primary endpoint, between GEMOX
alone and alongside erlotinib (4.2 vs. 5.8 months, respectively; HR = 0.80, 95% CI 0.61-1.03;
p = 0.087). The ORR was higher in the erlotinib arm (29.6% vs. 15.8%, p = 0.005), whereas mOS
was 9.5 months in both arms. On subgroup analysis, erlotinib did appear to significantly prolong
mPFS for patients with CCA (5.9 vs. 3.0 months; HR 0.73, 95% CI 0.53-1.00; p = 0.049); further
stratification by anatomical subgroup was unfortunately not published [79].

The EGFR mAb cetuximab was assessed in a single-arm phase 2 study alongside
GEMOX chemotherapy as a first-line treatment for 30 patients with advanced (unresectable
or metastatic) BTC; the ORR was 63% (including 3 complete responses), and 9 patients
underwent curative-intent resection following treatment [80]. However, further trials of
EGFR mAbs have not shown a strong signal of activity, as displayed in Table 2. In the
BINGO trial, EGFR overexpression (identified in 23% of 77 cases) and KRAS mutation
(19% of 75 cases) were not found to be predictive of treatment response or outcome [81].

Table 2. Selected trials of monoclonal antibodies against the epidermal growth factor receptor in
advanced biliary tract cancer.

Trial; Year of Publication

KRAS Selection

Treatment Arm(s);

Number of Patients ORR mPFS (95% CI) mOS (95% CI)

Gruenberger et al.,

Gem/Ox + cetuximab

None 63% (including 10% CR) - -

2010 [80] (n = 30)
Gerf/;fx 23% (including 3% CR) 5.5 (3.7-6.6) 12.4 (8.6-16.0)
Malka et al. (BINGO trial), None (n=74)
2014 [81 :
et Gem/ O(z : ‘;‘zt)““mab 24% (including 1% CR) 6.1 (5.1-7.6) 11.0 9.1-13.7)
Gerﬁ‘fgx 18% (including 2% CR) 4.4 (2.6-6.2) 10.2 (6.4-13.9)
Leone et al. (Vecti-BIL trial), Wild-type only (n=44)
2016 [82] Gem/Ox + panitumumab 5.3 (3.3-7.2);

27% (including 2% CR) 9.9 (5.4-14.3)

(n =45) p=0.27
Cls/_C;Zm 39% (% CR unknown) - 20.1
Vogel et al. (PICCA trial), Wild-type only (n=28)
2018 [83 : :
[83] Cis/ Gem(; Eag;)tumumab 45% (% CR unknown) i 128

All trials shown are phase 2. All figures for mPFS and mOS are in months; ‘advanced’ biliary tract cancer refers to
unresectable or metastatic disease. KRAS, Kirsten rat sarcoma virus. mPFS, median progression-free survival.
ORR, objective response rate. mOS, median overall survival. Gem, gemcitabine. Ox, oxaliplatin. CR, complete
response. Cis, cisplatin.

Previous small clinical trials evaluating lapatinib, a combined EGFR/HER2 TKI, in
populations unselected for receptor expression status, failed to show efficacy in BTC [84,85].
However, small retrospective reviews and case reports of the ‘on-target’ use of HER2
inhibition, in patients with overexpressed or mutated HER2, have suggested clinical ac-
tivity; this includes a 14-patient series demonstrating activity in GBC and a case report
suggesting activity in eCCA [71,86]. The single-arm phase 2 SUMMIT basket trial evalu-
ated the pan-HER irreversible TKI neratinib in 25 patients with previously treated BTC
and somatic HER2 mutation. The ORR was 13% (95% CI 3-31%), mPFS was 2.8 months
(95% CI 1.1-3.7) and mOS was 5.4 months (95% CI 3.7-11.7). Five patients with eCCA
were included, but the results were not stratified by anatomical subtype [87]. A further
phase 2 basket trial, the MyPathway study, has provided the largest prospective cohort of
HER-2 positive (overexpression, amplification or both) patients with advanced BTC to date;
39 patients were treated with the HER2 mAbs pertuzumab and trastuzumab. All patients
had previously been treated, with a median of two prior lines of therapy. The ORR was
23%, with a mPFS of 4.0 months (95% CI 1.8-5.7) and mOS of 10.9 months (95% CI 5.2-15.6).
Among the seven patients with eCCA included within this cohort, the disease control
rate (DCR) was 71%, with two partial responses, a mPFS of 6.8 months (95% CI 1.3-13.5)
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and a mOS of 8.0 months (2.0—mnot estimable) [24]. The authors favourably compared
ORR, DCR and mOS with second-line FOLFOX, as reported in the ABC-06 trial. Although
comparisons between trials are inherently problematic, this is encouraging, because the
MyPathway trial enrolled patients with an Eastern Co-operative Oncology Group per-
formance status (ECOG PS) of 0 to 2, its patients were more heavily pre-treated versus
ABC-06, and also because HER?2 positivity has historically conferred a worse prognosis
among patients with BTC [12,70,86,88]. A single-arm phase 2b trial of zanidatamab, an
HER2-bispecific antibody, planned for 100 patients with advanced HER2-amplified BTC, is
currently recruiting (NCT04466891).

3.4. Microsatellite Instability and Immune Checkpoint Inhibition

A microsatellite instability-high (MSI-H) state arises from either germline mutations
in components of the DNA mismatch repair (MMR) machinery in patients with Lynch
syndrome, or somatic hypermethylation of the MLH1 promoter, causing deficient MMR
(dMMR) [89]. The rate of somatic mutations in MSI-H cancers is one to two orders of magni-
tude higher than microsatellite-stable cancers, with an increased generation of neoepitopes,
an intense lymphocytic infiltrate, and superior prognosis, which may be capitalised on by
PD-1/PD-L1 blockade [90]. An MSI-H status is rare in BTC—it has been observed in 1.9% of
106 patients with non-fluke-associated pCCA, 2.4% of 42 pCCAs in another German series,
and in 13.2% of 38 patients with eCCA in a further Japanese series [32,91,92]. Notably, these
studies all used resection specimens for analysis, which may represent a bias in selection,
limiting generalisability to pCCA as a whole. Factors determined to be predictive of MSI-H
include a younger age at diagnosis and atypical histomorphology [32,93].

Multiple case reports exist of patients with MSI-H CCA treated with the PD-1 an-
tibody pembrolizumab with partial responses achieved, including a patient with eCCA
who achieved a partial response lasting in excess of 13 months [94-97]. Some efficacy
has been demonstrated by pembrolizumab in pre-treated PD-L1-expressing CCA/GBC
with negative or unknown MSI status, with three studies showing ORRs of 9.8-13%,
mPFS of 1.5-2.1 months and mOS of 4.3-6.9 months [94,98,99]. However, the 2019 phase 2
KEYNOTE-158 basket trial of pembrolizumab for previously treated MSI-H cancer included
22 patients with CCA, for whom the ORR was 40.9% (95% CI 20.7-63.6), with a mOS of
24.3 months (95% CI 6.5—not reached) [22], demonstrating the value of biomarkers in
appropriately targeting therapy. Unfortunately, results were not stratified by CCA subtype.
Pembrolizumab is FDA-approved as a second-line therapy for patients with MSI-H cancers
which have progressed through prior therapy [100], and thus represents a promising treat-
ment option in a small subset of patients with pCCA. The phase 3 TOPAZ-1 trial, published
in abstract form following the 2022 American Society of Clinical Oncology Gastrointestinal
Cancers Symposium, studied 685 patients with advanced BTC (not selected for markers
of immunotherapeutic efficacy); the addition of the anti-PD-L1 mAb durvalumab, versus
placebo, to first-line Cis/Gem chemotherapy improved overall survival (HR 0.80; 95% CI
0.64-0.89, p = 0.001; mOS 12.8 versus 11.5 months). Improvements in survival with the
addition of durvalumab were most notable at later time points (2-year OS 24.9 vs. 10.4%),
and the authors propose Cis/Gem plus durvalumab as a potential new standard-of-care
regimen in the first line [11]. The impact on the pCCA sub-group may be available in due
course. The phase 3 randomised KEYNOTE-966 (NCT04003636) study is ongoing, and
evaluates pembrolizumab in the same setting.

3.5. Anti-Angiogenic Therapies

The induction of angiogenesis is crucial in sustaining neoplastic growth [101], and
PCCA has been noted to exhibit a high degree of vascularisation, as measured by mi-
crovessel density (MVD). A high MVD is associated with higher rates of nodal spread
and post-operative local recurrence, and confers poor prognosis in pCCA and other BTC
subtypes [102-104]. Vascular endothelial growth factor (VEGF) is critical in initiating angio-
genesis, and has been found by immunohistochemistry (IHC) to be expressed in 59.2% of
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130 eCCA tumours in a large series [68]; a further study of 111 eCCA cases suggested expres-
sion by IHC in 69% of dCCA tumours compared with only 25% of pCCA (p < 0.0001) [105].
Trials of VEGF inhibition in BTC have included VEGF monoclonal antibodies (mAbs) such
as bevacizumab, or multi-receptor TKIs, and will now be discussed.

Bevacizumab inhibits the ligand VEGF-A, and its limited efficacy as a monotherapy has
been attributed to activation of alternative pathways which overcome the anti-angiogenic
activity of VEGF inhibition. Tyrosine kinase inhibitors, however, block multiple signalling
pathways, some of which are directly implicated in tumour growth rather than purely
angiogenesis [106-109]; inhibiting multiple targets thereby offers the potential for increased
efficacy, at the cost of higher toxicity [110]. The theory of tumour vascular normalisation,
whereby anti-angiogenic therapies transiently normalise tumour blood vessels to improve
the delivery of oxygen and medications [111], advocates for combinations with other
treatments to which anti-angiogenic therapy might sensitise the tumour. However, trials of
combinations with both cytotoxic chemotherapy and other targeted therapies, in addition
to those of TKI monotherapy, have thus far failed to demonstrate superiority to standard-
of-care treatments, as demonstrated in Table 3. This includes most recently the randomised
phase 2 trial of first-line ramucirumab or merestinib in addition to Cis/Gem, which did
not prolong PFS in a molecularly unselected cohort [112]. The phase 2 LEAP-005 trial
(NCT03797326) is ongoing, and combines TKI therapy with immune checkpoint inhibition,
an area of significant investigational interest [113].

Table 3. Selected clinical trials of vascular endothelial growth factor inhibition in advanced biliary
tract cancer.

Treatment Arm(s); Number

Trial; Year of Publication Setting . ORR mPFS (95% CI) mOS (95% CI)
of Patients
VEGEF inhibition as monotherapy
Bengala et al., 2010 [114] 1st- or 2nd-line Sorafenib (n = 46) 2% 2.3 44
Yi et al., 2012 [105] 2nd-line Sunitinib (n = 56) 8.9% 1.7 (1.0-2.4) 4.8(3.84.8)
El-Khoueiry et al. (SWOG . . _ o .
0514 trial), 2012 [115] 1st-line Sorafenib (n = 31) 0% 3.0 (2.04.0) 9.0 (4.0-12.0)
Sun et al., 2019 [116] 2nd-line Regorafenib (1 = 43) 11% 15.6 wk 31.8 wk
Demols et al. (REACHIN ) Regorafenib (n = 33) 0% 3.0 (2.3-4.9) 5.3 (2.7-10.5)
trial), 2020 [117] 2nd-line
rial), Placebo (n = 33) 0% 1.5 (1.2-2.0) 5.1 (3.0-6.4)
Ueno et al., 2020 [118] 2nd-line Lenvatinib (n = 26) 11.5% 1.6 (1.4-3.2) 7.35 (4.5-11.3)

Chemotherapy plus VEGF inhibition

Gem/Ox plus bevacizumab

Zhu et al., 2010 [119] 1st-line 1 = 35) 40% 7 (5.3-10.3) 12.7 (7.3-18.1)
Iyer et al., 2018 [120] Ist-line Gem/Cap (pnl‘f;)e)vam“mab 24% 8.1 (5.3-9.9) 10.2 (7.5-13.7)
Lee et al., 2013 [121] 1st-line Cis/ Ger?npi‘gsgjorafemb 12% 6.5 (3.5-8.3) 14.4 (11.6-19.2)
Gem plus sorafenib o
Moehler et al., 2014 [122] 1st-line (1 = 49) 14% 30 84
Gem plus placebo (1 = 48) 10% 49 11.2
Vandetanib (1 = 56) 3.6% 15wk (103-22.1)  32.6 wk (27.1-52)
Santoro et al. (VanGogh trial), 1st-line Vandetanib plus Gem 19.3% 163wk (13-27.6)  40.6 wk (30.4-51.3)
2015 [123] (n=57)
Placebo plus Gem (1 = 52) 13.5% 21.1wk (10.1-32.1)  43.9 wk (36.3-74.7)
Panitumumab + o
Gemy/Ox/Cap (n = 44) 46% 6.1 (5.8-8.1) 9.5 (8.3-13.3)
Jensen et al., 2015 [124] 1st-line
Gem/Ox/Cap + 18% 8.2 (5.3-10.6) 12.3 (8.8-13.3)

bevacizumab (n = 44)
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Table 3. Cont.

Treatment Arm(s); Number

Trial; Year of Publication Setting . ORR mPFS (95% CI) mOS (95% CI)
of Patients
Cis/Gem plu;zcedlranib 44 /03(0i/ncclllid1ng 8 (6.5-9.3) 141 (10.2-16.4)
Valle et al. (ABC-03 trial), lstline (n=62) o CR)
2015 [125 i
[125] Cis/ Ge(mn zlg;)f’lawbo 19% 7.4 (5.7-8.5) 11.9 (9.2-14.3)
Cis/Gem plus ramucirumab 31,19 6.5 (80% CI 10.5 (80% CI
(n =106) e 5.7-7.1) 8.5-11.8)
s Cis/Gem plus merestinib o 7.9 (80% CI 14.0 (80% CI
Valle et al., 2021 [112] 1st-line (1 =102) 19.6% 6.2-7.1) 12.0-16.4)
Cis/Gem plus placebo 32.7% (including 6.6 (80% CI 13.0 (80% CI
(n =101) 2% CR) 5.6-6.8) 11.4-15.3)
Targeted therapy combinations including VEGF inhibition
Lubner et al., 2010 [126] 1st-line Be"a“zun(fzilg‘;s erlotinib 12% 44 (3-7.8) 9.9 (7.2-13.6)
El-Khouiery et al. (SWOG . Sorafenib plus erlotinib o . »
S0941 trial), 2014 [127] Ist-line (= 34) 6% 2(2-3) 6(3-8)
Lin et al., 2020 [128] 2nd-line Lenvatinib plus 25% 49 (4.7-52) 11 (9.6-12.3)

pembrolizumab (1 = 32)

All figures for mPFS and mOS are in months unless otherwise shown; ‘advanced’ biliary tract cancer refers to
unresectable or metastatic disease. ORR, objective response rate. mPFS, median progression-free survival. mOS,
median overall survival. VEGEF, vascular endothelial growth factor. Gem, gemcitabine. Cap, capecitabine. Ox,
oxaliplatin. Cis, cisplatin. CR, complete response. Wk, week(s).

3.6. The RAS-RAF-MEK-ERK Pathway

The RAS-RAF-MEK-ERK pathway constitutes a major signalling component of the
mitogen-activated protein kinase (MAPK) cascade, which transduces signals from the
intracellular aspect of the cell membrane to the nucleus. Downstream nuclear effectors
modulate processes such as cell growth, differentiation and survival. Accordingly, the
RAS-RAF-MEK-ERK pathway is commonly dysregulated by activating mutations during
oncogenesis [129].

Mutations of KRAS are represented in different proportions across all anatomical
subtypes of CCA and are associated with a worse prognosis [25,28], although they are
particularly prevalent in eCCA with a frequency of 35-50% [26,33,34], making them among
the most frequent known mutations in eCCA. Decades of effort towards developing RAS
inhibitors have been without success; therefore, the perception of RAS as “‘undruggable’
had become established [130]. However, in 2021, following evidence of durable clinical
benefit in a Phase 2 trial, the FDA granted accelerated approval to sotorasib, a mutation-
specific RAS GTPase inhibitor, in KRASC2C_mutated non-small cell lung cancer [131,132].
Adagrasib is a further KRASS!2C inhibitor which was evaluated in the phase 2 KRYSTAL-1
trial; recently published preliminary results from 17 patients with non-pancreatic GI cancers,
including 8 patients with BTC, suggested a DCR of 100% with an ORR of 35%, although the
representation of pCCA in this cohort is unclear [133]. The KRAS®!?C mutation has been
identified in 15% of 20 eCCA tumours in one study, but in only 1.5% of a larger study of
130 eCCA cases [26,34]; where identified, however, such patients may be considered for
future basket trials.

Given the historical absence of effective KRAS inhibitors, efforts to prevent oncogenic
signalling via the RAS-RAF-MEK-ERK pathway have focused on inhibition of the down-
stream targets of RAS. Activating mutations of the B isoform of RAF (BRAF) occur in CCA,
and are less common in eCCA versus iCCA—5% of 412 iCCAs and 3% of 57 eCCA in one
study [28]. A further study of 203 patients from China with eCCA reported a proportion of
8.9% [134]. A recent analysis of 54 patients with iCCA with the BRAFV"E point mutation
reported the mutation to be associated with a more advanced TNM stage, resistance to
chemotherapy and worse OS [135,136]. Earlier trials using BRAF inhibitor monotherapy
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showed limited activity [137]; therefore, more recently clinical trials have focused on BRAF-
MEK inhibitor combination therapy, following superior outcomes in other malignancies
such as metastatic melanoma for patients with BRAF V60OE mutations [138,139]. To this end,
the ROAR basket trial evaluated dabrafenib and trametinib in 43 patients with previously
treated, BRAFV®0’E-mutated BTC; 1 patient with pCCA was included. For those 43 patients,
the independently assessed ORR was 47% (95% CI 31-62), whereas the median response
duration and mPFS were both 9 months (95% CI 6-14, and 5-10, respectively), and the
mOS was 14 months (95% CI 10-33) [23]. Although BRAF V60OE mytations are rare in BTC,
the benefit for those found to have the mutation makes routine testing worth considering.

The MEK inhibitor selumetinib showed promising clinical activity in a phase 2 trial
of 28 patients with advanced BTC—an ORR of 12%, stable disease in 68% of patients,
and mOS of 9.8 months [140]. These findings were supported by the subsequent phase
1b ABC-04 study, which assessed selumetinib as first-line therapy in combination with
Cis/Gem; of eight patients enrolled, partial responses were seen in three and stable disease
in the remaining five, with a mPFS of 6.4 months [141]. On the basis of these data, the
randomised phase 2 BIL-MEK study of 57 patients assessed the addition of selumetinib,
either continuous or sequentially dosed, to Cis/Gem as first-line therapy, without molecular
selection. The addition of selumetinib, however, failed to improve tumour response at
10 weeks, the study’s primary endpoint, with either dosing schedule [142].

The first-in-class ERK 1/2 inhibitor ulixertinib demonstrated early evidence of clinical
activity in a phase 1 dose-escalation and expansion study of MAPK-mutated advanced
malignancies. The ORR was 14% of 81 evaluable patients in the dose-escalation cohort, and
notable responses were seen in non-BRAFV®"-mutated tumours [143]. A phase 2 trial of
previously treated MEK/BRAF-mutated advanced malignancies is recruiting to further
evaluate ulixertinib (NCT04488003).

3.7. Other Targeted Therapies

Poly ADP-ribose polymerase (PARP) inhibitors are utilised in cancers with homol-
ogous repair deficiency (HRD), to deliver the second of two ‘hits’ to tumour cells with
pre-existing DNA damage repair (DDR) defects; without functional PARP enzymes, double-
stranded DNA breaks occur, and cell death follows [144]. Various DDR gene alterations
may produce HRD—notably including IDH1 and IDH2 mutations [145]—and are identified
in up to 20% of BTC, with a higher rate observed in eCCA [35]. Phase 2 clinical trials are
ongoing to assess PARP inhibitors in BTC, as monotherapy (NCT04042831, NCT03207347,
NCT03212274) and combined with PD-1/PD-L1 inhibitors (NCT04895046, NCT04306367)
or temozolomide (NCT04796454).

Activated mTOR has been identified by IHC in 64% of 88 BTCs in one series, including
66% of 15 eCCAs, and is further identified as a negative prognostic marker [146]; the up-
regulation of downstream effectors of mTOR signalling is also seen in BTC [147,148]. The
mTOR inhibitor everolimus has demonstrated limited efficacy, with a mPFS of 3.2 months
(95% CI1.8-4.0) and mOS of 7.7 months (95% CI 5.5-13.2) in a Phase 2 trial of patients with
pre-treated advanced BTC [149]. In a further phase 2 trial, as a first-line monotherapy, the
mPFS with everolimus was 5.5 months (95% CI 2.1-10.0) and the mOS was 9.5 months (95%
CI 5.5-16.6) [150]. In a recent phase 2 trial of advanced BTC, the pan-PI3K inhibitor copan-
lisib was tested as first-line treatment in combination with Cis/Gem and demonstrated a
mPFS of 6.2 months (95% CI 2.9-10.1) and a mOS of 13.7 months (95% CI 6.8-18.0), failing
to meet the primary endpoint of improved PFS at 6 months [151].

The neurotrophic tropomyosin receptor kinases are a family of tyrosine kinases with
three members (NTRK-1/2/3) which may undergo fusions causing their constitutive
activation, contributing to oncogenesis in multiple cancers [152,153]. Such fusions have
been identified in CCA [154,155], and 2 patients with previously treated NRTK-positive
eCCA were studied in a 55-patient phase 2 trial of larotrectinib, an NRTK TKI. An ORR of
75% (95% CI 61-85) was seen, with 55% of patients remaining progression-free at 1 year of
follow-up [156]. These encouraging results were tempered by a more recent sequencing
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study of 149 BTCs, which identified only one NTRK fusion (a pCCA), for an overall
frequency of 0.67% [36]. Two basket trials of NTRK TKIs in patients with previously treated
BTC are ongoing (NCT02568267 and NCT02576431).

4. Conclusions

In recent years, a multitude of potential avenues for targeted therapies within CCA
has been explored (as summarised in Figure 1) and most, usually in unselected patient
populations, have failed to translate a signal of efficacy into larger clinical trials. The re-
cently published TOPAZ-1 study [11] is an exception in this regard, where the addition of a
targeted therapy has produced a signal of efficacy despite a lack of molecular selection; the
direct applicability of these results to pCCA is awaited. A few treatments have previously
demonstrated impressive results in molecularly selected CCA patients with rare molecular
aberrations; however, regarding pCCA, such trials have either included only a low pro-
portion of patients with pCCA, or have not specified how many enrolled patients actually
have pCCA. Therefore, the importance of reporting anatomical subtype in trials featuring
patients with CCA cannot be overstated. Targeted therapies relevant to pCCA include
pembrolizumab in patients with MSI-H disease, ivosidenib for IDH-1-mutant disease, and
the pertuzumab/trastuzumab combination for HER-2-positive disease.

As our understanding of the molecular landscape of CCA has grown, both the impor-
tance and limitations of anatomical subtyping have become increasingly clear. Although
certain genomic and epigenomic profiling studies have characterised molecular subtypes
with greater prognostic power than anatomical subtyping, the ubiquity of imaging for diag-
nosis and difficulties obtaining tissue for molecular profiling, particularly in pCCA, dictate
that anatomical location remains the primary means of subdividing CCA. Although liquid
biopsy techniques may alter this paradigm in the future, they are some way from being
utilised in routine clinical practice; future classifications of CCA should aim to account
for radiological, histological and molecular features of the disease [2]. In the future, the
importance of molecular profiling in CCA is set to further increase; profiling should be con-
sidered early in a patient’s disease course because results typically take weeks (representing
a barrier to first-line adoption of targeted therapies in molecularly selected patients).

The present review illustrates both the complexity and diversity of molecular aberra-
tions in pCCA. Progress is being made towards the goal of personalised medicine, with
the availability of a range of effective agents targeted against the molecular drivers of
patients’ cancers, but presently, only a small proportion of patients can benefit. Continuing
to expand our understanding of the genomic and epigenomic landscape of CCA is essential
in developing further targeted therapies, understanding past failures, and in maximising
the utility of existing treatments by identifying accurate biomarkers or opportunities for
treatment combinations.
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