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Abstract

Cholangiocarcinoma (CCA) is an aggressive malignancy that arises from the biliary tract. Currently, the first-line
therapy for advanced CCA is gemcitabine and cisplatin. However, 5-year survival remains low. It has become
abundantly clear that a “one size fits all” approach no longer applies to the treatment of individual cancers, given
the large amount of tumor heterogeneity. As such, research in recent years has focused on developing effective
targeted therapies through genetic profiling of CCA tumors. IDH1 and IDH2 mutations are commonly found in
intrahepatic CCA (ICCA). IDH mutations prevent hepatic progenitor cell differentiation and result in the
persistence of progenitor-like and stem cells. These are more prone to alterations that promote tumor initiation. As
such, IDH has been identified as a promising target for ICCA treatment. We herein review the role of IDH
mutations in ICCA development, recent data for IDH inhibitors in ICCA treatment, and challenges within the field
of targeted therapy for ICCA.
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INTRODUCTION

Cholangiocarcinoma (CCA) is a rare and aggressive malignancy that originates from the biliary tract. It can
be divided anatomically into intrahepatic and extrahepatic (hilar and distal) CCA. Intrahepatic CCA
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(ICCA) originates from the second-order bile ducts in the liver and is thought to differ from extrahepatic
CCA (ECCA) in underlying biology and behavior'. Surgical resection with adjuvant capecitabine carries
the best hope of achieving long-term survival. Given the propensity to develop recurrent or metastatic
disease, patients who undergo curative intent surgery still only have a 5-year survival rate between 20%-40%
2] Furthermore, more than 80% of patients present with advanced or metastatic disease and are not
candidates for resection'.

Based on results from the ABC-02 trial, the combination of gemcitabine and cisplatin is currently the
first-line chemotherapy for advanced CCA". Additionally, patients with ICCA may benefit from liver-
directed therapy (e.g., hepatic artery infusion pump, Yttrium-90 radioembolization)". In recent years,
neoadjuvant chemotherapy in combination with liver-directed therapy has been discussed for patients with
locally advanced disease in an attempt to downstage them to an operative candidate”. Despite this, the 5-
year survival rate is only 5%-10% for patients with advanced disease®*. Overall, systemic therapy options are
limited for patients with CCA and often complicated by adverse events and drug resistance'®. Additionally,
no regimen has outperformed gemcitabine and cisplatin since the ABC-02 trial was published over a decade
ago. As such, the focus has shifted to the development of effective targeted therapies and
immunotherapy™'..

Genetic profiling of CCA tumors has started to identify common mutations that can be targeted. Javle et al.
performed next-generation sequencing on 554 biliary tract cancers (BTC), including 412 ICCA, and
reported the most common genetic aberrations. The most common mutations in patients with ICCA
were cyclin-dependent kinase inhibitor 2A/B (CDKN2A/B; 27%), tumor protein 53 (TP53; 27%), KRAS
(22%), AT-rich interactive domain-containing protein 1A (ARID1A; 18%), and isocitrate dehydrogenase 1
(IDH1; 16%). Weinberg et al. profiled 1,502 BTC (825 were ICCA) and found a higher rate of IDH1,
ubiquitin carboxyl-terminal hydrolase (BAP1), polybromo-1 (PBRM1), and fibroblast growth factor
receptor (FGFR) genetic aberrations in ICCA tumors"”. IDH1 has been identified as a promising target for
ICCA treatment. We herein review the role IDH mutations play in ICCA development, recent data for IDH
inhibitors in ICCA treatment, and the challenges within the field of targeted therapy for ICCA.

MOLECULAR PATHOGENESIS OF INTRAHEPATIC CHOLANGIOCARCINOMA

ICCA originates from the second-order bile ducts within the liver when the epithelial cells lining the bile
duct undergo malignant transformation. The molecular mechanism of cholangiocarcinoma has not been
completely elucidated. A persistent pro-inflammatory state combined with increased growth factors and bile
acids may lead to the accumulation of mutations in cholangiocytes and uncontrolled cell growth. The
delicate homeostasis of the liver’s immunotolerant microenvironment is disrupted, leading to
oncogenesis'"”. Sia et al. found two transcriptomic profiles of ICCA through gene expression profiling: the
“inflammation” subtype and the “proliferation” subtype"*. In the inflammation subtype, there is activation
of immune-related signaling pathways and an overexpression of cytokines. In contrast, the proliferation
subtype is described as activation of oncogenic signaling pathways (e.g., RAS, MAPK, MET) and mutations
in KRAS and BRAF.

IDH1 molecular pathway

IDH in physiologic conditions

IDH exists in three isoforms: IDH1, IDH2, and IDH3. IDH1 expression is highest in hepatocytes, where it
plays a role in lipogenesis and maintenance of redox homeostasis. IDH2 expression is highest in cardiac
muscle cells but still expressed in hepatocytes"”. While mutations in IDH1 and IDH2 genes have been
found in 16% and 4% of patients with ICCA, respectively, they are not commonly seen in patients with
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ECCA""'*" IDH1 is found in the cytosol, while IDH2 is found in the mitochondria"®. In physiologic
conditions, IDH1 and IDH2 enzymes participate in a two-step reaction in the Krebs cycle that converts
isocitrate to a-ketoglutarate (a-KG). In the first part of the reaction, isocitrate is converted through
oxidation to oxalosuccinate. Subsequently, the beta-carbonyl group on oxalosuccinate is released as CO2 to
form a-KG. This reaction also results in the reduction of two NADP" molecules to NADPH"*"! [Figure 1].
This reduction supports the scavenging of reactive oxygen species and cholesterol biosynthesis.
Additionally, a-KG acts as a co-substrate for many enzymes. When cells are exposed to hypoxia, IDH1 and
IDH2 can reverse the reaction and convert a-KG back to isocitrate and replenish the Krebs cycle or generate
acetyl-CoA™.

Role of IDH mutations in ICCA

Most commonly, IDH1 and IDH2 mutations are secondary to a point mutation in the R132 and R172
codons, respectively”!. The pathways for how mutated IDH leads to oncogenesis are still poorly
understood, but pieces of the puzzle have been elucidated through various studies. There is general
consensus that the primary oncogenic mechanism of IDH mutations is through an accumulation of 2-
hydroxyglutarate (2-HG)"' [Figure 1]. Gain of function mutations in IDH1 or IDH2 results in the
generation of 2-hydroxyglutarate (2-HG) and a decrease in «-KG and NADPH. 2-HG is structurally similar
to a-KG and competitively binds and inhibits dioxygenase enzymes'>'**\. These enzymes include regulators
of cell differentiation and metabolism"”. In addition, the decreased levels of a-KG results in the degradation
of hypoxia-inducible factor 1o (HIF-10) and increased angiogenesis, while the reduction in NADPH leads to
an increase in reactive oxygen species®*?. Through these various mechanisms, IDH mutations prevent
hepatic progenitor cell differentiation and result in the persistence of stem and progenitor-like cells. These
cells are more prone to oncogenic alterations that promote tumor initiation"?.

In recent years, the immune tumor microenvironment has emerged as a crucial component of tumor
development and progression. Some studies have demonstrated that IDH mutations play a role in immune
modulation of the microenvironment. Studies in gliomas have demonstrated an association between IDH1
mutations and low intra-tumoral CD8' T cells and immune-related signaling compared to IDH1 wild-type
tumors”?Y. The increased presence of 2-HG also contributes to immunosuppression within the tumor
microenvironment. In vitro studies have shown that 2-HG is taken up by T-cells. This leads to inhibition of
T cell proliferation and reduced production of interferon-y (IFN-y) and IL-2. However, it is poorly
understood how 2-HG is secreted from tumor cells and then taken up by T cells"**".

Most pre-clinical studies for IDH mutations employ pre-clinical models for gliomas or acute myeloid
leukemia. Wu et al. utilized pre-clinical models for cholangiocarcinoma to demonstrate that IDH1
mutations resulted in immune suppression through a TET2 inactivation. Additionally, they demonstrated
the efficacy of combination therapy with IDH1 inhibitors and immune checkpoint inhibitors (ICI)*". Their
team created a genetically engineered IDH1 mutated murine model that promoted ICCA development.
Biopsies of the mouse livers showed elevated levels of 2-HG and similar histopathologic features of human
ICCA. With this model, they found that elevated levels of 2-HG mediated a TET2 inactivation and that
IDH1 mutations suppressed anti-tumor immunity by causing an insensitivity of ICCA cells to immune
signals and impairing CD8" T cell function. When an IDH1 inhibitor was employed, the authors saw rapid
CDs" T cell recruitment and decreased tumor growth. Of note, no effect was seen on tumor growth with an
IDH!1 inhibitor in immunodeficient mice, thereby confirming the necessity of an immune response to
observe the anti-tumor effect of IDH1 inhibition. RNA sequencing and immunohistochemistry (IHC)
analysis of immunocompetent mice treated with an IDH1 inhibitor showed upregulation of interferon-y
response genes and an increase in CD8" T cell infiltration.
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Figure 1. IDH1 and IDH2 mutations causes build up of 2-hydroxygluatrate (2-HG). IDH: isocitrate dehydrogenase; CO,: Carbon dioxide;
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IDH mutations and prognosis in ICCA

Unfortunately, there is little convincing evidence that the presence of an IDH mutation is associated with
prognosis. Wang et al. evaluated 326 patients with resected ICCA and found that IDH mutation was
associated with improved overall survival and longer time to tumor recurrence. Tumor recurrence at 1, 4,
and 7 years in patients with IDH mutations was 10.5%, 45.3%, and 45.3%, respectively, while recurrence
rates in patients with wild-type tumors were 41.7%, 71.5%, and 81.3%, respectively'””. However, this study
did not provide information on tumor stage or other therapies given to the cohort. Rizzato et al. evaluated
286 patients with biliary tract cancers and found on multivariable analysis that IDH mutation was associated
with better overall survival®!. Despite these two studies, there are several more that have not demonstrated
any association between IDH mutation and prognosis for ICCA. Zhu et al. performed genomic profiling of
200 ICCA tumors and did not find any significant association between IDH mutation and overall
survival®. Several other studies have failed to demonstrate an association between IDH mutation and
prognosis, even when stratified for competing variables'*”).

Treatment of IDH-mutated CCA

Ivosidenib

Ivosidenib, also known as AG-120, is an IDH1 inhibitor. It binds mutated IDH1 and locks it in its inactive
conformation, thereby allosterically inhibiting the production of 2-HG". It was previously approved for
patients with IDH1 mutated acute myeloid leukemia. In a phase I study, ivosidenib monotherapy was tested
in IDH1 mutated solid tumors at multiple centers in the United States and France™. Included in this study
were 73 patients with advanced CCA (65 with ICCA, 8 with ECCA) that had recurred or progressed on
standard therapy. Median progression-free survival (PFS) was 3.8 months, with 6- and 12-month PFS
reported as 40.1% and 21.8%, respectively. Median overall survival (OS) was 13.8 months. This study
demonstrated that ivosidenib is well tolerated in patients with previously treated IDH1 mutated CCA.
Additionally, 13 of the patients in this study had post-treatment tumor samples assessed for Ki-67
proliferation index. A reduction in Ki-67 positive cells was seen in 9 of the 13 patients (69%), with a median
reduction of 22.6% across all 13 patients.

A recent phase III, randomized, double-blind study compared ivosidenib to placebo in patients with
advanced or metastatic IDH1 mutated CCA who have previously received at least one treatment regimen
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(ClarIDHy, NCT02989857)"". They recruited 187 patients and randomized in a 2:1 fashion (ivosidenib vs.
placebo). The majority of patients had ICCA (91.4%). Of the 61 patients in the placebo arm, 43 crossed over
to the ivosidenib arm. Median OS was 10.3 months and 7.5 months with ivosidenib versus placebo,
respectively, but when adjusted for crossover, the median OS for the placebo cohort was 5.1 months
(P <0.001). The most frequently reported grade 3 or higher adverse event in both cohorts was ascites. This
is the first randomized phase III trial that demonstrates the clinical benefit of targeting IDH1 mutations in
patients with previously treated CCA. The National Comprehensive Cancer Network (NCCN) guidelines

now recommend ivosidenib as a second-line therapy for patients with IDH1 mutated CCA"®.

LY3410738

LY3410738 is a selective, covalent inhibitor of IDH1 that binds to a different site of the mutated IDH1
enzyme than ivosidenib. LY3410738 modifies a single cysteine in an allosteric binding pocket and
inactivates the enzyme. This inhibits 2-HG production but does not change a-KG levels””. Additionally, this
binding site is outside of the dimer interface, enabling activity in the setting of known second-site IDH1
mutations®. In a pre-clinical study, LY3410738 demonstrated greater potency for inhibition of 2-HG
production in vitro compared to ivosidenib. Furthermore, the combination of LY3410738 and a Bcl-2
inhibitor was effective in an acute myeloid leukemia xenograft model that was derived from a patient with
ivosidenib resistance™”. LY3410738 is currently being evaluated in a phase I trial (NCT04521686) in patients
with IDH1 mutated solid tumors, including advanced CCA. This study includes patients who had previous
treatment with another IDH1 inhibitor. After determining the recommended phase II dose, LY3410738 will
be evaluated as a monotherapy and in combination with cisplatin and gemcitabine. The cohort with a
combination of LY3410738, gemcitabine, and cisplatin will be in patients with CCA who are
treatment-naive®”.

Poly-ADP ribose polymerase inhibitors

Poly-ADP ribose polymerase (PARP) is a family of proteins that are involved in DNA repair. Wang et al.
demonstrated with pre-clinical in vitro and in vivo models of gliomas and cholangiocarcinoma that the IDH
mutation confers sensitivity to PARP inhibitors™. However, this study also suggests that concurrent
radiation therapy is necessary to yield the maximum benefit of PARP inhibitors in these patients. Other
studies have proposed that the reason IDH-mutated CCA cell lines are sensitive to PARP inhibitors is
related to elevated levels of 2-HG"**'/. Based on these studies, there are ongoing clinical trials evaluating
olaparib (PARP inhibitor) in patients with IDH-mutated CCA (NCTo03w878095, NCT03212274,
NCTo03561870, NCT03749187).

Platinum-based chemotherapy

Pre-clinical evidence also indicates that IDH1 and IDH2 mutations result in homologous recombination
deficiency. As a result, the cell is unable to effectively repair double-stranded DNA breaks'*”. Some propose
that this could be exploited as a target for platinum-based chemotherapy and/or PARP inhibitors. In a
retrospective study, Niger et al. investigated whether there was a survival difference with platinum-based
therapy in patients with IDH-mutated versus wild-type ICCA". There was no difference in PFS, disease
control rate, or overall response rate when comparing patients with IDH-mutated ICCA to patients with
wild-type ICCA. In an analysis of the Cancer Genome Atlas CCA tumors, there was no difference in the
rate of homologous recombination deficiency between IDH-mutated and wild-type CCA tumors, although
CCA did have higher homologous recombination deficiency compared to other tumor types. This
suggests that the presence of IDH mutation does not necessarily correlate with elevated homologous
recombination deficiency.
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Other potential targeted therapies

Dasatinib is a multi-tyrosine kinase inhibitor. One theory is that the changes to cell differentiation,
metabolism, and epigenetic control caused by IDH mutations may confer targetable vulnerabilities in other
pathways. One pre-clinical study performed a high-throughput drug screen with 17 BTC cell lines. They
demonstrated rapid apoptosis in dasatinib-treated, IDH-mutated ICCA cell lines due to a dependency on
SRC signaling. SRC is a family of non-receptor tyrosine kinases that are known to play a role in cell
proliferation, differentiation, and migration*. In the IDH-mutated patient-derived xenografts, dasatinib
caused widespread cell necrosis. Of note, levels of SRC expression and activity did not correlate with IDH
mutation status or dasatinib sensitivity. In addition, SRC activity was similar in both the IDH wild-type and
mutated cell lines. There is currently a phase II trial evaluating the use of dasatinib in patients with IDH-
mutated advanced CCA (NCT02428855).

Other pre-clinical studies have demonstrated that the bromodomain and extra-terminal domain (BET)
inhibitor JQ1 has an inhibitory effect on IDH-mutated ICCA human cell lines'*”. BET represents a family of
proteins that facilitate transcriptional activation through recruitment of transcriptional regulatory
complexes“”. Ongoing clinical trials for IDH-mutated CCA can be found in Table 1.

Mechanisms of resistance

Despite the promising future of targeted therapy, a critical hurdle is IDH inhibitor resistance. Resistance can
be broken down into primary and secondary (or acquired) resistance. When a tumor does not initially
respond to targeted therapy, this is known as primary resistance. On the other hand, secondary resistance
occurs when patients demonstrate disease recurrence or progression after an initial response to targeted
therapy. Understanding the mechanisms of resistance can guide clinicians as to which targeted therapies
will be most effective in patients and how to predict acquired resistance so that treatment regimens can be
adjusted.

IDH inhibitor resistance in acute myeloid leukemia

Most studies focused on IDH inhibitor resistance have been in acute myeloid leukemia. In a study of 174
patients with acute myeloid leukemia, the presence of concurrent receptor tyrosine kinase (RTK) pathway
mutations was associated with primary resistance to ivosidenib and the development of RTK pathway gene
mutations during treatment was associated with secondary resistance. Additionally, restoration of elevated
2-HG levels through acquired second-site IDH1 mutations or new IDH2 mutations was observed as a
mechanism of secondary resistance'”. Wang et al. performed a genomic analysis in longitudinally collected
specimens from 60 patients with IDH1 or IDH2 mutated acute myeloid leukemia and treated with IDH
inhibitors. They demonstrated that primary resistance to IDH inhibitors was associated with certain
co-mutations (RAS and RUNX1) and with leukemia stemness. Secondary resistance was associated with the
acquisition of new mutations. Interestingly, one of these was an acquired TET2 mutation*®. As discussed
earlier in this review, we noted that Wu et al. demonstrated the importance of TET2 inactivation in IDH-

[26]

mutated cholangiocarcinoma immune evasion”®.

In a study of four patients, mutant IDH isoform switching, either from mutated IDH1 to mutated IDH2 or
vice versa, was identified as a mechanism of acquired resistance. Isoform switching re-established elevated
2-HG levels. Three of these patients had acute myeloid leukemia, while the fourth had IDH1 mutated ICCA.
In the patient with ICCA, sequencing of the post-progression biopsy after treatment with ivosidenib
demonstrated the known IDH1 mutation and a new IDH2 mutation. The patient was then treated with an
IDH2 inhibitor, enasidenib, that is approved for acute myeloid leukemia, but unfortunately expired about 2
months after starting treatment'*”.
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Table 1. Selected ongoing clinical trials for IDH-mutated cholangiocarcinoma

Study Clinical trial

Agent Mechanism Condition phase identifier
Olaparib PARP Inhibitor IDH1 or IDH2 mutated, advanced glioma, Phase Il NCT03212274
cholangiocarcinoma, or solid tumors
Olaparib and durvalumab Olaparib: PARP IDH-mutated glioma or cholangiocarcinoma Phase Il NCT03991832
Inhibitor
Durvalumab: PD-L1
inhibitor
Olaparib and ceralasertib Olaparib: PARP IDH1 and IDH2 mutated cholangiocarcinoma and  Phase Il NCT03878095
inhibitor other solid tumors
Ceralasertib: ATR
inhibitor
LY3410738 IDHT Inhibitor IDH1 R132 mutated solid tumors (including Phase | NCT04521686
cholangiocarcinoma)
Dasatinib Multi-tyrosine kinase IDH-mutated advanced intrahepatic Phase Il NCT02428855
inhibitor cholangiocarcinoma
lvosidenib and nivolumab Ivosidenib: IDH1 IDH1 mutated gliomas and advanced solid tumors Phase Il NCT04056910
inhibitor (including cholangiocarcinoma)
Nivolumab: PD-1
inhibitor
Ivosidenib or pemigatinib with Ivosidenib: IDH1 IDH1 mutated or FGFR2 gene aberration Phase | NCT04088188
gemcitabine/cisplatin Inhibitor cholangiocarcinoma
Pemigatinib: FGFR
inhibitor
FT-2102 (Olutasidenib) IDHT Inhibitor IDH1 mutated glioma or advanced solid tumors Phase I/1l NCT03684811

(including cholangiocarcinoma)

ATR: ataxia telangiectasia and Rad3; PARP: Poly-ADP ribose polymerase; IDH: isocitrate dehydrogenase; PD-L1: programmed death ligand 1; PD-1:
programmed death 1.

IDH inhibitor resistance in CCA

The data on CCA IDH inhibitor resistance is more limited. Thirty-seven of the patients who progressed on
ivosidenib in the phase I trial had paired pre-treatment and post-progression biopsies taken for next-
generation sequencing. Of these patients, six had new oncogenic mutations develop at an allele frequency of
5%. Four patients developed co-mutations in the TP53, ARID1A, POLE, PIK3R1, and/or TBX3 genes. One
patient with a stable disease prior to progression developed a new IDH1 mutation by converting the R132C
allele to an R132F. A second patient who initially had a partial response developed an activating IDH2
mutation™. This demonstrates two different mechanisms of resistance. First, similar to other cancers, a
change in the IDH1 mutation or gain of IDH2 mutation can promote acquired resistance. Second, the
presence of new co-mutations in non-IDH genes may also contribute to secondary resistance.

Cleary et al. described two patients with IDH1 mutated CCA with secondary resistance to ivosidenib”". One
patient acquired an IDH2 mutation and the other developed a secondary IDH1 mutation. Even though the
production of 2-HG is less efficient with the double-mutated IDH1 (R132H/D279N versus R132H), the
binding site on the enzyme for ivosidenib is changed. Through an in vitro study, Cleary et al. demonstrated
that the double-mutated IDH1 was resistant to ivosidenib. This study also demonstrated in the lab that
LY3410738 can successfully bind and inhibit the double-mutated IDH1 enzyme®".

What these studies demonstrate is that through either pre-existing or new mutations, the tumor is able to
maintain elevated 2-HG levels and continue to prevent cell differentiation and drive proliferation.
Appropriately identifying co-mutations that confer primary resistance and understanding the underlying
mechanism for why these co-mutations result in resistance may elucidate new potential therapeutic targets.
Additionally, it will allow clinicians to better select patients who will respond to IDH inhibitor therapy. To
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overcome acquired resistance, biopsies and genetic analysis of the tumor throughout IDH inhibitor therapy
may identify patients who have developed new mutations that will confer secondary resistance prior to
progression on clinical scans. This would allow clinicians to either add additional therapies or change the
treatment plan. These studies stress the complexity of primary and secondary resistance and that success
will likely require combination therapy.

CONCLUSION

ICCA is a rare malignancy that often presents at an advanced stage. Currently, the first-line therapy for
advanced CCA is gemcitabine and cisplatin. However, 5-year survival is still extremely low. It has become
abundantly clear that a “one size fits all” approach no longer applies to the treatment of individual cancers,
considering the large amount of tumor heterogeneity. As such, research in recent years has been motivated
to develop effective targeted therapies through genetic profiling of CCA tumors. IDH1 and IDH2 mutations
can be found in 16% and 4% of patients with ICCA, respectively. Currently, ivosidenib is approved as
second-line therapy for IDH1 mutated CCA. Ongoing clinical trials are currently evaluating the use of other
IDH inhibitors that are approved for gliomas or acute myeloid leukemia in patients with advanced CCA.

The main obstacle of targeted therapy is primary and secondary resistance. Overcoming this can only be
accomplished through strong translational work. Data from the lab should identify potential targeted
therapies, inform clinical trial design, and identify the underlying mechanisms of resistance to better select
patients that will benefit the most from specific therapy regimens. Biopsies and genetic analysis of the tumor
throughout therapy may identify acquired mutations that confer resistance and inform treatment timelines.
Combination therapy is likely the best way to tackle the complexity of the underlying biology of resistance.
Given the rarity of these tumors, it is imperative that patients are referred and treated on trial to expedite
accrual, increase tissue collection for post-trial genomic analysis, and identify successful therapies. Large
institutions and cooperative groups should continue a collaborative effort to test new therapies through
clinical trials to maintain forward progress over the next decade.
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