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Background: The recognition of distinct molecular subgroups within cholangiocarcinoma (CC),
along with the increasing availability of targeted therapies, suggests that further characterization of
the prevalence and prognosis of frequently occurring subgroups may assist with the development of
more effective treatment approaches for the management of CC. A systematic review was performed to
investigate the prevalence of isocitrate dehydrogenase 1 (IDH1) mutations (mIDH]1) in patients with CC,
the possible clinical and prognostic significance of mIDHI, and the presence of co-mutations in tumors
with mIDHI.

Methods: This review was conducted using the Cochrane dual-reviewer methodology and the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses protocol (PRISMA-P) guidelines. Searches
were performed in Embase, MEDLINE, the Cochrane Central Trials Register and Database of Systematic
Reviews, and other Cochrane Library assets using terms for CC and mIDHI with no language or date
restrictions for articles published up to December 31, 2017. Searches were also performed of abstracts
presented at the following conferences in 2016 and 2017: American Society of Clinical Oncology (ASCO),
ASCO-Gastrointestinal Cancers Symposium (ASCO-GI), the European Society for Medical Oncology
(ESMO), and ESMO-Asia. Screening was performed separately by two reviewers and cross-checked. Any
discrepancies between reviewers were resolved by a senior researcher. Data from all selected references were
recorded in a data extraction grid.

Results: A total of 46 publications met the inclusion criteria and were included in the systematic review.
Of these publications, 45 reported the frequency of mIDH1 among a total sample of 5,393 patients with CC.
mIDHI was enriched in intrahepatic CC (ICC), with 552 (13.1%; 95% CI, 12.1-14.2) of the 4,214 patients
with ICC having the mutation compared with 9 (0.8%; 95% CI, 0.4-1.5%) of the 1,123 patients with
extrahepatic CC (ECC). The percentage of females with mIDHI1 CC (66.2%; 95% CI, 57.7-73.7%) was
higher than in the overall CC population (44.4%). The frequency of mIDHI in patients with ICC reported
in individual studies ranged from 4.5-55.6%, and a significantly higher frequency was reported in non-Asian
centers compared with Asian centers (weighted mean, 16.5% wvs. 8.8%; P<0.001). The prevalence of mIDHI1
in patients with ICC at USA centers was 18.0% (95% CI, 16.4-19.8%). Eleven publications reported the
prevalence of co-mutations in patients with mIDH1 ICC, with the most frequent being AT-rich interactive
domain-containing protein 1A (ARID1A) (22.0%), BRCA1-associated protein 1 (BAPI) (15.5%), and PBRM1
(13.3%). Eight publications investigated the possible prognostic significance of mIDH1. None of the studies
reported a statistically significant association between mIDHI1 and overall survival (OS), progression-free
survival (PFS), or time to progression.

Conclusions: This systematic review substantiates the prevalence of mIDH1 in CC and further
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characterizes clinical, pathologic, and genetic covariates within this sub-population. Co-mutation data may

inform future studies of mechanisms of response and resistance to mIDH1-targeted therapies.
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Introduction

Cholangiocarcinomas (CC) are a heterogeneous group
of biliary epithelial tumors arising from the intrahepatic,
perihilar, and distal biliary tree. Each anatomical subtype
has a distinct clinical presentation, though prognosis is poor
for all three subtypes (1). Although an uncommon disease
[overall incidence <1 per 100,000 in the USA and Europe (2)],
the global incidence of CC, particularly intrahepatic
CC (ICC), has increased in recent years (1-3). The main
risk factors for CC include chronic biliary inflammation
from hepatitis B and hepatitis C virus infections, primary
sclerosing cholangitis, inflammatory bowel disease, liver fluke
infestation, obesity and diabetes (4,5). Other etiologic factors
associated with CC include cirrhosis, alcohol, smoking,
hepatolithiasis, fatty liver disease, and cholelithiasis (6).

CC may be asymptomatic during the early stages of
disease and is often diagnosed at advanced stages or as
metastatic disease. For localized tumors without metastatic
spread, surgical resection and—in rare cases—liver
transplantation can be curative, though recurrence rates
are high. Only about 10-15% of patients are eligible for
curative surgery (7), and S-year overall survival (OS) rates
are reportedly low (30%) even with resection, reflecting
the high rates of disease recurrence (4,8). Gemcitabine plus
cisplatin is the current standard of care for patients with
advanced stages of disease ineligible for surgery; however,
the median survival remains less than 1 year (1), and there
are no established treatments with survival benefit after
failure of gemcitabine plus cisplatin. There is an urgent
need for new treatment options and approaches for the
management of CC.

Tumor molecular profiling has identified substantial
genetic heterogeneity between and within anatomic
subtypes of biliary cancers. For example, Javle et al. (9)
compared the predominant mutations present in ICC,
extrahepatic CC (ECC), and gallbladder CC. In ICC,
tumor protein 53 (TP53) (27%), cyclin-dependent kinase
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inhibitor 2A/B (CDKN2A/B) (27%), KRAS proto-
oncogene, GTPase (KRAS) (22%), AT-rich interactive
domain-containing protein 1A (ARIDIA) (18%), and
isocitrate dehydrogenase 1 (IDHI) (16%) were the most
frequently occurring mutations, while in ECC the following
mutations occurred in more than 15% of tumors: KRAS
(42%), TP53 (40%), CDKN2A/B (17%), SMAD family
member 4 (SMAD4) (21%), and CDKN2A/B (19%).
Jusakul ez al. (10) also reported differences in the genetic
profile and clinical characteristics between CC subtypes.
These authors defined four subtypes based on different
clusters of mutations: cluster 1 was defined as having higher
frequencies of ARID1A and BRCAI1/2 mutations; cluster 2
as having upregulated catenin beta 1 (CTNNBI), WNT5B,
and AKTI expression; cluster 3 as having upregulation
of immune checkpoint genes [programmed cell death
protein 1 (PD-1), programmed death-ligand 2 (PD-L2).
and BTLA]; and cluster 4 as having BRCAl-associated
protein 1 (BAPI) mutations, IDH1/2 mutations and FGFR
alterations. Clusters 1 and 2 were largely found in ECC
tumors while clusters 3 and 4 were more common in ICC
tumors. Further analysis found that patients having tumors
with cluster 1 or 2 subtypes had a worse OS than those with
tumors of the cluster 3 or 4 subtype. Other authors have
also reported differences in the mutation profiles between
the two main CC anatomic subtypes, ICC and ECC (11-19).

For some molecular subgroups of CC, specific inhibitors
offer potential for a targeted therapeutic approach. In
particular, FGFR2 fusions, B-Raf proto-oncogene, serine/
threonine kinase (BRAF), HER2, and microsatellite
instability high (MSI-H) or mismatch repair deficiency
are amenable to targeted therapies in other tumor types,
suggesting these may be actionable in CC, as well. For
example, the FGFR inhibitors ponatinib, dovitinib, and
BG]J398 have been shown to inhibit cell proliferation
and induce apoptosis in a mouse xenograft model derived
from a CC tumor having an FGFR fusion protein (20).
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Moreover, Borad et a/. have reported achievement of stable
disease in a patient in response to the pan-FGFR inhibitor
ponatinib (21). Responses to vemurafenib have been
reported in two studies including patients with CC who had
BRAF mutations (22,23), and responses to pembrolizumab
have been reported in CC patients with MSI-H and
mismatch repair deficient tumors (24,25).

Another emerging molecular target in a subset of CC is
mutant IDH1. IDH1 is a NADP (+)-dependent metabolic
enzyme that catalyzes the oxidative decarboxylation
of isocitrate to a-ketoglutarate. IDHI1 mutations
(mIDH1) result in a loss of function for normal oxidative
decarboxylation of isocitrate, and a gain of function for
the NADPH-dependent reduction of o-ketoglutarate to
produce the oncometabolite D-2-hydroxyglutarate 2-HG)
(26,27). Mutations in IDHI have been identified
in approximately 80% of lower-grade gliomas and
secondary glioblastoma (28,29), approximately 50% of
chondrosarcomas (30), and 6-10% of cases of acute myeloid
leukemia (AML) (31-34). Mutations in IDH1 have also been
observed in a subset of cases of CC, although the population
incidence and prognostic impact of the mutation in this
disease have not been established. Studies reporting on the
frequency of mIDHI in CC suggest that the incidence is
higher in the ICC subtype (9,10). However, many of these
studies have involved relatively small numbers of patients
from single centers, which limits their interpretation.

The mutant IDH1 inhibitor ivosidenib has been
approved by the USA Food and Drug Administration
(FDA) for the treatment of adult patients with relapsed
or refractory AML with a susceptible IDH1 mutation, as
detected by an FDA-approved test, and has demonstrated
activity in patients with mIDHI1-positive CC in a large
phase 1 trial (35). In patients with CC treated with
ivosidenib, 6-month progression-free survival (PFS) was
38% and 12-month PFS was 20%; 56% of patients achieved
stable disease and 5% achieved a partial response. A pivotal
global phase 3 clinical trial is underway to determine
the efficacy of ivosidenib compared to placebo after
progression on standard therapies in advanced mIDH1 CC
(Clincial Trials.gov NCT03173248).

The emergence of distinct molecular subgroups within
CC along with the availability of targeted therapies,
including ivosidenib, warrants further characterization
of the prevalence and prognostic impact of the more
frequently occurring subgroups. This systematic review
was performed to investigate the frequency, clinical and
pathologic covariates, and prognostic impact of activating
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mIDHI in patients with CC.

Methods

The systematic review was conducted using a standardized
approach, following Cochrane dual-reviewer methodology,
and was in accordance with the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses protocol
(PRISMA-P) guidelines (36).

Search strategy and inclusion criteria

Searches were performed in Embase, MEDLINE via
Ovid, the Cochrane Central Trials Register and Database
of Systematic Reviews, and other Cochrane Library
assets using terms for CC and mIDH]1 with no date or
language restrictions for articles published up to December
31, 2017. Searches were also performed for abstracts
presented at the following conferences in 2016 and 2017:
the American Society of Clinical Oncology (ASCO),
ASCO-Gastrointestinal Cancers Symposium (ASCO-GI),
the European Society for Medical Oncology (ESMO),
and ESMO-Asia. In addition, the references of relevant
systematic reviews were manually screened for relevant
references not identified in the electronic searches.

The following search terms were used: CC; Klatskin
tumor; biliary tract or biliary or bile duct and carcinoma or
cancer or neoplasm or tumor or tumour; cholangiocellular
carcinoma; hepatobiliary and carcinoma or cancer or
neoplasm or tumor or tumour; cholangiolar carcinoma;
hepatocholangiocarcinoma; isocitrate dehydrogenase 1;
IDHI1; IDH 1; IDH-1. The detailed search terms are
provided as Tuble S1.

Screening and data extraction

Screening based on title and abstract was performed
separately by two reviewers and cross-checked. Full papers
were obtained for all references selected based on abstract
and title and were screened for inclusion. The following
data elements were extracted, where available, from the
literature: full citation information, data source, country
and region, publication type, study type and characteristics,
quality of evidence, study sponsor, sample size, study
population, interventions, treatment duration, length of
follow-up, frequency/incidence rate of mIDHI1, other
genes analyzed for mutation, anatomic location of tumors,
demographics (age, sex, and race), stage at diagnosis,
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Identified abstracts: 358
(Embase: 207, MEDLINE: 94,
Cochrane: 11, PubMed: 46)

Y

> Duplicates: 135

(Level 1)

Titles and abstracts screened: 223

Y

> Excluded: 150

Full text screened: 73

(Level 2)
Excluded after level 2: 19
> * No additional information: 3
* Not CC: 4
Hand search: 6 >
v ¢ Not IDH1: 6

Included studies: 60
(Identified from level 2: 54,
identified from hand search: 6)

¢ Not outcome of interest: 4
¢ Not study design of interest: 2

Excluded during extraction: 14

Y

Y

¢ No additional information: 5
* Not CC: 5

Final included studies: 46
(Full-length articles: 29,
conference abstracts: 17)

¢ Not IDH1: 1
¢ Undefined mIDH1 frequency: 2
* Not study design of interest: 1

Figure 1 PRISMA flow diagram for screening and selection of the literature search for CC and mutations in IDH1. PRISMA, Preferred

Reporting Items for Systematic Reviews and Meta-Analyses; CC, cholangiocarcinoma; IDHI, isocitrate dehydrogenase 1; mIDHI1, IDH1

mutation.

number of previous lines of treatment, clinical covariates,
clinical outcomes, and time from when endpoints were
assessed. Data from all selected references were extracted
into an agreed extraction grid by one researcher and
reviewed by a second researcher. Any discrepancies between
reviewers were discussed and uncertainties were resolved by
a senior researcher.

Statistical analysis

Statistical significance for the differences in the frequency
of mIDH1 in subgroups of patients according to tumor
location and geographical location were assessed.
Confidence intervals of proportions were calculated
using GraphPad QuickCalcs (http://www.graphpad.
com/quickcalcs/Conflntervall.cfm) and odds ratios were
calculated using MEDCALC Statistical Software (https://
www.medcalc.org/calc/odds_ratio.php). Sensitivity analyses
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were conducted to assess the magnitude of impact of any
potential double-counting.

Results

A total of 46 publications met the inclusion criteria and
were investigated in this review (Figure 1, Table I1). Of
these, 45 selected publications [29 full-length manuscripts
and 16 conference abstracts (56-71)] reported the frequency
of mIDHI; the other publication reported the results of
a clinical trial in patients with mIDH1 CC (35). Because
this study specifically selected for patients with mIDHI,
it was not included in the mIDHI1 prevalence assessment;
however, it did contribute to the analysis of demographic
characteristics of mIDHI1-positive patients, mIDH1
subtypes, and clinical outcomes.

Most studies involved cohorts of patients from a single
center. Publications include cohorts from centers in the USA
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Figure 2 Frequency of mIDHI1 according to tumor location.
Dots represent individual studies where mIDHI was assessed
in each anatomic location. Black lines indicate median with
interquartile range. mIDH], isocitrate dehydrogenase 1 mutation;
ECC, extrahepatic cholangiocarcinoma; ICC, intrahepatic

cholangiocarcinoma.

(n=24), Europe (n=12, including France, Germany, Italy,
Romania, Spain, and the United Kingdom), Asia (n=18,
including China, Japan, Singapore, South Korea, Taiwan,
and Thailand), and South America (n=1, Brazil) (Table I)
(some studies involved centers from more than one
country).

Frequency of mIDH1

The 45 publications reporting the frequency of mIDHI
provided data for a total of 5,393 patients. Of these, 4,214
(78.1%) had ICC, 1,123 (20.8%) had ECC, and for 56
(1.0%) the anatomic location was not reported. Of the
patients with ICC, 552 were mIDH1-positive (13.1%;
95% CI, 12.1-14.2%), as were nine patients with ECC
(0.8%; 95% CI, 0.4-1.5%), and one patient for whom
the anatomical location was not reported (1.8%; 95% CI,
<0.0001-10.3%). The incidence in ICC was significantly
enriched compared with ECC (P value <0.0001).

The frequency of mIDH1 in ICC was reported to range
from 4.5% (13/291) for a study among patients from 10
different (primarily Asian) countries (10) to 55.6% (5/9)
for a cohort of patients from a single USA center (63)
(Figure 2). The equivalent data for the frequency of ECC
are also shown in Figure 2.

Both geographic location of the treatment center and
mIDHI1 status could be determined for 3,397 (80.6%) of
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the 4,214 patients with ICC and 955 (85.0%) of the 1,123
patients with ECC, allowing for comparisons of mIDH]I
frequency rates across regions. Several multi-national
studies that did not provide the geographic breakdown of
their CC or IDHI1-mutated CC patient populations could
not be included in this calculation. Among patients with
ICC, mIDHI were reported in 399 (16.5%; 95% CI, 15.1-
18.1%) of 2,416 patients treated at non-Asian centers and in
86 (8.8%; 95% CI, 7.2-10.7%) of 981 ICC patients treated
at Asian centers (odds ratio, 2.06; 95% CI, 1.61-2.63,
P<0.0001). The prevalence of mIDHI reported among the
subset of 1,904 ICC patients treated at USA centers was
18.0% (95% CI, 16.4-19.8%) (Table 2).

No significant differences in mIDH1 rates by region
were found for ECC, though interpretation is limited
by the small patient numbers. Geographic location was
available for six of the nine patients with ECC who were
mIDHI1-positive. Two of the 230 patients treated in Asian
centers had mIDHI1 (0.9%; 95% CI, 0.03-3.3%), as did
four of 725 patients treated in non-Asian centers (0.6%;
95% CI, 0.2-1.5%). Of the 548 patients with ECC treated
at USA centers, two were mIDH1-positive (0.4%; 95% CI,
<0.0001-1.4%) (Table 2).

Two studies reported on the frequency of mIDHI in
patients with and without fluke infection, with the frequency
being lower in fluke-infected patients (1.6-1.9% for fluke-
infected patients vs. 4.2-10.9% for non-infected patients)
(10,39). Chan-On ez 4l. (39) provided further breakdown by
anatomic location. Among the 108 fluke-infected patients
in their study, mIDH1 were reported in one of 62 patients
with ICC (1.6%) and one of 46 patients with ECC (2.2%).
Among 101 non-infected patients, 10 of 57 patients with
ICC had mIDH1 (17.5%) compared with one of 44 patients
with ECC (2.3%).

One study reported on differences in the frequency of
mIDH1 according to tumor subtypes, observing a lower
frequency of mIDHI1 in patients whose tumor cells resemble
those of the large bile duct, compared with a second subtype
in which the tumor cells resemble cholangiolar cells (4.5%
vs. 16.9%) (46).

Demeographic characteristics of patients with mIDHI1 CC

Approximately half of the publications included
demographic data for the patient population. However,
in most cases this information related to the total study
population and not specifically to patients with mIDH]1
CC. In the eight studies that provided gender data by
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Table 2 Prevalence of mIDHI1 in patients with ECC and patients with ICC

ECC

ICC

Patients with  Patients with Patients with

Patients with  Patients with  Patients with

N (%) ECC from  ECC from non- ECC from N (%) ICC from  ICC from non- ICC from USA
Asian centers Asian centers USA centers Asian centers Asian centers centers

Patients with mIDH1 9(0.9) 2 (0.9 4 (0.6) 2(0.4) 552 (13.1) 86 (8.8) 399 (16.5) 343 (18.0)
Median 0.0 0.0 0.0 0.0 13.2 8.5 16.0 20.0
Range 0.0-11.1 0.0-3.7 0.0-11.1 0.0-11.1 0.0-55.6 4.9-18.8 0.0-55.6 0.0-55.6
Studies 22 5 17 12 43 13 29 20

Total patients 1,123 230 725 548 4,214 981 2,416 1,904
Median [range] 33[8-168] 32 [24-86] 29 [8-126] 24.5[8-126] 58[3-434] 58[17-171] 32 [3-434] 32 [3-434]

patients/study

mIDH1 isocitrate dehydrogenase 1 mutation; ECC, extrahepatic cholangiocarcinoma; ICC, intrahepatic cholangiocarcinoma.

R132C
R132G
R132H
R132L

63.5%

R132S8
R132V
Other

0 10 20 30 40 50 60 70
Patients (%)
Figure 3 Percentage of patients with specific isocitrate

dehydrogenase 1 mutations (across 20 studies and 244 patients).

mIDHI status, 86 (66.2%) of 130 patients with mIDH]I
were female (95% CI, 57.7-73.7%). This was higher than
the percentage of females in the overall CC population, as
reported in 21 studies (796 of 1,792 patients, or 44.4%).
Seven studies reported the age of patients with mIDH]I
(n=57), with the weighted average being 59.0 years (pooled
standard deviation, 11.0) (16,39,41,44,45,53,55). Although
the mIDH]1 patient numbers were small, this was similar
to the weighted average of 62.2 years reported for the
overall CC populations reported in 18 studies (n=1,330)
(11,13,14,16,17,21,37,39-42,44,45,50,51,53,64).

Characteristics of mIDHI and co-mutations

Twenty of the 46 publications reported details of the
specific mIDHI, representing 244 patients from the United
States, Europe, and Asia (233 with ICC and 11 with ECC)

© Journal of Gastrointestinal Oncology. All rights reserved.

(Figure 3). With the exception of two mutations, all of the
mutations were observed on codon 132. R132C was the
most frequently observed mutation across all publications
reporting these data (n=155; 63.5% of patients). Other
frequently reported mutations were R132L (n=35; 14.3%
of patients) and R132G (n=29; 11.9% of patients). The
other R132 mutations were R132S (n=9; 3.7% of patients),
R132H (n=8; 3.3% of patients) and R132V (n=1; 0.6% of
patients); for 5 patients, the specific change in R132 was not
reported. The two other mutations (detected in one tumor
each) were 199M and G97D.

Eleven of the 46 publications reported on co-
mutations present in patients with mIDH1 ICC (15,19,39-
42,44,50,52,53,55). Figure 4 summarizes the mutations
that were analyzed in =30 patients with ICC within
each of the 11 studies. The three genes most frequently
reported as co-mutations with mIDHI1 were ARIDI1A
(22.0%), BAPI1 mutation or loss (15.5%), and PBRM1
(13.3%). Other mutations were reported in <8% of tumors
analyzed. Insufficient data and small sample sizes prevented
determination of whether the rates of these co-occurring
mutations were significantly different from those seen in
tumors with wild-type IDHI.

Clinical outcomes in patients with mIDHI CC

Eight of the 46 publications investigated the possible
prognostic significance of mIDH1 in patients with ICC
(Table 3) (9,13,17,49,50,62,64,66). These studies involved
cohorts of 30 to 326 patients with ICC, with a prevalence of
mIDHI ranging from 7.1-30.0%. The number of patients
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Chan-On et al. 2013 (39);
n=11
Farshidfar et al. 2017 (40);
n=6
Fujimoto et al. 2015 (53);
n=4
Goyal et al. 2015 (41); n=2
Jiao et al. 2013 (42); n=9
Toe of al 2016 (44), n=1
Nakamura et al. 2015 (15);
Ross et al. 2014 (55); n=9
Simbolo et al. 2014 (19);
n=11
Zhu et al. 2014 (50); n=31
Zou et al. 2014 (52); n=5
Samples (n) in which gene was analyzed | 59 | 58 | 51 | 44 | 53 | 54 | 52 | 97 [ 36 | 70 | 30 | 82 | 73 | 40 | 93
Co-mutations (n) with miDH1 | 13 | 9 1 2J]0JojJoJ2(]1 0]4]61]1 114
mIDH1 co-mutationrate (%) | 22 |16 | 2 | 5 | 0 | 0 | 0 | 2 | 3]0 [13] 7 1 314

- Mutation detected - Wild type I:l Gene not assessed

Figure 4 Representative co-mutations investigated in >30 patients with ICC having mIDHI. Only genes analyzed in >30 patients with ICC
are presented. Values in pink boxes are the proportion of patients with mutations; lighter shading indicates lower proportions. ARIDI1A, AT-
rich interactive domain-containing protein 1A ; BAP1, BRCAl-associated protein 1; BRAF, B-Raf proto-oncogene, serine/threonine kinase;
CDKN2A, cyclin-dependent kinase inhibitor 2A; CTNNBI, catenin beta 1; GNAS, GNAS complex locus; IDH?2, isocitrate dehydrogenase 2;
KRAS, KRAS proto-oncogene, GTPase; MAP2KI, mitogen-activated protein kinase 1; NRAS, NRAS proto-oncogene, GTPase; PBRM1,
polybromo 1; PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha; PTEN, phosphatase and tensin homolog;
SMAD4, SMAD family member 4; TP53, tumor protein 53; ICC, intrahepatic cholangiocarcinoma; mIDH1, IDH1 mutations.
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Table 3 Studies investigating the prognostic significance of mIDH]1 in patients with ICC

Patients Patients with mIDH1 L
Reference with ICC, N Follow-up, months and IGG, n (%) Prognostic significance of mIDH1
Churi et al. 2014 (1 3)a 55 Median, 19 10 (18.0) Not associated with PFS or OS (not
mentioned for mIDH2)
Javle et al. 2016 (9)a 224 NR 40 (17.9) Not prognostic for OS
Lowery et al. 2016 (53)6"b 30 NR 9 (30.0) Not associated with TTP in response to
first line of chemotherapy in advanced
disease (77% gemcitabine/platinum)
Pak et al. 2017 (56)a'b 66 NR 15 (22.7) Not prognostic for OS or DFS
Pawlik et al. 2014 (58)b 138 NR 11 (7.8) Not associated with survival
Ruzzenente et al. 2016 (1 7)a 53 Mean, 28.3+25.8 7(13.2) Not associated with OS
Wang et al. 2013 (65)a 326 Chinese cohort: median, 11.00 23 (7.1) mIDH2 but not mIDH1 associated with
(range, 1-110.13); USA cohort: longer time to tumor recurrence after
median, 29.5 (range, 0.67-153.43) resection (P=0.021)
Zhu et al. 2014 (69)a 200 Median, 23.2 31 (15.5) Not associated with OS

° studies with overall survival; b, conference abstract. mIDH1/2, isocitrate dehydrogenase 1/2; ICC, intrahepatic cholangiocarcinoma; NR, not
reported; PFS, progression-free survival; OS, overall survival; TTP, time to progression; DFS, disease-free survival.

with mIDHI ICC ranged from 9 to 40. The duration
of follow-up was reported in four studies; mean follow-
up, reported for one study, was 28.3+25.8 months (17)
and the median follow-up duration (reported for the other
three studies) was 19 months (13), 23.2 months (50), and 11.0
(Chinese cohort) and 29.5 (USA cohort) months (49) (Tuble 3).
None of the studies reported a statistically significant association
between the presence of mIDHI and clinical outcomes (OS,
PES, or time to progression). Given the low number of patients
with mIDH1 ECC, no meaningful information could be
extracted about clinical outcomes specific to these patients.

The present review also identified a publication by Lowery
et al. (35) reporting the results of a phase 1 trial of ivosidenib
in patients with previously treated mIDH1 CC. This dose-
escalation study involved 73 patients with CC, of which 65
had ICC. A pardal response was observed in 5% of patients,
and 56% achieved stable disease. Six-month PFS was 38%
and 12-month PFS was 20%. The reported results did not
distinguish patients with ICC from those with ECC.

Discussion

The results of this systematic review confirm the findings
of previous individual studies demonstrating that, in
patients with CC, mIDHI is largely confined to ICC
tumors. Indeed, in all the studies identified in this review,
which included both patients with ICC and with ECC,
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the proportion of patients with mIDH]1 tumors was
substantially greater in patients with ICC compared with
those with ECC. Based on all the patients included in the
identified studies, the overall frequency of mIDHI was
13.1% in patients with ICC versus 0.8% in patients with
ECC (P value <0.0001).

Further characterization of the frequency of mIDHI in
ICC across studies reveals possible differences according
to geographical location, with generally lower frequencies
being observed in Asian centers (8.8%; 95% CI, 7.2-10.7%)
compared with non-Asian centers (16.5%; 95% CI, 15.1-
18.1%) and particularly USA centers (18.0%; 95% CI, 16.4—
19.8%). This may reflect differences in the distribution of
risk factors. Recognized risk factors for ICC include chronic
inflammation of the bile ducts due to infection with liver
fluke, and chronic viral hepatitis associated with hepatitis B
or C infections, both of which are more prevalent in Asian
countries. One study identified in our review reported
mIDHI ICC to occur at a lower frequency in patients with
fluke infection (1.6% wvs. 4.2%) (10); this has also been
observed in a study reporting on the combined frequency
of IDHI and mIDH2 in a cohort of patients from
Thailand with fluke infection, and in a cohort of patients
from Singapore without fluke infection (3.2% wvs. 22.2%;
P=0.029) (39). Two Japanese studies provide evidence to
suggest that the frequency of mIDHI is lower in patients
with chronic hepatitis. Both of these studies considered the
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combined frequency of IDH1 or IDH2: Fujimoto ez a/. (53)
reported a significantly higher frequency of IDHI1/2 in
patients without hepatitis (20% vs. 2%; P<0.01), while
Yasui er al. (71) reported that none of the patients in their
cohort who had hepatitis had mIDH1/2. Ascertainment bias
due to geographical differences in access to comprehensive
clinical tumor sequencing could also have contributed to
the differences in observed frequency. Any conclusions,
however, need to be cautious, given the range of frequencies
reported for studies within a particular geographical region,
the relatively small number of patients included in some
studies, and the lack of rigorous inclusion criteria for any of
the studies.

Given that mIDHI appears to be present in a clinically
relevant proportion of patients with ICC tumors, it is of
interest whether the patient characteristics, and the course
of disease progression in patients with these tumors, differ
from those of patients with tumors with wild-type IDH1.
Although some of the studies identified in this review
provided information on the demographic characteristics
of patients with ICC, most did not provide data specifically
for the mIDHI subtype. Based on a small subset of studies,
we found the mIDHI appears to occur more frequently in
women than in men, though this finding requires validation
in a larger cohort with symmetric demographic information
available across subjects. There was insufficient information
to definitively determine whether mIDH1 CC occurs more
frequently in older or younger patients or in a particular
racial group compared with tumors with wild-type IDHI.
However, one study has suggested that mIDH1 tumors
may show a different morphology to wild-type IDH1
tumors (46), and a Japanese study distinguished two ICC
subtypes and found that mIDH1/2 were confined to type
2 tumors (frequency, 40% vs. 0%); type 2 tumors were
associated with a better recurrence-free survival and OS
compared with type 1 tumors (71).

Various genomic profiling studies have identified a range
of oncogenic mutations present in CC tumors. In this
study, we have summarized the most frequently reported
co-mutations in ICC mIDHI tumors. The three most
frequently observed co-mutations were ARID1A, BAPI (loss
or mutation), and PBRM]I. The frequency of mutations
in ARID1A was numerically higher when mIDHI1 was
present compared with the overall study sample, although
the statistical significance could not be determined. BAPI
mutations and losses could not be distinguished, owing
to variability in testing and reporting across studies. This
is a noteworthy limitation precluding the delineation of
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mutation versus loss of protein expression due to epigenetic
dysregulation according to mIDHI status (10,47,72).

Although some clinical differences have been noted
between patients with mIDH1 versus wild-type ICC tumors,
evidence to date suggests that the presence of mIDH1
does not significantly affect the prognosis of patients with
ICC. This was the conclusion from eight studies that have
sought to assess the possible prognostic implications of the
mIDH1 in ICC tumors (9,13,17,49,50,62,64,66). While
these studies have been small, involving no more than
40 patients with mIDHI tumors in each study, the
consistency of results across the eight studies suggests
that the presence of mIDHI1 does not significantly affect
the natural history of ICC or the outcomes of current
chemotherapy. These results further indicate that survival
outcomes reported for ICC as a whole can be used as a
benchmark against which the effects of investigational
mIDH]1-targeted therapies are measured.

The findings of this review bring together significant
information on the frequency, clinical characteristics, and
genetic characteristics of ICC tumors harboring mIDHI.
"This adds to the growing literature on the role of mIDH1 in
other tumors, such as AML, glioma, and chondrosarcoma.
As with these other tumors, almost all the mIDH1
reported involved changes in the arginine codon, R132.
However, the most common substitutions appear to differ
between tumors. In gliomas, the most common mutation
is substitution of arginine by histidine, while less common
mutations include R132C, R132S, R132G, and R132L (73).
In contrast, the findings of this review suggest that R132C
is the most common mutation in ICC, followed by R132L
and R132G. All of these mutations are understood to result
in gain of function activity, resulting in the accumulation
of very high levels of the oncogenic metabolite 2-HG. This
leads to a cellular hypermethylation profile that is believed
to contribute to tumorigenesis through epigenetic changes
that lead to inhibition of cellular differentiation (73).
Further recent research suggests that mIDH1 is associated
with increased methylation, and hence reduced expression,
of the genes encoding the immunosuppressive molecules
(PD-L1) and programmed cell death protein 1 (PD-1)
(notably, being associated with a lack of response to
checkpoint inhibitors in gliomas), and an increase in tumor-
infiltrating lymphocytes (74). Other studies have shown
that T-cell uptake of 2-HG results in suppression of T-cell
activity (75) and reduced accumulation of T cells in tumor
sites (76). These results indicate that 2-HG may also exert
tumorigenic effects by acting as an immunosuppressant.
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Thus, while tumorigenesis associated with mIDHI is
likely to be mediated through changes in gene expression
as with most other tumors, uniquely, the changes in
gene transcription appear to be brought about through
the effects of the oncometabolite 2-HG, rather than the
modulation of cell signaling pathways. The precise role of
mIDH1 in tumorigenesis is not understood and may differ
across tumor types. Characterization of the genetic changes
present in mIDHI1 ICC tumors and the clinical course of
the tumor may help understand the role of mIDH1 in ICC
and hence its potential as a therapeutic target.

To the best of our knowledge, the robust methodology
employed in this systematic review has ensured the
identification of all relevant published data relating to
the frequency, mutations, co-mutations and clinical
outcomes for patients with mIDH1 ICC. However, the
conclusions from this review are necessarily cautious, given
the limitations of the available data and the individual
studies, which are only partly overcome by considering
the whole body of literature. Firstly, reporting of mutation
status is influenced by the availability and cost of the
required genetic tests, which are not generally available
in some centers and geographical locations. Secondly,
there is likely to be selection bias, with tumors that are
more amenable to biopsy and those without substantial
stromal contamination, being more likely to be genetically
analyzed. Furthermore, some studies have not distinguished
between tumors with mIDH1 and mIDH2, although
these are two distinct enzymes. In addition, many studies
focused on genetic characterization of the tumors rather
than the clinical course of disease or the characteristics of
patients developing ICC tumors. An additional limitation
is the possibility of overlapping patients across several of
the publications, owing to shared datasets. We excluded
publications with overt overlap, but there remained several
that could have had partial overlap due to shared authorship
and institution (37,38,41,56). In accordance with systematic
review guidelines, it would have been inappropriate
to exclude any of these studies from our analysis (77).
Sensitivity analyses were conducted to assess the magnitude
of impact of any potential double-counting by, for example,
keeping only the largest of a set of potentially overlapping
studies or only the ones with the highest or lowest mIDH1
rates; these did not materially impact the overall findings.

In conclusion, this review has identified a growing body of
literature relating to ICC tumors harboring mIDHI. These
studies substantiate the early clinical data suggesting that
mIDHI is largely confined to ICC tumors and extremely
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rare in ECC. The studies also provide preliminary evidence
that the frequency of mIDH1 in ICC may be lower in
geographic regions where specific risk factors, such as fluke
infection or chronic hepatitis, contribute significantly to
the occurrence of CC. mIDHI is a recognized therapeutic
target for a number of different tumors including AML. The
development of targeted therapies against mIDH1 will help
to characterize these tumors and to refine our understanding
of the role of mIDHI in tumorigenesis. There is an urgent
need for better treatment options for patients with CC, and
understanding the genetic basis of this disease is a key step in
developing new treatments.
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Supplementary

Table S1 Terms employed for database searches

:Lej::;';r Search terms Hits
Embase
1 exp bile duct carcinoma/ 19,619
2 (cholangiocarcinoma or hepatocholangiocarcinoma).mp 14,543
3 exp bile duct/ 23,896
4 ((bile duct or cholangiocellular or klatskin or biliary or hepatobiliary or cholangiolar) and (cancer* or carcinoma* 53,832
or neoplasm* or tumor* or tumour*)).mp.
5 or/1-4 70,319
6 exp isocitrate dehydrogenase 1/ 2,649
7 (isocitrate dehydrogenase 1 or IDH1 or IDH-1).mp. 5,973
8 6or7 5,973
9 5and 8 176
10 limit 9 to English language 175
MEDLINE via Ovid
1 exp Adenoma, Bile Duct/ or exp Cholangiocarcinoma/ or exp Bile Duct Neoplasms/ 20,176
2 (Cholangiocarcinoma or hepatocholangiocarcinoma).mp. [mp=title, abstract, original title, name of substance 12,364
word, subject heading word, keyword heading word, protocol supplementary concept word, rare disease
supplementary concept word, unique identifier, synonyms]
3 exp Bile Ducts/ 48,387
4 ((bile duct or cholangiocellular or klatskin or biliary or hepatobiliary or cholangiolar) and (cancer* or carcinoma* 41,358
or neoplasm* or tumor* or tumour*)).mp.
5 or/1-4 77,568
6 (isocitrate dehydrogenase 1 or IDH1 or IDH-1).mp. 2,601
7 5and 6 81
8 limit 7 to English language 81
Cochrane Library
1 MeSH descriptor: [Adenoma, Bile Duct] explode all trees 6
2 MeSH descriptor: [Cholangiocarcinoma] explode all trees 82
3 MeSH descriptor: [Bile Ducts] explode all trees 493
4 Cholangiocarcinoma or hepatocholangiocarcinoma 333
5 ((bile duct or cholangiocellular or klatskin or biliary or hepatobiliary or cholangiolar) and (cancer* or carcinoma* 2,160
or neoplasm* or tumor* or tumour*))
6 #1 or #2 or #3 or #4 or #5 2,541
7 MeSH descriptor: [Isocitrate Dehydrogenase] explode all trees 24
8 (isocitrate dehydrogenase 1 or IDH1 or IDH-1) 145
9 #7 or #8 153
10 #6 and #9 11
PubMed
1 ((bile duct carcinoma[MeSH Terms]) OR bile duct adenoma[MeSH Terms]) OR cholangiocarcinoma[MeSH Terms] 18,209
2 bile duct[MeSH Terms] 44,347
3 (bile duct or cholangiocellular or klatskin or biliary or hepatobiliary or cholangiolar 158,094
4 ((((cancer*) OR carcinoma*) OR neoplasm*) OR tumor*) OR tumour* 3,668,071
5 #3 and #4 51,211
6 Cholangiocarcinoma or hepatocholangiocarcinoma 11,521
7 #1 or #2 or #5 or #6 83,317
8 (((isocitrate dehydrogenase i[MeSH Terms]) OR isocitrate dehydrogenase 1) OR IDH1) OR IDH-1 7,408
9 #7 and #8 91
10 #9 Filters: English 90
11 #10 Filters: Publication date from 2016/01/01 to 2017/12/31 41




