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SUMMARY

Immune checkpoint inhibitors are not available for intra-
hepatic cholangiocarcinoma. Here, we show that trametinib
improves the immunogenicity of tumor cells, leading to a
robust response of the combination of trametinib and anti–
PD-1 in different preclinical models.

BACKGROUND & AIMS: Intrahepatic cholangiocarcinoma
(iCCA) accounts for a fraction of primary liver cancers but has a
5-year survival rate of only 10%. Immune checkpoint inhibitors
are effective in treating many solid cancers, but immune
checkpoint inhibitor monotherapy has no clear benefit in iCCA.
Mitogen-activated kinase (MEK) inhibitors, such as trametinib,
have shown promising results in preclinical studies for iCCA by
inhibiting cell proliferation and modifying the tumor microen-
vironment. This study aimed to show the potential benefit of
combining trametinib with anti–programmed cell death protein
1 (PD-1) therapy in different iCCA mouse models.

METHODS: Here, we assessed the in vitro cytotoxicity of
trametinib in mouse (SB1 and LD-1) and human (EGI-1) chol-
angiocarcinoma cell lines. We examined the efficacy of single-
agent trametinib, anti–PD-1, and a combination of both in
subcutaneous, orthotopic, and plasmid-induced iCCA mouse
models. Flow cytometry analysis was used to elucidate changes
in the tumor immune microenvironment upon treatment.
Whole-exome sequencing (WES) was performed on the SB1
tumor cell line to correlate this preclinical model with iCCAs in
patients.

RESULTS: Trametinib reduced tumor cell growth of SB1, LD-1,
and EGI-1 tumor cells in vitro. Trametinib treatment led to up-
regulation of major histocompatibility complex (MHC-I) and
programmed cell death ligand 1 (PD-L-1) (programmed cell
death ligand 1) on tumor cells in vitro. The combination of tra-
metinib and anti–PD-1 reduced tumor burden in several iCCA
tumormodels and improved survival in SB1 tumor-bearing mice
compared with either agent alone. Immunoprofiling of tumor-
bearing mice showed an increase of hepatic effector memory
CD8þ and CD4þ T cells, as well as an increased degranulation of
CD8þ T cells, indicating enhanced cytotoxicity. WES and somatic
mutational analysis showed no mutations of KRAS, BRAF, and
ERK in SB1 tumor cells, and showed a similar genetic signature of
SB1 found in a cohort of patients with iCCA.

CONCLUSIONS: Altogether, our study shows that trametinib im-
proves the immunogenicity of tumor cells by up-regulating MHC-I
surface expression. The combination with anti–PD-1 results in
optimal treatment efficacy for iCCA. WES of SB1 cells suggests that
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KRAS wild-type iCCAs also respond to this combination therapy.
(Cell Mol Gastroenterol Hepatol 2021;12:1166–1178; https://
doi.org/10.1016/j.jcmgh.2021.05.011)
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See editorial on page 1153.
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Abbreviations used in this paper: IC50, median inhibitory concentra-
tion; iCCA, intrahepatic cholangiocarcinoma; ICI, immune checkpoint
inhibitor; IFNg, interferon g; KRASwt, KRAS wild-type; MHC-1, major
histocompatibility complex; PBS, phosphate-buffered saline; PD-1,
programmed cell death protein 1; PD-L1, programmed cell death
ligand 1; WES, whole-exome sequencing.
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I15% of primary liver cancer diagnoses and is associ-
ated with a dismal prognosis and a 5-year survival rate of
only 10%.1,2 The worldwide incidence of iCCA is approxi-
mately 1.6 per 100,000 people.3 Although most cases of iCCA
arise in individuals without risk factors, identifiable risk
factors include hepatitis C virus infection, alcoholic liver
disease, inflammatory bowel disease, and primary sclerosing
cholangitis.4 Surgical resection is the primary curative ther-
apy for iCCA, yet only 20%–40% of patients are eligible for
surgical resection.5 Liver transplantation is a potential option
for both patients with unresectable early disease and for
those who respond to neoadjuvant strategies,6 but many
patients do not meet criteria. If the disease is inoperable but
remains intrahepatic, locoregional therapies, such as radio-
frequency ablation or transarterial chemoembolization, can
be used.7 Systemic therapies for unresectable disease are
gemcitabine-based but have limited efficacy, with a median
survival of just 12 months.7 Recently, immune checkpoint
inhibitors (ICIs) have shown promising results for patients
with hepatocellular carcinoma, but the role of ICIs in iCCA is
largely unknown.8,9 As discussed in a review by Loeuillard
et al,10 ICI monotherapy has limited efficacy for most patients
with iCCA and studies are ongoing to explore their potential
combination with locoregional therapies, immune microen-
vironment modulators, and molecular target therapies.

Mutations in the RAS–RAF–MEK–ERK pathway are com-
mon mechanisms of progression for several types of cancer.
Although KRAS is one common mutated site in iCCA, KRAS
mutations are found in only 18% of iCCAs.11 Mutant KRAS
leads to the sustained downstream activity of MEK (mitogen-
activated protein kinase/ERK kinase) proteins. MEK in-
hibitors, such as trametinib and cobimetinib, are approved to
treat BRAF mutated melanoma and non–small-cell lung
cancer,12,13 and are being investigated in many other cancer
types, including biliary tract cancers. A recent study in mice
suggested that KRAS wild-type (KRASwt) tumors also
responded to MEK inhibition by modulating the tumor
microenvironment.14 Taken together, MEK inhibitor and ICI
monotherapies have not shown broad efficacy in iCCA.

Several clinical trials are ongoing to investigate the ef-
ficacy of MEK inhibitors and ICIs in gastrointestinal cancers,
including pancreatic and colon cancer.15 Nevertheless, no
data currently are available for the combination treatment
of MEK inhibitors and ICIs in iCCA, but 2 clinical trials are
ongoing that combine ICIs and MEK inhibitors for the
unresectable, advanced biliary tract cancers (NCT02586987
and NCT03201458).
We investigated the effect of trametinib in combination
with anti–PD-1monoclonal antibody to treat iCCA in mice. We
observed that trametinib led to up-regulation of major histo-
compatibility complex I (MHC-I) and programmed cell death
ligand 1 PD-L1 on tumor cells, potentiating lymphocyte
recognition when combined with anti–programmed cell
death protein 1 (PD-1). The combination of trametinib and
anti–PD-1 monoclonal antibodies reduced tumor size and
increased survival time in subcutaneous and orthotopic
models. Through whole-exome sequencing, we showed the
KRASwt iCCAmouse tumor cell line, SB1, genetically resembles
iCCAs found in a subset of patients.

Results
Trametinib Treatment Directly Inhibits Tumor
Growth In Vitro and In Vivo

First, we tested the in vitro effect of trametinib on
growth of the 2 available murine iCCA cell lines, SB1 and LD-
1, and a human iCCA cell line (EGI-1). Dose-response studies
showed a robust growth reduction in EGI-1 (Figure 1A,
median inhibitory concentration [IC50], 27.89 nmol/L) cells.
As expected, this growth inhibition was less pronounced in
SB1 (Figure 1B, IC50, 41.50 nmol/L) and LD-1 (Figure 1C,
IC50, 56.1 nmol/L) cells, which are KRASwt, in contrast to
KRASG12D mutated EGI-1 cells. Similarly, we observed a
decreased tumor cell proliferation of EGI-1, SB1, and LD-1
cells after 25 nmol/L trametinib treatment for 48 hours
(Figure 1D–F). Other investigators have shown that trame-
tinib also can lead to tumor growth inhibition in the absence
of mutations of the mitogen-activated protein kinase/ERK
pathway.14 Hence, the in vitro results prompted us to
investigate whether trametinib treatment reduces iCCA tu-
mor growth in vivo. SB1 or LD-1 tumor cells were injected
subcutaneously and trametinib treatment was started after
5 days when tumors were established. Mice were treated
with 1 mg/kg trametinib by daily gavage for 15 days and
tumor growth was monitored (Figure 1G). Consistent with
the in vitro results, trametinib treatment resulted in a sig-
nificant reduction of tumor growth compared with control
in SB1 (Figure 1H) and LD-1 (Figure 1I) flank tumors. Our
results clearly show that trametinib can reduce iCCA tumor
growth, even in KRASwt cell lines in vitro.

Trametinib Treatment Up-regulates MHC-I and
PD-L1 on Tumor Cell Surface

To further investigate the potential of trametinib treat-
ment on antigen presentation of tumor cells, we treated SB1,
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Figure 1. Trametinib decreases tumor growth in vitro and in vivo. In vitro tumor cell growth of (A) EGI-1 (n ¼ 8), (B) SB1 (n ¼
8), (C) LD-1 (n ¼ 4), and with trametinib treatment for 48 hours. The 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid
(MTT) assay was used to measure cell viability. In vitro cell growth of (D) EGI-1, (E) SB1, and (F) LD-1 cells treated with or
without 25 nmol/L trametinib treatment for 48 hours using the xCELLigence RTCA system (n ¼ 3 per group). (G) Experimental
set-up: C57BL/6 mice with subcutaneous injection of 106 SB1 or LD-1 cells treated with trametinib as indicated by daily
gavage. (H and I) In vivo tumor growth of subcutaneous (A) SB1 and (B) LD-1 tumors over time. Two groups are shown: control
(n ¼ 5) vs trametinib treatment (n ¼ 4). Tumor growth is shown as the largest tumor diameter in millimeters. Data represent
means ± SD. **P < .01, ***P < .001, ; Student t test. OD, optical density.
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LD-1, and EGI-1 with 25 nmol/L trametinib for 24 hours and
measured PD-L1 and MHC-I surface expression by flow
cytometry. Interestingly, trametinib increased the expres-
sion of PD-L1 and MHC-I in SB1 (Figure 2A–C) and LD-1
(Figure 2D–F). In EGI-1 cells, trametinib treatment
increased MHC-I, but not PD-L1, expression (Figure 2G–I).
Taken together, these results indicate that trametinib
treatment has a potential effect on antitumor immunity.
Therefore, we reasoned that the combination therapy using
ICI might enhance the efficacy of trametinib.
Anti–PD-1 Treatment Enhances Antitumor
Immune Responses of Trametinib

To investigate the potential synergic antitumor effect of
ICI therapy and trametinib, we treated mice with SB1 and



Figure 2. Trametinib increases surface expression of MHC-I on iCCA tumor cell lines.Median fluorescence intensity (MFI)
of surface (A) MHC-I and (B) PD-L1 expression of SB1 cells treated with 25 nmol/L trametinib for 24 hours measured by flow
cytometry (n ¼ 7 per group). (C) Representative histogram plots of surface MHC-I (left section) and PD-L1 (right section)
expression on SB1 cells after 25 nmol/L trametinib (red) treatment vs control (blue) for 24 hours. MFI of surface (D) MHC-I and
(E) PD-L1 expression of LD-1 cells treated with 25 nmol/L trametinib for 24 hours measured by flow cytometry (n ¼ 7 per
group). (F) Representative histogram plots of surface MHC-I (left section) and PD-L1 (right section) expression on LD-1 cells
after 25 nmol/L trametinib (red) treatment vs control (blue) for 24 hours. MFI of surface (G) MHC-I and (H) PDL-1 expression of
EGI-1 cells treated with 25 nmol/L trametinib for 24 hours measured by flow cytometry (n ¼ 7 per group). (F) Representative
histogram plots of surface MHC-I (left section) and PD-L1 (right section) expression on EGI-1 cells after 25 nmol/L trametinib
(red) treatment vs control (blue) for 24 hours. Data represent means ± SD. *P < .05, and ****P < .0001; Student t test.
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LD-1 flank tumors with trametinib and anti–PD-1
(Figure 3A). The tumor size of subcutaneous SB1 and LD-1
was reduced after trametinib, but not anti–PD-1 mono-
therapy. The combination treatment caused the greatest
tumor growth reduction (Figure 3B and D) and end point
measurement of SB1 and LD-1 tumor weights (Figure 3E
and F). Combination treatment also improved the survival of
SB1 tumor-bearing mice, whereas the single-agent treat-
ment regimen failed to prolong survival in this tumor model
(Figure 3G). Similar results were observed in LD-1 tumor-
bearing mice after trametinib þ anti–PD-1 treatment
(Figure 3H).

To better mimic the clinical setting of iCCA, we injected
SB1 cells orthotopically into mouse livers (experimental
outline shown in Figure 4A). The iCCA phenotype of intra-
hepatic SB1 tumors was confirmed by cytokeratine (CK) 19
staining (Figure 4B). Tumor burden after orthotopic SB1
injection was reduced in combination treatment compared
with trametinib alone (Figure 4C and D). Survival of mice
with orthotopic SB1 tumors showed a significant



Figure 3. Trametinib in combination with anti–PD-1 improves survival of mice with subcutaneous SB1 tumors.
(A) Experimental set-up: C57BL/6 mice with a subcutaneous injection of 106 SB1 or LD-1 cells treated with trametinib by daily
gavage and received anti–PD-1 (200 mg/mouse at indicated time points). (B) Representative pictures of subcutaneous SB1 (left
section, n ¼ 5) and LD-1 (right section, n ¼ 5) tumors. Experimental set-up is shown in Figure 3A. Tumor growth of subcu-
taneous (C) SB1 and (D) LD-1 flank tumors over time. Four groups are shown: control (n ¼ 5) vs trametinib treatment (n ¼ 4) vs
anti–PD-1 (anti–PD-1, n ¼ 5) treatment vs combination (Trametinib þ anti–PD-1, n ¼ 5). Tumor growth is shown as the largest
tumor diameter in millimeters. Tumor weights of subcutaneous (E) SB1 and (F) LD-1 tumors. Experimental set-up is shown in
Figure 3A. Survival of mice with subcutaneous (G) SB1 and (H) LD-1 tumors over time (n ¼ 5 per group), log-rank test. Data
represent means ± SD. *P < .05, **P < .01, ***P < .001, and ****P < .0001; Student t test. aPD-1, anti-Programmed cell death
protein-1.
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improvement of survival of mice treated with trametinib þ
anti–PD-1 (Figure 4E).

Next, we extended our study to a primary iCCA model
using AKT þ Notch 1 hydrodynamic plasmid injections
(experimental outline shown in Figure 4F). Again, the
combination of anti–PD-1 and trametinib significantly
reduced liver tumor burden compared with single therapy
with anti–PD-1 or trametinib (Figure 4G and H).

Mouse weight; liver enzymes alanine aminotransferase,
aspartate aminotransferase, and alkaline phosphatase; and
albumin serum levels were equal among treatment groups,
suggesting that the treatments were well tolerated
(Figure 4I–M). Taken together, our results show that the
combination of trametinib þ anti–PD-1 is a potent therapy to
reduce tumor burden in various iCCA tumor models in mice.

Combination of Anti–PD-1 þ Trametinib Boosts
Activation of T Cells

The immune profile of liver lymphocytes was analyzed
to elucidate the underlying mechanism of the enhanced
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therapeutic efficacy of combination trametinib þ anti–PD-1.
In liver lymphocytes of orthotopic SB1 tumor-bearing mice,
an up-regulation of CD44highCD62Llow effector memory
CD8þ and CD4þ T cells (gating strategy shown in Figure 5A)
was found in the combination treatment group (Figure 5B
and C, gating strategy shown in Figure 5D). CD107 staining
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showed a significantly improved degranulation of CD8þ T
cells upon anti–PD-1 þ trametinib treatment (Figure 5E and
F). In addition, more interferon g (IFNg)þCD8þ T cells were
observed in the combination treatment group compared
with the trametinib single-agent group (Figure 5G and H).
To evaluate tumor-specific cytotoxicity, we stimulated
splenocytes from SB1 flank-tumor-bearing mice with SB1
cells in vitro. The combination treatment increased the
percentage of CD107þCD4þ T cells (Figure 5I and J). These
results show that the combination treatment unleashes an
immune response and creates a robust immune memory
against iCCA in vivo.
SB1 Is KRASwt and Shows a Similar Mutational
Signature to a Subpopulation of iCCA Patients

To put our findings into clinical context and identify
which subpopulation of iCCA patients might benefit from
trametinib þ anti–PD-1, we performed whole-exome
sequencing (WES) of SB1 cells. SB1 cells were found to
have 156 somatic mutations, which did not include KRAS,
BRAF, and ERK (Figure 6A). The most frequently mutated
gene loci were AFG5I1, AKT1, GRIK2, and KMT2C
(Figure 6B). To compare the single-base substitution
signature in SB1 (Figure 6C) with human data, 5 consensus
signatures were derived from the human CCA (The cancer
genome atlas (TCGA)-cholangiocarcinoma [CHOL]) data set.
Importantly, the mutational signatures in SB1 matched most
closely with consensus signature B. SB1 signature and
signature B are both characterized primarily by T>G mu-
tations (Figure 6D). We applied Cox regression modeling to
evaluate the effect of each signature’s contribution to sur-
vival time reported in TCGA-CHOL. Signature B has a sig-
nificant effect on survival, and that increased contribution
from this signature confers an increased hazard for poor
outcome (95% CI for odds ratio, 3.39–462.4). Therefore,
trametinib þ anti-PD-1 might be an attractive therapeutic
option, especially for patients with a high risk for poor
outcome and an unfavorable mutational signature.

Discussion
ICI is a promising treatment strategy that has shown

benefits in patients with several malignancies. The use of ICI
in patients with liver malignancies remained challenging
Figure 4. (See previous page). Trametinib in combination w
models. (A) Experimental set-up: C57BL/6 mice with intrahepati
gavage and received anti–PD-1 (200 mg/mouse at the indicate
(upper section) and H&E staining (lower section) of intrahepatic S
intrahepatic SB1 tumors. Experimental set-up is shown in Fig
Experimental set-up is shown in Figure 4A. (E) Survival of mice w
rank test. (F) Experimental set-up: C57BL/6 mice with hydrodyna
with trametinib by daily gavage and received anti–PD-1 (200 mg/
representative H&E stain (sections on the left) of a murine iCC
HALO Random Forrest Classifier function (Indica Labs, Albuqu
classified as tumor (red) and remaining normal liver (green). Sca
injection (n ¼ 4 per group) corresponding to Figure 4F. Experim
treatment. Experimental set-up is shown in Figure 4E. (I) Alanine
(K) alkaline phosphatase, and (L) albumin serum levels after t
represent means ± SD. *P < .05, **P < .01; Student t test. aPD
because the promising results of ICI therapy were not
reproducible in hepatocellular carcinoma or iCCA.10,16 Only
recently, the first-line treatment of unresectable hepatocel-
lular carcinoma changed from sorafenib to atezolizumab
plus bevacizumab as a result of promising results in a phase
3 trial comparing this anti–PD-L1 þ anti–vascular endo-
thelial growth factor treatment regimen with sorafenib.17

Because of the tolerogenic landscape of the liver with a
large amount of immune cells present, immunotherapy is
particularly challenging.18 Thus, for patients with iCCA,
there is still no ICI therapy available and selecting a potent
combination partner might be a promising strategy to
enhance the efficacy of ICI.

To investigate the effects of trametinib on iCCA tumor
cells, we used a concentration of 25 nmol/L in vitro. This is
a lower dose compared with recent publications that have
used 100 nmol/L trametinib to treat Mia-PaCa2 cells.19

Monotherapy at this dosage showed a modest growth in-
hibition of tumor cells in vitro. Nevertheless, LD-1 and SB1
flank tumors in mice showed a robust response to trame-
tinib treatment. Interestingly, when trametinib treatment
was stopped, we observed an acceleration of tumor growth
that resulted in no survival benefit of the group treated with
trametinib alone. This is consistent with a recent clinical
trial showing no improved survival resulting from trameti-
nib treatment in biliary tract cancer.20 We hypothesized that
trametinib has a direct effect on tumor cells that improves
their immunogenicity. Indeed, trametinib treatment
increased MHC-1 and PD-L1 surface expression on tumor
cells in vitro. Thus, we reasoned that the addition of
monoclonal antibodies targeting the PD-1/PD-L1 axis can
enhance this therapy. Indeed, the combination treatment led
to significantly improved survival of SB1 flank-tumor-
bearing mice.

Another explanation of the insufficient long-term effect
of trametinib might be the effect of trametinib on T cells.
It has been shown by others that trametinib has a direct
immune-suppressive effect on lymphocytes.21 In our
study, we observed a similar trend in degranulation and
IFNg production of CD8 T cells of trametinib-treated
mice, although this did not reach statistical significance.
However, this immune-suppressive effect of trametinib
was reversed in the combination treatment group. In
addition, anti–PD-1 þ trametinib increased the percentage
ith anti–PD-1 controls tumor growth in orthotopic iCCA
c injection of 2 � 105 SB1 cells treated with trametinib by daily
d time points). (B) Representative images of CK19 staining
B1 tumors. Scale bar: 500 mm. (C) Representative pictures of
ure 4A. (D) Tumor weights (g) of intrahepatic SB1 tumors.
ith intrahepatic SB1 tumors over time (n ¼ 5 per group), log-
mic tail vein injection of NICD þ AKT plasmid injection treated
mouse at the indicated time points). (G) Whole slide scan of a
A-bearing liver and tissue section after image analysis using
erque, NM) and shown as a digital overlay indicating areas
le bar: 1 mm. (H) Tumor to liver tissue ratio after NICD þ AKT
ental set-up is shown in Figure 4A. (I) Weight of mice after
aminotransferase (ALT), (J) aspartate aminotransferase (AST),
reatment. Experimental set-up is shown in Figure 4A. Data
-1, anti-Programmed cell death protein-1; T, trametinib.
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of effector memory T cells and improved the re-
recognition of SB1 tumor cells from CD4þ T cells of
SB1 tumor-bearing mice in vitro. Our results show that
the combination of anti–PD-1 þ trametinib unleashes the
immune system and represents a potential treatment for
patients with iCCA.
Objective response rates for ICI therapy in solid tumors
is approximately 15%–20%,22,23 but can provide long-term
regression in carefully selected patients. We therefore per-
formed WES of SB1 tumor cells to show mutational simi-
larities of this cell line to subpopulations of iCCA patients.
Indeed, we were able to identify a subpopulation with a
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similar mutational pattern compared with SB1 cells. This
subpopulation is characterized by poor survival. In addition,
WES showed that SB1 cells are not KRAS, BRAF, and ERK
mutated. A limitation of this study was that we did not use a
KRASmut iCCA cell line to show specific benefits of this
therapy for KRASmut iCCA patients. To our knowledge, there
is no KRASmut iCCA cell line available. However, we believe
that our results show a promising treatment for patients
with iCCA, especially with similar mutational pattern to SB1
cells.

Methods
Mouse Strains, Reagents, and Cell Lines

C57BL/6 mice were purchased from the Charles River
Laboratory and were used at age 8–12 weeks for experi-
ments. All experiments were conducted according to local
institution guidelines and approved by the Animal Care and
Use Committee of the National Institutes of Health
(Bethesda, MD). Trametinib (Melkinist; Novartis, Basel,
Swizerland) was obtained from the National Institutes of
Health clinical center pharmacy. The murine CCA cell lines
SB124 and LD-1, as well as the human CAA cell line EGI-1,25

were used in this study. LD-126 was established in our
laboratory and is derived from a mouse after hydrodynamic
injection with AKT and YAP plasmids. WES data from LD-1
as well as SB1 will be provided upon request.
Animal Studies
Subcutaneous injections were performed in 8-week-old

C57BL/6 female mice. SB-1 (1 � 106) were resuspended in
100 mL phosphate-buffered saline (PBS) and the tumor cell
suspension was injected in the lateral flank. All mice were
randomized before initiation of treatment. Mice then were
treated 5 days after injection with either vehicle control
(saline), daily gavage of 1 mg/kg trametinib, or 200 mg
anti–PD-1 (clone 29F.1A12; BioXCell, Lebanon, NH) on days
7, 10, and 15. One group received combined treatment with
both trametinib and anti–PD-1. Tumor size was measured
by caliper and mice were killed on day 20 after tumor cell
injection. For subcutaneous survival experiments, mice
were killed when tumors reached 20 mm in size or tumor
necrosis exceeded 50% of the tumor surface. iCCA was
established by injecting 2 � 105 SB1 cells in 20 mL of a
Figure 5. (See previous page). Trametinib D anti–PD-1 ther
(A) Representative contour plot of CD4þ and CD8þ gating strat
mice after treatment. Experimental set-up is shown in Figure 4A
CD4þ effector memory T cells after intrahepatic SB1 injection (n
Representative contour plot and frequencies of CD44highCD62L
orthotopic SB1 tumor-bearing mice after treatment (gating strat
(E) Percentage and (F) representative contour plot and frequ
orthotopic SB1 tumor-bearing mice after treatment (gating strate
group). Experimental set-up is shown in Figure 4A. (G) Percen
IFNgþCD8þ T cells of hepatic lymphocytes of orthotopic SB1 tu
after ex vivo stimulation for 4 hours (n ¼ 5 per group). Exper
representative contour plot and frequencies of CD107þCD4þ T
stimulation with SB1 tumor cells for 5 hours (n ¼ 5 per group). G
SD. *P < .05, **P < .01; Student t test. aPD-1, anti-Programme
forward scatter high; L/D, live/dead; SSC,side scatter; T, trame
50:50 solution of PBS and Matrigel (Corning, Corning, NY)
into the left liver lobe as described previously.27 CK19
staining of SB1 tumors confirmed a CCA phenotype
(Figure 4B). Mice were treated as described earlier. For
Notch intracellular domain 1 (NICD) þ AKT iCCA, 20 mg
NICD, 4 mg AKT, and 1 mg hyperactive sleeping beauty 2
transposase plasmids were diluted into 1.6 mL PBS and
injected into the tail vein within 5–7 seconds.28 Treatment
was initialized 5 weeks after injection as with either vehicle
control (saline), daily gavage of 1 mg/kg trametinib or 200
mg anti–PD-1 (on days 37, 40, and 45), and the combination
of anti–PD-1 and trametinib. Mice were killed on day 50
after injection. H&E-stained sections were scanned at 20�
objective magnification using an Aperio AT2 digital whole
slide scanner (Leica Biosystems, Wetzlar, Germany). Auto-
mated quantification using pattern recognition image anal-
ysis of tumor areas and normal liver tissue areas was
performed using HALO image analysis software (Indica
Labs, Albuquerque, NM).
SB1 WES
DNA was extracted from 106 SB1 tumor cells. Two

exome samples were pooled and sequenced on NextSeq
(Illumina, San Diego, CA) run using Agilent (Santa Clara, CA)
SureSelect XT Mouse All Exon and paired-end sequencing
mode. Reads were trimmed for adapters and low-quality
bases using Trimmomatic software (Usadellab, Aachen,
Germany, version 0.33) before alignment to the mouse
mm10 reference genome using BWA mapping software
(Illumina), version 0.7.15).29 Mapped reads then were de-
duplicated using Picard Tools (Broad institute, Cambridge,
MA)followed by re-alignment and base quality score reca-
libration using the Genome Analysis Toolkit (Broad insti-
tute) version 3.8.0.30 The sequencing run yielded 61.7
million total reads, >99% mapping to the reference genome,
and mean exome coverage of 69�. The sequencing data of
SB1 was uploaded as Sequence Read Archive (SRA) sub-
mission SRR13091994, BioProject accession PRJNA679801.
Somatic Variant Analysis
Somatic variant calling was performed using Mutect2

from Genome Analysis Toolkit version 3.8.0 in tumor only
mode, following the best practices guidelines for exome-seq
apy unleashes the immune system against iCCA tumors.
egy of hepatic lymphocytes of orthotopic SB1 tumor-bearing
. Percentage of hepatic (B) CD44highCD62Llow CD8þ and (C)
¼ 5 per group). Experimental set-up is shown in Figure 4A. (D)
low CD8þ effector memory T cells of hepatic lymphocytes of
egy CD3þCD8þ). Experimental set-up is shown in Figure 4A.
encies of CD107þCD8þ T cells of hepatic lymphocytes of
gy CD3þCD8þ) after ex vivo stimulation for 4 hours (n ¼ 5 per
tage and (H) representative contour plot and frequencies of
mor-bearing mice after treatment (gating strategy CD3þCD8þ)
imental set-up is shown in Figure 4A. (I) Percentage and (J)
splenocytes from SB1 flank-tumor-bearing mice after ex vivo
roup set-up is shown as in Figure 3A. Data represent means ±
d cell death protein-1; FSC-A, forward scatter area; FSC-H,
tinib.



Figure 6. WES of SB1 tumor cells. (A) Summary of mutation number and type from WES of the SB1 cell line. (B) Lollipop plots
for Afg3I1, Grik2, Kmt2C, and Akt1 showing a schematic of each protein with protein domains from PFAM (protein family
database) highlighted in colored blocks. Location of mutations is annotated with pins along the length of the protein. (C)
Single-base substitution (SBS) signature of SB1 cell line. Each of the 6 mutation classes, as indicated at the top of the panel, is
separated into 16 categories based on the identity of the preceding and following nucleotide as shown below. (D) SBS sig-
natures for the 5 consensus signatures (Signature A–E) derived from TCGA-CHOL, arranged in rows. (E) Diagnostic plots for
NMF rank survey. Cophentic correlation (top-left) was used to determine the optimal rank (five). AAA, ATPases associated
woth diverse cellular activities; ATPase, adenosine triphosphatase; Del, deletion; F/Y, phenylalanin/tyrosine; NMF, non-
negative matrix factorisation; PHD, plant homeodomain; SET, suvar3-9, enhancer-of-zeste and trithorax.
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analysis provided by the Genome Analysis Toolkit authors.31

Variants were hard filtered for quality, annotated with
functional and consequence prediction using Ensembl’s
Variant Effect Predictor version 95 (Ensemble, Hinxton,
UK),32 and converted to Mutation Annotation Format using
the vcf2maf tool version 1.6.16 (Memorial Sloan Kettering,
New York, NY).33

Variants were filtered further to exclude frequently
mutated genes in exome data.34 Common single-nucleotide
polymorphisms and indels—annotated with a frequency of
greater than 0.01 in the ExAC (Broad institute), gnomAD
(Broad institute), or 1000 Genomes (European Bioinfor-
matics Institute, Hinxton, UK) databases—also were
removed. In addition, variants with less than 20� depth and
an alternate allele frequency of less than 5% in the SB1 cell
line data were removed.

Mutational Signatures Analysis
Variants called by Mutect2 for the TCGA-CHOL data set

were retrieved as Mutation Annotation Format files using
the R (Vienna, Austria) package TCGABiolinks35 (version
2.12.6). For each variant site, adjacent 5’ and 3’ bases were
extracted from the genomic sequence to generate trinucle-
otide substitution frequencies using maftools36 (version
2.0.16). This matrix was used to compute consensus signa-
tures from all 50 TCGA-CHOL samples using the NMF
package37 (version 0.23.0). The number of signatures was
optimized by comparing cophenetic correlation from 3 to 10
signatures as described by Brunet et al,38 and 5 signatures
was chosen as the optimal number of signatures
(Figure 6E). The contribution of these 5 signatures (signa-
tures A–E) in individual signatures from each sample were
computed using MutationalPatterns (Bioconductor, Fred
Hutchinson Cancer Research Cener, Seattle, WA)39 (version
1.10.0).

Survival Analysis
Clinical data provided with TCGA-CHOL were retrieved

using TCGABiolinks(Bioconductor, Fred Hutchinson Cancer
Research Cener). Cox proportional hazards regression
modeling was performed to model the effect of each
signature contribution independently, controlling for pa-
tient age and sex as covariates. Modeling was performed
using the survival R package40 (version 3.2-7), and visual-
ized using survminer41 (version 0.4.8).

In vitro Tumor Cell Viability Assay, Proliferation
Assay, and Antigen Profiling

A total of 5000–10,000 SB1, LD-1, and EGI-1 cells per
well were treated with trametinib in 200 mL media (RPMI,
10% fetal bovine serum, 1% penicillin/streptomycin) for 48
hours. Cell viability was measured with the MTT Cell Pro-
liferation kit (ab211091; Abcam, Cambridge, UK). Cell pro-
liferation also was analyzed using the xCELLigence RTCA
system (Agilent) according to the manufacturer’s in-
structions. A total of 5000–10,000 SB1, LD-1, and EGI-1 cells
were seeded in a 16X E-Pate (00 300 600 890; Agilent) and
treated with 200 nmol/L trametinib for 48 hours. For MHC-I
and PD-L1 surface staining, 3 � 105 cells/well were treated
with 200 nmol/L trametinib for 24 hours and cells were
analyzed using flow cytometry.
CD107 Degranulation Assay
SB1 cells were seeded overnight (2 � 104 cells/well) in a

96-well, flat-bottom plate. The next day, SB1 flank-tumor-
bearing mice were killed and splenocytes were isolated. A
total of 106 splenocytes/well were used for co-culture with
SB1 cells and incubated for 5 hours, and then washed and
stained. CD107 expression on lymphocytes was analyzed to
determine tumor-specific degranulation.
Flow Cytometry
For surface marker staining, cells were stained with

antibodies for 15 minutes at room temperature. For
ex vivo activation, cells were stimulated with a stimulation
cocktail (51-2042E; BD Biosciences, Franklin Lakes, NJ)
and simultaneously stained with fluorochrome-coupled
anti-CD107a antibody. Dead cells were excluded by using
a live/dead cell staining kit (ThermoFisher scientific,
Waltham, MA). The following antibodies were used for
flow cytometry analysis: anti–CD3-Brilliant violet (BV) 605
(clone 17A2; Biolegend, San Diego, CA), CD8-Alexa Fluor
700 (clone 53-6.7; Biolegend), anti-CD8-Pacific Blue (PB)
(clone 53-6.7; Biolegend), anti–CD44-Phycoerythrin (PE)/
Cy7 (clone 1M7; Biolegend), anti-CD62L PerCP/Cy5 (clone
MEL-14; Biolegend), anti–CD4-Alexa Fluor 700 (clone
GK1.5; Biolegend), anti–IFNg- Allophycocyanin (APC)
(clone XMG1.2; Biolegend), anti–CD107a–PE (clone 1D4B;
BD Biosciences), anti–MHC-I–APC (clone 28-8-6; Bio-
legend), anti–MHC-I–APC (clone W6/32; Invitrogen,
Carlsbad, CA), and anti–PD-L1–PerCP/Cy5.5 (clone
10F.9G2; Biolegend).
Statistical Analysis
For all models, randomization of animals and blinding of

examiners were performed. Statistical analysis was per-
formed with GraphPad Prism 8 (GraphPad, San Diego, CA).
The significance of the difference between groups was
calculated by the Student unpaired t test. P < .05 was
considered statistically significant.
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