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ABSTRACT

Background Recently, immunotherapy with immune
checkpoint inhibitors (ICls) has shown promising
efficacy in biliary tract cancer (BTC), which includes
gallbladder cancer (GBC) and cholangiocarcinoma
(CHOL). Understanding the association between
immunotherapy outcomes and the genomic profile of
advanced BTC may further improve the clinical benefits
from immunotherapy.

Methods Genomic tumor DNA was isolated from 98
Chinese patients with advanced BTC and used for
targeted next-generation sequencing of 416 cancer-
related genes to identify the genomic alterations common
to advanced BTC. Thirty-four patients had received

ICI camrelizumab plus gemcitabine and oxaliplatin

(from the NCT03486678 trial) as a first-line treatment.
Tumor-infiltrating immune cells were evaluated using
immunofluorescence staining.

Results KRAS and TP53 mutations were much more
frequent in the advanced-stage BTC cohort than in other
cohorts with mostly early stage disease. Specifically,
KRAS-TP53 co-mutations were favored in advanced
CHOL, with a favorable response to immunotherapy,
while single KRAS mutations predicted poor prognosis
and immunotherapy outcomes for CHOL. Compared

with GBC, CHOL had more mutations in genes involved

in KRAS signaling; a high mutation load in these genes
correlated with poor immunotherapy outcomes and may
subsequently cause inferior immunotherapy outcomes for
CHOL relative to GBC. Furthermore, a genomic signature
including 11 genes was developed; their mutated subtype
was associated with poor prognosis and immunotherapy
outcomes in both CHOL and GBC. Transcriptome analyses
suggested immune dysfunction in the signature mutated
subtype, which was validated by tumor microenvironment
(TME) evaluation based on detection of immune cell
infiltration. Importantly, the signature wild-type subtype
with favorable TME may be an advantageous population of
immunotherapy.

Conclusions Genomic alterations in advanced BTC were
associated with specific prognosis and immunotherapy
outcomes. Combining genomic classification with

TME evaluation further improved the stratification of
immunotherapy outcomes.

," Dongqin Zhu,™
13,16

BACKGROUND

Biliary tract cancers (BTCs) include gall-
bladder cancer (GBC) and cholangio-
carcinoma (CHOL). BTC constitutes
approximately 3% of all gastrointestinal
malignancies and 150,000 patients were
diagnosed with BTC in 2015 worldwide.'
Moreover, BTC is an aggressive disease with
poor prognosis for which the median overall
survival (OS) is less than lyear and 5-year
OS is below 5%.> Currently, the regimen of
gemcitabine plus cisplatin (GemCis) is the
standard first-line therapy for advanced BTC.
However, BTC is typically resistant to chemo-
therapy, the objective response rate (ORR)
for GemCis is only 26% and the median OS is
just 11.7 months, according to the Advanced
Biliary Cancer (ABC)-02 Trial.?

The use of immune checkpoint inhibitors
(ICIs), including antibodies to programmed
cell death-1 (PD-1) and programmed cell
death ligand-1 (PD-L1), has produced
therapy breakthroughs in various malignan-
cies and has been investigated as a treatment
for advanced BTC. Earlier studies have shown
that ICIs are less effective in previously treated
patients with BTC.* More recently, ICIs in
combination with chemotherapy appear to
have better efficacy and are well tolerated as
a firstline therapy.' Specifically, in a phase
IT single-arm study (NCT03486678), we eval-
uated the combination of camrelizumab, an
anti-PD-1 antibody, with gemcitabine and
oxaliplatin (GEMOX) as first-line treatment
in advanced BTC.” In 87 participants, we
reported that the ORR and disease control
rate were 54% and 89%, while the median
progression-free survival and OS were 6.2
months and 12.1 months, respectively. These
findings suggest that ICIs combined with
chemotherapy can be an effective alternative
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first-line treatment for advanced BTC, although valida-
tion through phase III trials is necessary.

Further improving the efficacy of ICIs for treating
cancer is a promising area of immunotherapy research.
Identifying biomarkers that predict which patients might
most benefit from the use of ICIs requires a comprehen-
sive understanding of the genetic characteristics specific
to cancer. Although efforts have been made to reveal
the genetic alterations common in BTC and determine
their prognostic value using next-generation sequencing
(NGS),® most of the patients included in these studies
have early stage disease and the genomic landscape in
advanced BTC remains to be elucidated. More impor-
tantly, the association between genomic characteristics
and ICI treatment outcomes in advanced BTC remains
unknown. Moreover, recent studies investigating the
prognostic role of tumor mutation burden (TMB) in
advanced BTC treated with ICIs have led to different
conclusions.*”

In this study, we assessed the genomic profiles of
advanced BTC in a Chinese cohort and reported how
genomic characteristics may be used to determine disease
prognosis and predict ICI treatment outcomes. Moreover,
classification based on genomic signature may correlate
to differing antitumor immunity and provide a powerful
method to stratify clinical outcomes.

METHODS
Patients
We retrospectively screened patients from 10 medical
centers led by Jiangsu Province Hospital (JPH) in China
who were diagnosed with advanced BTC between March
2015 and August 2019. Patients who received the ICI
camrelizumab plus the GEMOX regimen from the
NCT03486678 trial conducted by JPH were also screened.
The following inclusion criteria were used for all patients:
pathological diagnosis of CHOL or GBC; stage IV; and
sufficient tumor tissue to allow NGS; treatment-naive
when sampling. This study was performed in accordance
with the Declaration of Helsinki and the ethical stan-
dards of the institutional research committees. Written
informed consent was obtained from all participating
patients.

The CHOL cohort from The Cancer Genome Atlas
(TCGA) "anda previously reported Shanghai GBC cohort®
were used for comparisons, and data were acquired and
preprocessed as previously described.’

Samples collection and preparation

Tumor tissue and matched normal specimens were
sequenced at a Clinical Laboratory Improvement
Amendments-certified genomics laboratory in China.
Tissue slides were first analyzed to evaluate tumor content
and percentage. Only samples with tumor purity >20% on
histopathological assessment were eligible for genomic
profiling.

Targeted NGS and genetic analysis
As previously reported,” genomic DNAs were extracted,
purified and qualified. DNA libraries were subjected
to PCR amplification and purification before targeted
enrichment. During library preparation, genomic DNAs
from each sample were marked with unique indexes and
different libraries were pooled together for enrichment
with probes targeting 416 cancerrelated genes. Prior
to sequencing, the captured libraries were examined
for quality and quantity using the KAPA Library Quan-
tification Kit (KAPA Biosystems) by qRT-PCR. The final
libraries were then sequenced on Hiseq 4000 platforms
(Illumina) to reach a mean coverage depth of 60x forthe
normal controls and 150x (3000x) for the tumor tissue
(plasma) samples after removal of PCR duplicates.
Original image data were transferred by base calling
analysis into raw sequence data. Single nucleotide vari-
ants (SNVs) and short insertions/deletions (indels) were
identified by VarScan2 with the minimum variant allele
frequency threshold set at 0.01, and a p value threshold
for calling variants set at 0.05 to generate Variant Call
Format files. All SNVs/indels were annotated with Anno-
tate Variation (ANNOVAR), and each SNV/indel was
manually checked on the Integrative Genomics Viewer.
Copy number variation analysis was performed using an
inhouse developed pipeline. A fold change threshold of
1.6 and 0.6 in DNA copy number was set as the cut-off for
amplification and deletion, respectively.

TMB calculation

Non-synonymous somatic mutations, including missense,
nonsense, splice-site, inframe and frameshift mutations,
which may be functional,'® were included in our analyses.
TMB was calculated as the number of non-synonymous
somatic mutations. In addition, some genes encode
proteins that are part of the KRAS signaling network
in the interaction analysis using the STRING database
(https://www.string-db.org/). TMB of these genes was
defined as K-TMB.

Immunohistochemistry (IHC)

PD-L1 expression was determined using a Dako PD-L1
IHC 22C3 pharmDx kit (Agilent Technologies) in combi-
nation with the Dako Autostainer Link 48 system (Agilent
Technologies). The PD-L1 expression level was evaluated
by Tumor Proportion Score (TPS) and TPS =1 was iden-
tified as positive.

Multiplexed IHC (mIHC) and multispectral imaging

As described previously,11 we used the PANO 7-plex IHC
kit (Panovue, Beijing, China) for multiplex immuno-
fluorescence staining, according to the manufacturer’s
instructions. We adopted anti-HLA-DR (ab92511, Abcam,
UK), anti-S100 (ab52642), anti-panCK (CST4545, Cell
Signaling Technology, USA), anti-CD56 (CST3576), anti-
CD8 (CST70306), and anti-CD68 (BX50031, Biolynx,
China) for use in mIHC, and distinguished the invasive
margin and tumor parenchyma by S100 staining.
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We applied the Mantra System (PerkinElmer, Waltham,
Massachusetts, USA) to scan the stained slides and recon-
structed section images based on a spectral library for
multispectral unmixing. Finally, we quantified immune
cells using the inForm image analysis software (Perkin-
Elmer, Waltham, Massachusetts, USA).

Tumor immune dysfunction and exclusion (TIDE) scoring

We used TIDE, a computational method based on tran-
scriptome, to calculate T cell dysfunction and exclusion
scores, which were further merged as the TIDE score to
predict tumor response to ICIs."

Tumor microenvironment (TME) scoring

As previously described, TME was scored using principal
component analysis based on gene expressions associated
with different TME phenotypes.11 ¥ The R package of
TMEscore is available in GitHub (https://github.com/
DongqiangZeng0808/TMEscore).

Statistical analysis

The X2 test, Student’s ttest, Wilcoxon or Mann-Whitney
test was used for intergroup comparison as needed and
p value was calculated using a two-tailed test. Clinical
outcomes were previously defined.” Survival curves were
plotted using the Kaplan-Meier method and analyzed
using the log-rank test. Genes with mutations that were
significantly associated with OS were screened using
univariate Cox models. Least absolute shrinkage and
selection operator (LASSO) was further used to identify
mutated genes with the most powerful prognostic role.
A significant threshold was set at a value of p<0.05. All
analyses used SPSS (V.23.0, Chicago, Illinois, USA), R
(V.3.6.1) and R Bioconductor packages.

RESULTS

Patient characteristics

A total of 98 patients with advanced BTC were included,
consisting of 36 patients with GBC and 62 patients with
CHOL (table 1). Of the patients with CHOL, 15 had
perihilar, 5 had distal, 35 had intrahepatic, and seven
had unclear location tumors. The median age was 60.1
years (range, 35-80) and 55.1% (54/98) were women. At
the time of initial diagnosis, 71.4% (70/98) performed
at ECOG PS 0-1% and 41.8% (41/98) had tumors with
grade 3 histology. OS data were available for 64 patients,
34 of whom were treated with camrelizumab plus GEMOX
(from the NCT03486678 trial) as first-line therapy.

Genomic analyses of BTC

The analysis process of our study is shown in figure 1. The
mutation profiles were similar for patients treated with
camrelizumab and untreated patients (online supple-
mental figure 1). The most commonly mutated gene in
both CHOL (55%; figure 2A) and GBC (72%; figure 2B)
was TP53. The mutation frequencies of 416 genes in the
sequencing panel were compared between the advanced
disease cohort, and two cohorts with mostly early stage

Table 1 Patient characteristics.
Characteristics GBC (n=36) CHOL (n=62) All (n=98)
Age at initial diagnosis (years)
Median (range)  63.3 (42-80) 58.3 (35-74)  60.1 (35-80)
Gender
Male 17 (47.2%) 27 (43.5%) 44 (44.9%)
Female 19 (52.8%) 35 (56.5%) 54 (55.1%)
ECOG PS at initial diagnosis
0-1 27 (75.0%) 43 (69.4%) 70 (71.4%)
2-3 4 (11.1%) 12 (19.4%) 16 (16.4%)
Unknown 5 (13.9%) 7 (11.2%) 12 (12.2%)
Histology grade
2 7 (19.4%) 13 (21.0%) 20 (20.4%)
3 17 (47.3%) 24 (38.7%) 41 (41.8%)
Unknown 12 (33.3%) 25 (40.3%) 37 (37.8%)
Treatment of first-line immunotherapy*
Yes 12 (33.3%) 22 (35.5%) 34 (34.7%)
No 24 (66.7%) 40 (64.5%) 64 (65.3%)

*Patients were treated by camrelizumab plus gemcitabine and
oxaliplatin from the NCT03486678 trial.

CHOL, cholangiocarcinoma; GBC, gallbladder cancer; ECOG PS,
Eastern Cooperative Oncology Group Performance Status.

disease: the TCGA CHOL cohort, and the Shanghai GBC
cohort (online supplemental figure 2). The KRAS and
TP53 mutations were much more frequently observed in
the advanced CHOL and GBC cohorts (figure 2C). Specif-
ically, CHOL had a high incidence of KRAS-TP53 co-mu-
tations (figure 2C), which had a favorable response to
camrelizumab (ORR=75%; figure 2D), while a lone KRAS
mutation in CHOL was associated with poor prognosis
(figure 2E) and immunotherapy outcomes (figure 2D
and F).

TMBs were similar between CHOL (median TMB=6)
and GBC (6.5) in our cohort (online supplemental figure
3A). Interestingly, patients with advanced BTC and lower
TMBs (the optimal cut-off values were determined using
the survminer R package) had numerically longer OS
without reaching a statistical significance than those with
higher TMBs in the overall population (online supple-
mental figure 3B) and in patients treated with camreli-
zumab (online supplemental figure 3C).

Some genes were more frequently mutated in CHOL
than in GBC (figure 3A). Importantly, these genes are
involved with the KRAS signaling network indicated by
the STRING database (figure 3B). Not surprisingly, the
TMB of these genes, defined as K-TMB, was negatively
correlated with ORR (figure 3C) and OS of immuno-
therapy (figure 3D). Subsequently, CHOL had numerically
worse immunotherapy outcomes than GBC, but the differ-
ence was statistically non-significant (figure 3E and F).
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Medical centers led by JPH

1) GBC: 36, CHOL: 62
2) OS available: 64

Included 98 patients with targeted NGS:

3) 1-line ICl therapy in the NCT03486678
trial: 34 (all with OS, 33 with response data)

Other cohorts:
1) CHOL: TCGA, 36
2) GBC. Shanghai, 32

\

J

Genome

Different features, JPH vs. other cohorts
Different features, GBC vs. CHOL in JPH
1) impact on prognosis: JPH

2) impact on ICl therapy: NCT03486678

v

Gene signature

LASSO model-based typing

1) impact on prognosis: discovered in
JPH, validated in other cohorts

2) impact on ICl therapy: NCT03486678

Transcriptome

Available in TCGA:

1) GSEA: immune signaling
2) TIDE: T cell dysfunction

IHC
Available in NCT03486678

and exclusion scores, and
predicted responses to ICls
3) TMEscore: TME status

\ 4

F

1) infiltrating immune cells
2) PD-L1 expression

Crosstalk

1) gene signature with transcriptome
2) gene signature with TME

Figure 1 A flow diagram for the analysis process. JPH, Jiangsu Province Hospital; NGS, next-generation sequencing;
CHOL, cholangiocarcinoma; GBC, gallbladder cancer; TCGA, The Cancer Genome Atlas; OS, overall survival; ICIl, immune
checkpoint inhibitor; LASSO, least absolute shrinkage and selection operator; GSEA, gene set enrichment analysis; IHC,

immunohistochemistry; TME, tumor microenvironment.

A genetic signature predicts prognosis and immunotherapy
outcomes

Univariate Cox models indicated 23 mutated genes that
significantly impact the overall prognosis (figure 4A).
Eleven mutated genes with the most powerful prognostic
role were selected using the penalized Cox regression
model with LASSO penalty (figure 4B). These genes,

including APC, ARID1A, CCND1, DAXX, ERBB2, LRP1B,
MED12, NRG1, PMS2, SMO, and TNFAIP3, composed a
signature. Samples with at least one mutation in these
genes were defined as the signature mutated subtype,
which had a significantly worse OS than the signature wild-
type subtype, not only in the overall population butalso in
the CHOL and GBC subgroups, respectively (figure 4C).
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Figure 2 Genomic characteristics of advanced biliary tract cancer. (A and B) Waterfall plots showing the frequency and

types of mutations found in the TOP20 mutated genes in advanced CHOL (A) and GBC (B). (C) Waterfall plots showing the
frequency and types of mutations in KRAS and TP53 between the JPH cohort and other cohorts. (D) Overall response rate of
immunotherapy stratified by both KRAS and TP53 mutational status in advanced CHOL. (E) Overall survival (OS) of all patients
stratified by both KRAS and TP53 mutational status in advanced CHOL. (F) OS of patients treated by immunotherapy and
stratified by both KRAS and TP53 mutational status in advanced CHOL. CHOL, cholangiocarcinoma; GBC, gallbladder cancer;
TCGA, The Cancer Genome Atlas; JPH, Jiangsu Province Hospital.

Moreover, the prognostic impact of this signature classifi-
cation was validated using the TCGA CHOL data and the
Shanghai GBC data (figure 4D).

We further tested the impact of the signature classifi-
cation on immunotherapy outcomes, and found that its
wild-type subtype responded better to camrelizumab than
its mutated subtype (66.7 vs 40%; figure 5A) and also had
significantly more favorable OS, not only in the overall

immunotherapy population (figure 5B) but also in the
CHOL (figure 5C) and GBC (figure 5D) subgroups,
respectively.

Transcriptome features associated with the genetic signature
Transcriptome data are available for the TCGA CHOL
cohort, and their relationship to the genetic signature
was analyzed. Differential gene expression (figure 6A)
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and subsequent gene set enrichment analysis (GSEA)
showed that genes involved in immune-associated
signaling or functions were significantly enriched in the
signature mutated subtype (figure 6B). Specifically, this
subtype is associated with primary immunodeficiency
(figure 6C). However, T cell activation and differentia-
tion may be facilitated by this subtype, while the TGF-3
signaling pathway, the driver of immune exclusion, may
be inhibited (figure 6C). It is known that two primary
mechanisms are involved in tumor immune evasion:
dysfunction of infiltrating cytotoxic T lymphocytes (CTL)
and CTL exclusion from tumors.”~ Thus, we used the
TIDE algorithm to calculate T cell dysfunction and exclu-
sion scores and the merged TIDE Score which assessed
tumor immune evasion. Using the median values as
cut-offs, we found that the mutated subtype was more
frequent to have high TIDE (70% vs 42.3%) and high
dysfunction scores (60% vs 46.2%) but was less frequent
to have a high exclusion score (40% vs 53.8%) than the
wild-type subtype (figure 6D). Besides, the abundance of
infiltrating CD8 +T cells, calculated by the CIBERSORT

algorithm based on transcriptome data,'* was slightly
higher in the mutated subtype than that in the wild-type
subtype (p=0.09; figure 6E). These findings were consis-
tent with the GSEA results, suggesting that the mutated
subtype has more severe tumor immune evasion and CTL
dysfunction is a more popular underlying mechanism
than CTL exclusion in this subtype.

We also used the TIDE algorithm to predict tumor
responses to ICIs in the TCGA CHOL cohort. We veri-
fied the ORR superiority of the wild-type subtype than
the mutated subtype (38.5% vs 20%; figure 6F). In addi-
tion, in tumors whose responses were predicted as false, a
high dysfunction score was more common in the mutated
subtype (75% vs 43.8%) but a high exclusion score was
more common in the wild-type subtype (81.3% vs 50%),
indicating again the different immune evasion mecha-
nisms between these two subtypes (figure 6G).

TME associated with the genetic signature
For TME evaluation, the infiltrated densities of several
typical immune cells (figure 7A) and the expression
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Figure 4 Genomic signature and prognosis. (A) HRs of genes with mutations that were significantly associated with overall
survival (OS) in univariate COX models. (B) Least absolute shrinkage and selection operator (LASSO) coefficient profiles of the
fractions of genes in a. (C) OS of patients in the JPH cohort according to mutation status of genomic signature constructed
through the LASSO model in all patients, patients with CHOL, and patients with GBC, respectively. (D) OS of patients in the
TCGA and Shanghai cohorts according to mutation status of the genomic signature in all patients, patients with CHOL, and
patients with GBC, respectively. CHOL, cholangiocarcinoma; GBC, gallbladder cancer; TCGA, The Cancer Genome Atlas; WT,

wild-type; mut, mutated type; JPH, Jiangsu Province Hospital.

of PD-L1 (figure 7B) were detected by THC in 30 BTC
tissues from the NCT03486678 trial. Because immune
cells infiltrating only tumor parenchyma are cyto-
toxic, the cells in tumor parenchyma and stroma were
quantified separately. Unsupervised clustering, based
on the density of infiltrating immune cells in tumor
parenchyma, identified two clusters (figure 7C). The
cluster 1 (C1) had more infiltrating NK cells including
CD56bright and CD56dim subtypes than the cluster 2
(C2), indicating that C1 and C2 owned different TME

status. More tumors in C1 were PD-L1-positive and the
signature mutated subtype (figure 7D). Importantly,
the ORR and OS of immunotherapy in the signature
wild-type subgroup could be further stratified by the
clusters: C1 had a non-significant higher ORR (85.7%
vs 45.5%, p=0.088; figure 7E) and a significantly longer
OS (p=0.04; figure 7F) than C2. Similar results were not
found in the mutated subtype (figure 7E,F).

To validate our observations, we applied the TMEscore
algorithm, which was also based on immune infiltration
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phenotypes,”” to evaluate TME status as favorable TME
(fTME) and poor TME (pTME) in the TCGA CHOL cohort,
using the median TMEscore as a cut-off." Similarly to the
results from the NCT03486678 trial, fTME tumors in the
signature wild-type subgroup had better ORR predicted by
TIDE algorithm (63.6% vs 20%, p=0.024) and numerically
longer OS (p=0.29) than pTME tumors (online supple-
mental figure 4A and B). No such findings existed in the
signature mutated subtype (online supplemental figure 4A
and C). Together, TME evaluation further improved the
stratification of immunotherapy outcomes in the signature
wild-type subset but not in the mutated subset, suggesting
again immune dysfunction in the mutated subset.

DISCUSSION/CONCLUSIONS
In this study, we investigated the genomic mutation
profile of advanced BTC, and found that DNA changes

were associated with prognosis and first-line immuno-
therapy outcomes. Specifically, a classification based on
a genetic signature was developed to improve the selec-
tion of patients with BTC for first-line immunotherapy.
The mutated subtype of this classification may be char-
acterized by an impaired antitumor immunity. More-
over, the combination of this classification and TME
evaluation further improved the stratification of clinical
outcomes.

We showed the enormous genomic heterogeneity
between our advanced disease cohort and the early stage
TCGA CHOL and Shanghai GBC cohorts. In partic-
ular, we reported the highest mutation incidences for
KRAS and TP53, two genes commonly mutated in BTC
with crucial roles in its pathogenesis, indicating that the
frequency of some driver alterations may be dependent
on the disease stage of BTC.
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checkpoint inhibitors (ICIs) by the TIDE algorithm according to the signature subtypes. (G) T cell dysfunction and exclusion
scores according to the signature subtypes in tumors predicted to fail in ICI therapy. mut, mutated type; WT, wild-type; ORR,

objective response rate.

We further observed that KRAS and TP53 frequently
co-occurred in CHOL. It is known that KRAS-TP53
co-mutations promote an inflamed TME in lung adeno-
carcinoma, and may be of clinical benefit for immuno-
therapy."”” The underlying mechanisms are associated
with deficient DNA damage repair caused by TP53 muta-
tions, thus giving rise to increased genetic mutations and
immunogenicity of cancer cells.'"® Meanwhile, KRAS-TP53
co-mutations increase PD-L1 expression and infiltrating
immune cells than KRAS-only or TP53-only mutations,

indicating a synergistic effect.'® Similarly, we found that
patients with KRAS-TP53 co-mutations had the highest
ORR following immunotherapy among patients with
CHOL with varied combinations of KRAS and TP53 muta-
tion status. Moreover, patients with KRAS-only mutations
had the worst prognosis and immunotherapy outcomes.
These results indicate the effect of genomic alterations
on the clinical heterogeneity of CHOL.

We compared the genomic alterations found in CHOL
and GBC. At first, no TMB difference was found between

Chen X, et al. J Immunother Cancer 2021;9:e003214. doi:10.1136/jitc-2021-003214
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them. Interestingly, high TMB correlated with poor prog-
nosis and immunotherapy outcomes in BTC, which veri-
fied arecentreport that high TMB tumors exhibited lower
immunotheragy efficacy than low TMB tumors in some
tumor types.'” Furthermore, we found that in CHOL,
more mutations occurred in KRAS and other genes
encoding proteins which interact with KRAS protein.
Immunotherapy outcomes were better stratified using
the TMB of these genes (K-TMB) than the overall TMB,
and high K-TMB correlated with worse outcomes. Subse-
quently, a similar difference in immunotherapy outcomes
was observed between CHOL and GBC, although which
was not statistically significant. These findings stress that

KRAS signaling can define BTC subgroups with distinct
therapeutic vulnerabilities and may play a more important
role in CHOL than in GBC.

Different from KRAS mutations, which seemed to
cooperate with other genetic mutations to impact clinical
outcomes, mutations of some genes were individually asso-
ciated with OS. A genetic signature was constructed based
on these genes to include those with the most prominent
prognostic role. Importantly, molecular subtyping using
this signature successfully stratified the prognosis and
immunotherapy outcomes of BTC. Through transcrip-
tome analyses, we revealed that the signature mutated
subtype was associated with more severe tumor immune

10

Chen X, et al. J Immunother Cancer 2021;9:e003214. doi:10.1136/jitc-2021-003214



evasion, which was dominated by CTL dysfunction rather
than CTL exclusion, than the signature wild-type subtype.
This was further validated by our TME analyses: immune
infiltration-based clustering or TME scoring had a cross-
talk only with the wild-type subtype to impact immu-
notherapy outcomes, indicating a lack of function for
infiltrating immune cells in the mutated subtype. Interest-
ingly, we identified that the wild-type subtype with fTME
may be an advantageous population of immunotherapy.

This study has some limitations. First, our targeted
approach to examine 416 cancer-related genes as opposed
to whole genome or exome sequencing limits our ability
to reveal a more comprehensive genomic landscape for
advanced BTC. Second, the small sample size prevents
us from comparing the genomic characteristics of CHOL
arising in different locations, limits the statistical signifi-
cance and even may cause biased results in some compar-
isons. Third, we failed to find a BTC cohort treated with
immunotherapy to validate our results about immuno-
therapy outcomes. Moreover, the potentially abnormal
immune reaction in the signature mutated subtype needs
experimental evidences. Furthermore, the specific link
of the signature typing with immunotherapy prognosis
remains inconclusive because this typing was also prog-
nostic in the overall JPH cohort which included patients
that received chemotherapy alone. Finally, population
heterogeneity, different sequencing platforms and muta-
tion calling algorithms may limit the repeatability of our
findings in other studies.

In conclusion, we revealed genomic heterogeneity in
advanced BTC, which differed between CHOL and GBC,
could predict prognosis and immunotherapy outcomes.
It was feasible to develop a genomic signature to improve
the stratification of clinical outcomes in advanced BTC,
which may be further optimized by combining the
genomic classification and TME evaluation. Further
studies are needed to verify our findings.
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