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Results: Analysis of the baseline clinical characteristics showed that perfor-
mance score (PS) of O was associated with a better prognosis than PS of 1
(HR =1.08 x 10%; 95% CI, 0~Inf; P = .002). No significant correlations were found
between clinical outcome and inflammation-related indicators. NGS profiling
of the available tumor tissues, revealed largely non-overlapping somatic alter-
ations between GCs and ICCs. Mutations in LRPIB (HR = 0.26; 95% CI, 0.06-1.21;
P = .067), ERBB2 (HR = 0.15; 95% CI, 0.02-1.19; P = .04), or PKHDI (HR < 0.01;
95% CI, 0-Inf; P = .04) showed strong association with increased progression-
free survival (PFS) benefit. Subsequent analysis showed that alterations in the
RTK-RAS pathway were associated with improved outcomes (HR = 0.12; 95% CI,
0.02-0.63; P = .003). Tumor mutation burden (TMB) was higher in patients with
GC than those with ICC, and was associated with LRP1B mutations (P = .032).
We found that patients with 19q amplification (19q Amp) and 9p deletion (9p
Del) had poor PFS outcome (199 Amp, HR = 15.4; 95% CI, 2.7-88.5; P < .001; 9p
Del; HR = 4.88 x 10°; 95% CI, 0-Inf; P < .001), while those with chromosomal
instability derived PFS benefit (HR = 0.24; 95% CI, 0.05-1.17; P = .057).

Conclusion: Our study identified several potential clinical and genomic fea-
tures that may serve as biomarkers of clinical response to ICIs in advanced BTCs

KEYWORDS

1 | INTRODUCTION

Biliary tract cancers (BTCs), including cholangiocarci-
noma and gallbladder cancers (GCs), are uncommon
malignancies characterized by a high mortality rate."?
The majority of patients present with advanced disease
at initial diagnosis. Systemic therapy or chemoradia-
tion remains the standard first-line strategy for patients
with unresectable or metastatic BTCs.>* However, given
their poor prognosis and almost inevitable resistance
to chemotherapy, alternative therapeutic options are
urgently needed.

Immune checkpoint blockade has demonstrated sub-
stantial benefits in multiple disease settings.”® However,
the role of immunotherapy in advanced BTCs patients
remains to be explored. While cancers with deficient mis-
match repair (AMMR) or microsatellite instability-high
(MSI-H) are likely to benefit from anti-PD-1 inhibitor (eg,
pembrolizumab [Keytruda]), BTCs are infrequently MSI-
H or dAMMR.’ In the KEYNOTE-028 phase Ib basket tri-
als across 20 advanced solid tumor types that include
advanced BTCs, patients with high tumor mutation bur-
den (TMB) and/or PD-L1 expression demonstrated higher
response rates and better progression-free survival (PFS).'”
Follow-up studies on patients with advanced BTCs treated

patients. A larger sample size is required for further verification.

biliary tract cancer, immune checkpoint blockade, NGS, predictive biomarkers

with immunotherapy in the KEYNOTE-158 (phase IT) and
KEYNOTE-028 (phase Ib) trials present preliminary evi-
dence showing durable clinical outcome regardless of PD-
L1 expression.'! At present, multiple early-phase clinical
trials are ongoing to evaluate the efficacy of immunother-
apy alone or in combination with other therapies in
advanced BTCs."?

Selecting the dominant population is the key problem
of immunotherapy for BTCs. NGS currently considered
as a relatively advantageous technology to find the dom-
inant population for immunotherapy. Some studies sug-
gested that high TMB (TMB-H) and MSI-H showed rela-
tionship with higher responding rates and durability to
immune checkpoint inhibitors (ICIs) for BTCs."*'* One
case report showed that insertions and deletions (indels)
might be a new predictive biomarker of response to ICIs
in patients suffering from intrahepatic cholangiocarcino-
mas (ICCs) beside the status of PD-L1, TMB, and MSI.P
Recently, the whole-exome sequencing in one phase II
study shown that TMB, tumor neoantigen burden (TNB),
and the mutation of RYR2, MUC4, and APOB could pre-
dict the efficacy of nivolumab plus gemcitabine and cis-
platin for BTCs.'® However, no other extensive analyses of
genomic correlates of immunotherapy response have been
carried out in BTCs.
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In this study, by evaluating the clinical and molecular
characteristics of 26 advanced BTCs patients, we aimed to
evaluate the therapeutic effect of anti-PD-1 inhibitors, as
monotherapy or in combination with other treatment regi-
mens, and to explore potential biomarkers that may be pre-
dictive of immunotherapy outcome.

2 | MATERIALS AND METHODS

2.1 | Study design and participants

This single-center study was performed at the Cancer
Hospital of the University of Chinese Academy of Sci-
ences (Zhejiang Cancer Hospital) with approval of local
human research ethics committee. The study included 26
unresectable or metastatic BTCs patients who received
immune checkpoint inhibitors (ICIs) therapy between
December 2018 and September 2019. All patients were
asked to provide informed consents in accordance with
institutional regulations. Clinicopathological information,
including sex, age, tumor location, Eastern Coopera-
tive Oncology Group (ECOG) performance status (PS),
therapeutic approach, lines of treatment, metastasis,
serum inflammatory factors (eg, C-reactive protein
[CRP], neutrophil-to-lymphocyte ratio [NLR], lactate
dehydrogen [LDH], systemic immune-inflammation
index [SII], prognostic index [PI], Glasgow Prognostic
Score [GPS], prognostic nutritional index [PNI]), and
serum tumor markers, such as carbohydrate antigen 125
(CAI125; cutoff value: 5 ng/mL), carcinoembryonic antigen
(CEA; cutoff value: 5 ng/mL), and carbohydrate antigen
19-9 (CA19-9; cutoff value: 30 U/mL) were reviewed,
retrospectively.

2.2 | Library construction and targeted
enrichment

NGS was conducted in a centralized testing center (Nan-
jing Geneseeq Technology Inc.). Sample processing, library
construction, and targeted-enrichment were performed
according to the methods as previously described.” Briefly,
DNA from the white blood cells (WBCs) or formalin-fixed
and paraffin-embedded (FFPE) was extracted, quantified,
and quality-evaluated, respectively. Genomic DNA from
WBCs was used as the normal control.

Libraries were constructed as previously described.'®
Briefly, the extracted DNA was sheared into fragments,
and end repair, A-tailing, and adaptor ligation were further
performed. DNA Libraries were then amplified and puri-
fied. Next, customized xGen lockdown probes panel (con-
taining 425 predefined cancer-related genes) were used for

3

selective enrichment. Then, the captured libraries were
amplified, purified, and quantified.

2.3 | Library sequencing and
bioinformatics analysis

Enriched libraries were sequenced on the HiSeq4000 plat-
form (Illumina). Data were sequentially analyzed by vali-
dated bioinformatics process.'” Further, SNPs and indels
were called with a variant allele frequency (VAF) cut-
off as 0.5% by VarScan2.?” dbSNP and the 1000 Genome
project databases were used to remove the common vari-
ants. Gene fusions and copy number variations (CNVs)
were identified by FACTERA?' and ADTEXx,* respec-
tively. The log2 ratio cutoff for copy number gain and
loss was defined as 2.0 and 0.6, respectively. Arm-level
somatic copy number alterations (SCNAs) were analyzed
by FACETS?® with a 0.2 drift cutoff for unstable joint seg-
ments. Chromosome instability score (CIS) was defined as
previously described.”* TMB was calculated according to
Fang’s study.” TMB-H was defined as TMB above the top
33% of the cohort, and the rest lower than top 33% was
defined as low TMB (TMB-L).

2.4 | Statistical analysis

Quantitative data are displayed as median (range) or
number of patients (percentage). Proportion comparisons
between groups were carried out with the Fisher’s exact
test. Survival analysis was performed using Kaplan-Meier
curves, and the P-value was determined with the log-
rank test, and hazard ratios (HRs) were calculated by Cox
proportional hazards model. A two-sided P-value of <.05
was considered as a significant value for all tests unless
indicated otherwise. Univariate analysis was performed to
study the associations between different variables and PFS,
and the results were presented as HRs and the 95% con-
fidence intervals (CIs). All analyses were performed with
R 3.4.0.

3 | RESULTS

3.1 | Patient characteristics

Baseline clinicopathological features of the study cohort
with advanced unresectable BTCs are summarized in
Table 1 (median age 62.5 years, range 46-73; 34.6% of
patients were females). All patients showed an ECOG PS
of 0-1. Of all the patients, 15 had gallbladder carcinomas
(GCs), 11 had intrahepatic cholangiocarcinomas (ICCs),
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TABLE 1 Clinical characteristics of the study population
(n=26)

Characteristics Number (%)
Age, years (median) 62.5 (46-73)

<65 16 (61.5%)

>65 10 (38.5%)
Sex

Female 9 (34.6%)

Male 17 (65.4%)
Location

Gallbladder 15 (57.7%)

Intrahepatic 11 (42.3%)
ECOG PS

0-1 26 (100%)

2-3 0 (0%)
Stage

I-111 0 (0%)

v 26 (100%)
Combined therapy

Mono 1(3.9%)

Combined with Chemo 22 (84.6%)

Combined with Antiangiogenic drugs 3 (11.5%)
Cycle of treatment (range) 4 (1-24)

>4 16 (61.5%)

<4 10 (38.5%)
Line of treatment

1 15 (57.7%)

>2 11 (42.3%)
Number of metastasis organs

1 12 (46.2%)

>2 14 (53.8%)
Organ of metastasis

Lymph node 20 (76.9%)

Peritoneal metastasis 6(23.1%)

Liver 16 (61.5%)

Lung 2(7.7%)
Response

Confirmed Objective response 7(26.9%)

Confirmed Disease control rate 19 (73.1%)
Best overall response

Complete response 1(3.8%)

Partial response 6 (23.1%)

Stable disease 12 (46.2%)

Progressive disease 6(23.1%)

NE (Not Evaluable) 1(3.8%)

A
100% =+ All patients
-+ ICC
-+ GC
80%
—_ 0,
g 60% 38.9% mPFS=3.0m
2 36.4% mPFS=3.4m
& 40% ‘
32.7% mPFS=3.8m
20%
0%
0 3 6 9 12 15 18
Time(Months)
Number at risk
I patients 26 14 7 3 3 2 1
ICC 11 6 2 0 0 0 0
GC 15 8 5 3 3 2 1
B
100%] -+ All patients
-+ ICC
-+ GC
80%
80.0% mPFS NR
~ 60%
X 84.0%mPFS=8.0m
$ | e
© 0% 88.9%mPFS=8.0m
———
20% Log-rank :
p=1.0 ‘
0% ?
0 3 6 9 12 15 18
Time(Months)
Number at risk
All patients 26 23 16 5 2 1
Icc 11 1 7 1 1 0 0
GC 15 12 9 4 2 1

FIGURE 1 PFS(A)and OS (B) of the GC, ICC, and all BTCs in
this study

and none had extrahepatic cholangiocarcinoma. Lymph
nodes and liver metastases were common, with incidence
rates of 76.9% and 61.5%, respectively. Fifteen patients had
no prior systemic therapies, and the other 11 patients had
received at least one systemic therapy and the majority
(25/26, 96.2%) of them received combination therapy that
involved either chemotherapy (84.6%) or anti-angiogenic
agents (11.5%). Only one patient received ICI monotherapy.

3.2 | Efficacy and safety

As of December 21, 2019, 16 (61.5%) events of disease
progression and nine (34.6%) deaths had occurred. The
median PFS (mPFS) was 3.4 months, with a 6-month PFS
rate of 36.4%. No difference in PFS was found between GCs
and ICCs (Figure 1A). The median overall survival (OS)
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was 8.0 months with a 6-month OS rate of 84.0%. Sim-
ilarly, OS showed no difference between GCs and ICCs
(Figure 1B). Among all 26 patients, one (3.8%) patient
achieved complete response (CR), and six (23.1%) patients
achieved partial response (PR), which corresponded to
an objective response rate (ORR) of 26.9% (Table 1).
Most patients (96.1%) developed treatment-related adverse
events (AEs), with grade I/II and III/IV AEs occurring
in 80.8% and 30.8% of the patients, respectively. Most
common grade III/IV AEs included neutropenia (19.2%),
thrombocytopenia (11.5%), anemia (7.7%), anorexia (7.7%),
increased aspartate aminotransferase (AST; 7.7%), and ala-
nine aminotransferase (ALT; 7.7%; Table S1)

3.3 | Association between clinical
features and response to immunotherapy

Associations analysis between clinicopathological char-
acteristics and clinical outcomes revealed a PFS improve-
ment in male patients compared with female patients
(mPFS, 2.5 months vs not reached [NR]; HR = 0.32;
95% CI, 0.10~1.00; P = .016). In addition, patients with
performance score (PS) of 0 demonstrated improved PFS
comparing with those with PS of 1 (mPFS, NR vs 2.9
months; HR =1.08 x 10%; 95% CI, O~Inf; P = .002). Further
correlation analysis demonstrated a moderate correlation
between gender and PS scores (Spearman coefficient,
—0.453; two-sided P = .02) with majority of male patients
presenting relative better performance, potentially result-
ing in this gender-biased efficacy difference. Other clinical
features, such as age, BTC subtypes, treatment lines, num-
ber of metastases, and site of metastasis were not signifi-
cantly associated with the efficacy of ICI (Table 2). Further-
more, as previous studies suggested, chronic inflammation
may play an important role in the carcinogenesis of BTC,*
we evaluated the relationships between the systemic
inflammation status and immunotherapy outcome, by
profiling the set of systemic inflammation markers, includ-
ing LDH, CRP, NLR, SII, GPS, PI, and PNI. However, none
of these markers showed significant correlations with
PFS outcome (Table 2). In addition, assessment of tumor
markers, including CEA, CA125, and CA199, also revealed
no association with immunotherapy outcome (Table 2).

3.4 | Individual somatic gene alterations
associated with immunotherapy response

Next, we sought to explore the molecular features that
correlate with immunotherapy response. Tumor tissue

3

samples were available from 17 patients, including
12 patients with GCs and five with ICCs, which were
subjected to targeted NGS using a 425-cancer-gene panel.
Even with the modest sample size, the differences in muta-
tional profiles of the GC and ICC samples were evident
(Figure 2A). Specifically, TP53 (66.7%), ERBB2 (41.7%),
LRPIB (41.7%), and BRCAI (25%) were among the top
altered genes in GCs. All except one of the ICCs harbored
KRAS mutations (80%), but none carried alterations in
ERBB2, LRPIB, or BRCAI. Further, BTC patients with
mutations in LRPIB, ERBB2, or PKHDI showed prolonged
PFS than wild-type patients (Figure 2B). Patients with
LRPIB mutations had an mPFS that was not reached (NR)
and a 6-month PFS rate of 66.7%, compared with an mPFS
of 3.0 months and a 6-month PFS rate of 18.2% in the rest
of the patients (HR = 0.26; 95% CI, 0.06-1.21; P = .067; Fig-
ures 2B and 6A). Of the five ERBB2 mutations, two were
copy number gain and three were missense mutations
of indeterminate effect. In contrast to the poor outcome
in non-small-cell lung cancer (NSCLC) with ERBB2
alterations,”® ERBB2-mutated BTC patients showed
improved PFS compared with those of wild-type ERBB2
(mPFS, NR vs 3.0 months, HR = 0.15; 95% CI, 0.02-1.19;
P = .039; 6-month PFS rate = 80.0% vs 16.7%; Figures 2B
and 6B). Two ERBB2-positive patients (one with CNV gain
and one with missense mutation) also carried mutations
in PKHDI. At data cutoff, none of the patients with PKHDI
mutations progressed, compared with a 6-month PFS rate
of 21.4% in PKHDI wild-type patients (mPFS = NR vs 3.0
months, HR < 0.001; 95% CI, 0-Inf; P = .039; Figures 2B
and 6C). Consistent with their associations with longer
PFS, patients with LRPIB (ORR = 50.0% vs 27.3%; Fig-
ure 6D), ERBB2 (ORR = 40.0% vs 33.3%; Figure 6E), or
PKHDI (66.7% vs 28.6%; Figure 6F) alterations were also
more likely to experience objective response, although
no statistical significance could be established given the
limited sample size.

Sub-analysis of the GC cohort revealed similar PFS
benefit associated with LRPIB mutations (mPFS, NR vs
3.0 months; 6-month PFS rate, 66.7% vs 16.7%; HR = 0.21;
95% CI, 0.04-1.11; P = .045; Figures 2C and 6G) and ERBB2
alterations (mPFS = NR vs 2.8 months, HR = 0.15; 95%
CI, 0.02-1.23; P = .041; 6-month PFS rate, 80.0% vs 14.3%;
Figures 2C and 6H). On the other hand, GC patients with
PKHDI mutations did not show significant improvement
of PFS over those without PKHDI mutations (P = .140).
In addition, we found that GC patients with CDKN2A
mutations showed worse mPFS than those with WT
CDKN2A (mPFS = 3.0 vs 2.1 months, HR = 15.60; 95%
CI, 1.38-176; P = .003; 6-month PFS rate 0% vs 50.0%;
Figures 2C and 61).
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TABLE 2 Univariate Cox regression analysis of PFS with clinical characteristics, signal pathways and chromosome arm-level SCNAs in
all patients (n = 26), BTCs (n = 17), or GCs (n = 12) underwent sequencing

Characteristics mPFS HR (95%CI) P-value
Clinical information (All patients, n = 26)
Age, years (median) (< 3.8 versus 2.7 1.28 (0.46~3.54) 0.638
65 Vs > 65)
Sex (Female vs Male) 2.5 versus NR 0.32(0.10~1.00) 0.016
Tumor site (Gallbladder vs 3.0 versus 3.8 1.12 (0.42~3.02) 0.821
Intrahepatic)
ECOG PS (0 vs1) NR versus 2.9 1.08 x 107%? (0~Inf) 0.002
Line of treatment (1 vs > 2) 3.0 versus 4.0 0.74 (0.267~2.03) 0.554
Number of metastasis organs 2.8 versus 4.2 0.42 (0.15~1.16) 0.085
(1vs>2)
Site of metastasis (Lymph node 2.8 versus 3.4 1.40 (0.40~4.92) 0.603
metastasis only vs Visceral
metastasis (With or without
lymph node metastasis))
CEA (< 5ug/L vs >5ug/L) 4.2 versus 3.8 0.97 (0.34~2.78) 0.948
CA125 (< 35 U/L vs >35 U/L) NR versus 3.8 2.03 (0.63~6.51) 0.224
CA199 (< 37 U/L vs >37 U/L) 3.0 versus 4.0 0.93 (0.31~2.79) 0.899
LDH (< 245 U/L vs >245 U/L) 3.8 versus 4.2 1.13 (0.39~3.26)
CRP (< 10 mg/L vs >10 mg/L) NR versus 3.0 1.73 (0.60~5.00) 0.308
NLR (< 3 vs >3) 3.4 versus 4.2 0.70 (0.215~2.24) 0.54
dNLR (< 2.5 vs >2.5) 3.8 versus 4.0 1.13 (0.394~3.22) 0.824
PLR (< 150 vs >150) 3.8 versus 3.5 0.80 (0.28~2.31) 0.679
STI (< 800 vs >800) 3.8 versus 4.0 0.91 (0.32~2.61) 0.864
GPS (0 vs 1&2) NR versus 3.0 versus 3.4 1.39 (0.72~2.67) 0.326
PI(0vs1) NR versus 3.9 1.73 (0.60~5) 0.308
PNI(0Ovs1) 12.1 versus 3.8 1.58 (0.49~5.09) 0.443
Signal Pathway (BTCs, n = 17)
RTK-RAS (Altered vs WT) 4.0 versus 2.4 0.12 (0.02~0.63) 0.003
TP53 (Altered vs WT) 2.9 versus 4.2 1.66 (0.48~5.69) 0.417
Cell Cycle (Altered vs WT) 3.0 versus 3.4 1.61 (0.47~5.5) 0.446
PI3K (Altered vs WT) NR versus 3.0 0.45 (0.10~2.07) 0.289
WNT (Altered vs WT) 4.0 versus 3.0 0.74 (0.21~2.54) 0.626
TGF-Beta (Altered vs WT) 3.0 versus 3.4 1.49 (0.44~5.11) 0.522
NOTCH (Altered vs WT) 3.8 versus 3.0 0.90 (0.19~4.19) 0.896
Signal Pathway (GCs, n = 12)
RTK-RAS (Altered vs WT) NR versus 2.4 0.11 (0.02~0.69) 0.005
TP53 (Altered vs WT) 2.9 versus 3.0 1.45 (0.28~7.50) 0.656
Cell Cycle (Altered vs WT) 2.5 versus 3.0 2.00 (0.38~10.50) 0.403
PI3K (Altered vs WT) NR versus 3.0 0.46 (0.09~2.39) 0.345
WNT (Altered vs WT) 3.0 versus 2.9 0.62 (0.12~3.23) 0.567
TGF-Beta (Altered vs WT) 2.5 versus NR 3.81(0.84~17.30) 0.064
MYC (Altered vs WT) NR versus 2.9 3.52 x 10°%° (0~Inf) 0.140
NOTCH (Altered vs WT) 2.8 versus 3.0 0.80 (0.10~6.69) 0.837
HIPPO (Altered vs WT) NR versus 2.9 3.52 X 10 (0~Inf) 0.14

(Continues)
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TABLE 2 (Continued)

Characteristics mPFS HR (95%CI) P-value

Chromosome arm-level SCNA (BTCs,n =17)
20q_Amp (Yes vs No) 3.6 versus 3.0 0.90 (0.27~2.96) 0.856
5p_Amp (Yes vs No) 3.0 versus 3.4 0.91 (0.24~3.43) 0.889
18p_Amp (Yes vs No) 2.0 versus 3.8 2.57 (0.67~9.88) 0.155
19q_Amp (Yes vs No) 2.0 versus 4.2 15.40 (2.69~88.50) 7.84E-05
20p_Amp (Yes vs No) 2.9 versus 3.0 1.55 (0.405~5.89) 0.521
7p_Amp (Yes vs No) 4.2 versus 3.0 0.50 (0.11~2.31) 0.361
10q_Del (Yes vs No) NR versus 3.0 0.37 (0.05~2.93) 0.329
19p_Del (Yes vs No) 1.6 versus 3.4 1.88 (0.40~8.83) 0.414
3p_Del (Yes vs No) NR versus 3.0 0.43 (0.05~3.37) 0.406
9p_Del (Yes vs No) 1.6 versus 4.0 4.88 x 10% (0~Inf) 2.94E-06

Chromosome arm-level SCNA (GCs, n = 12)
20q_Amp (Yes vs No) 3.0 versus 3.0 1.07 (0.24~4.82) 0.928
5p_Amp (Yes vs No) 3.0 versus 3.0 0.97 (0.22~4.36) 0.967
18p_Amp (Yes vs No) 2.5 versus 3.0 2.00 (0.38~10.50) 0.403
199_Amp (Yes vs No) 2.4 versus NR 8.93 (1.44~55.30) 0.005
20p_Amp (Yes vs No) 1.6 versus 3.0 1.13 (0.13~9.43) 0.913
7p_Amp (Yes vs No) 2.8 versus 3.0 0.71 (0.08~5.92) 0.749
10q_Del (Yes vs No) NR versus 3.0 0.41 (0.05~3.40) 0.392
19p_Del (Yes vs No) 1.6 versus 3.0 1.13 (0.13~9.43) 0.913
9p_Del (Yes vs No) 2.0 versus 3.0 3.15 x 10%° (0O~Inf) 0.0002

Abbreviations: CEA, carcinoembryonic antigen; CA125, carbohydrate antigen 125; CA199, carbohydrate antigen 199; LDH, lactate dehydrogenase; CRP, C-reactive
protein; NLR, neutrophil lymphocyte ratio; dNLR, derived neutrophils/(leukocytesminus neutrophils) ratio; PLR, platelet to lymphocyte ratio; SII, systemic
immune-inflammation index; GPS, Glasgow prognostic score; PI, prognostic index; PNI, prognostic nutritional Index; CI, confidence interval; SCNA, somatic

copy number alteration; WT, wild-type.

3.5 | Signaling pathways associated with
clinical outcomes to immunotherapy

Multiple oncogenic signaling pathways have demon-
strated implications in the response or resistance to ICIs
treatments.”’ Thus, somatic mutations and copy number
variations in genes in different signaling pathways were
evaluated for their associations with patient outcomes. The
common signaling pathways altered in the BTC cohort
included the RTK-RAS, TP53, cell cycle, PI3K, WNT, TGF-
B, and Notch pathways (Table 2). We found that patients
with genetic alterations in the RTK-RAS pathway derived
greater PFS benefit from ICI treatment (mPFS = 4.0 vs 2.4
months; HR = 0.12; 95% CI, 0.02-0.63; P = .003; Table 2
and Figure 2D). The ORR in patients with altered RAS-
RTK pathway was 42.8%, while none of the patients with
unaffected RAS-RTK pathway responded to ICI treatment
(Figure S1A).

Among the commonly altered pathways in GCs, includ-
ing the RTK-RAS, TP53, cell cycle, PI3K, WNT, TGF-3,
MYC, Notch, and HIPPO pathways, we also found that
patients with altered RTK-RAS signaling had greater PFS
benefit (mPFS, NR vs 2.4 months, HR = 0.11; 95% CI,

0.02-0.69; P = .005; Figure 2E and Table 2), as well as a
higher ORR (44.4% vs 0%) from ICI treatment (Figure S1D).

3.6 | Chromosome arm-level SCNAs
correlated with immunotherapy benefit

Chromosome arm-level SCNAs often involve dosage
changes of specific gene sets that modulate tumor growth
or immune response, which are selected for during tumor
evolution.”® In all BTC patients, analysis of arm-level
SCNAs revealed 19q amplification (19q_Amp) (HR =15.40,
95% CI, 2.69-88.5; P < .001; Figure 3A and Table 2) and 9p
deletion (9p_Del) (HR = 4.88e9; 95% CI, 0-Inf; P < .001;
Figure 3B and Table 2) that showed associations with
poor prognosis. Similarly, a lower ORR was observed for
patients with 19q_ Amp (0% vs 46.2%; Figure S1B) or those
with 9p Del (0% vs 42.8%; Figure S1C).

Subgroup analysis of the GC patients also revealed that
patients with 19q_Amp (HR = 8.93; 95% CI, 1.44-55.30;
P = .005; Figure 3C and Table 2) and 9p_Del had worse
PFS (HR = 3.15 % 10%; 95% CI, 0-Inf; P < .001; Figure 3D and
Table 2), and lower ORRs than those without the respective
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FIGURE 2 Mutational spectrum of advanced BTCs and genetic correlates of immunotherapy outcome. A, Comparison of mutation pro-
files between GCs and ICCs. The top 26 genes of the NGS cohort (n = 17) is shown. B,C, Forest plot presenting hazard ratios (HRs) of PFS
comparing various subgroups with and without single-gene variations in BTCs (n = 17) or GCs (n = 12), respectively. D,E, Kaplan-Meier esti-
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chromosome arm 19q amplification (19q_Amp) or (D) 9p deletion (9p_Del) of GCs (n = 12)

alterations (19q_Amp, 0% vs 44.4%; 9p_Del, 0% vs 40.0%;
Figure S1E,F).

3.7 | TMB and CIS correlated with
clinical benefit to immunotherapy

Finally, we evaluated several genome instability-related
features, including MSI, TMB, and chromosomal insta-
bility, which are often indicative of a high neo-antigen
burden and consequently response to immunotherapy.
Consistent with the rare occurrence of MSI in BTCs, all
17 patients with evaluable NGS results were microsatel-
lite stable. TMB was higher in GCs samples than those
with ICCs (median TMB, 7.03 vs 2.16 mut/Mb; P = .19;
Figure 4A). Although no survival advantage was observed
in BTCs with TMB-H than those with TMB-L (Figure 4E),

a high proportion of them experienced objective response
(TMB-H vs TMB-L, 60.0% vs 25.0%; Figure 4B). In GCs,
we also found no difference in PFS between patients with
TMB-H and TMB-L (Figure 4F), but a higher ORR in TMB-
H patients (TMB-H vs TMB-L, 50.0% vs 25.0%; data not
shown).

Furthermore, correlation analysis of TMB with genetic
alterations in all BTCs revealed a strong correlation
between LRPIB mutations and TMB (P = .02; Figure 4C).
Indeed, TMB was significantly higher in patients with
LRPIB mutations (median TMB, 8.66 vs 4.33 mut/Mb;
P =.032, Student’s t-test; Figure 4D).

On the other hand, BTC patients with chromosome
instability, as determined by the CIS of 0.2 or higher,
showed improved PFS outcome (mPFS = NR vs 3.0
months; HR = 0.24; 95% CI, 0.05-1.17; P = .058; Figure 5A),
as well as increased ORR (66.7% vs 18.2%; Figure 5C). For
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GCs, patients with higher CIS displayed significantly bet-
ter survival (mPFS = NR vs 2.8 months; HR = 9.4 x 10'9;
95% CI, 0-Inf; P = .048; Figure 5B), and also had a higher
ORR (66.7% vs 22.2%; Figure 5D).

4 | DISCUSSION

While chemotherapy is considered as the standard option
for advanced BTCs, the prognosis remains poor and no
standard second-line therapy has been established follow-
ing disease progression. With limited treatment options
and the aggressive disease course, immune checkpoint
blockade represents a promising therapeutic choice for
advanced BTCs patients. Herein, we evaluated the efficacy
and safety of ICI treatment alone or in combination
with other antitumor therapies, and provided clinical

evidence for the first time for the predictive value of
potential genomic correlates of immunotherapy response
in patients with advanced disease.

KEYNOTE-028 and KEYNOTE-158 are two basket
trials that examined the efficacy and safety of Keytruda
in advanced BTCs patients who progressed on first-line
standard treatment regimens.11 In these two studies,
pembrolizumab treatment is associated with durable clin-
ical activity and manageable toxicity. In KEYNOTE-028,
the ORR was 13% with an mPFS of 1.8 months and an
mOS of 6.2 months. In KEYNOTE-158, the ORR was 5.8%
with an mPFS of 2.0 months and an mOS of 7.4 months.
Another phase I study also demonstrated durable clinical
activity of nivolumab in advanced BTCs patients.”’ In
patients who were refractory to standard chemotherapy,
the mPFS was 1.4 months, mOS was 5.2 months, and
ORR was 3.3%. In those who received nivolumab and
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chemotherapy combination as first-line treatment, the
mPFS was 4.2 months, mOS was 15.4 months, and ORR
was 36.7%. Other immune-combination therapies have
been evaluated in the clinic. One phase II study of an
anti-angiogenic drug, lenvatinib, combined with ICI in
14 ICCs who had received at least two prior anticancer
therapies reported a 21.4% ORR and 5.9 months mPFS.*°
On the other hand, a phase Ib study of pembrolizumab
plus ramucirumab (another anti-angiogenic drug) on
patients who progressed first-line therapies, reported a 4%
ORR, 1.6-month mPFS, and 6.4-month mOS.>!

Our study cohort composed of advanced BTC patients
who received ICI treatment as first-line or following pro-
gression after prior standard treatment regimens. Most
of the patients enrolled in our study received ICI treat-
ment combined with gemcitabine-based chemotherapy,
and the rest received ICI treatment either as monotherapy
or in combination with anti-VEGFR agents. The antitumor
activity of ICI in our mixed cohort was in line with previous
reports with an mPFS of 3.4 months, mOS of 8.0 months,
and ORR of 26.9%, as well as a manageable toxicity profile.

The search for potential markers that enrich for respon-
ders to immunotherapy is one intense area of research.
While patients with MSI tumors might benefit from
immunotherapy, the proportion of MSI BTCs is very low
as demonstrated by studies from our group and others.*? In
the exploratory analysis of the KEYNOTE-028 study, it was
found that TMB and/or a T-cell inflamed gene-expression
profile is predictive of immunotherapy response across
20 cancers.'” Systemic inflammation plays an important
part in tumorigenesis and immune evasion. Indeed, sev-
eral inflammatory markers have been described as prog-
nostic factors in cancer patients.** Herein, we also assessed
a wide array of systemic inflammatory markers, including
LDH, CRP, SII, GPS, PI, PNI, as well as several tumor mark-
ers, including CEA, CAIl25, and CA199. However, none
of them showed a clear association with immunotherapy
outcome. As BTCs are associated with chronic inflamma-
tion, itis possible that there might be adaptive mechanisms
in which patient outcome is not highly dependent on the
inflammatory microenvironment. Our study also assessed
the association between TMB and clinical outcome. One
previous study showed that the median number of non-
silent somatic mutations were higher in GCs compared
with ICCs or extrahepatic cholangiocarcinoma** similar
to what we demonstrated in this study. While TMB was
not statistically predictive for PFS outcome, we did notice
a higher response rate to immunotherapy of BTC patients
with high TMB.

To the best of knowledge, no extensive analyses that
correlate genomic characteristics with immunotherapy
response have been carried out in BTCs. In our cohort, we
looked at genomic alterations in ICI-treated BTC patients

3

at the levels of single nucleotide variations, CNVs, sig-
naling pathways, and chromosomal aberrations. Similar
to TMB, chromosomal instability might also reflect the
neoantigen load in the tumor. As expected, we found that
patients with high CIS were associated with improved PFS
and ORR. At the single-gene level, our results showed
better PFS in patients with ERBB2, LRPIB, and PKHDI
alterations. Consistent with previous reports,>** we also
found higher prevalence of ERBB2 alterations in patients
with GCs than in ICCs. Yet the functional significance of
ERBB2 missense mutations identified in our study cohort
remained unclear. In addition, the association between
ERBB?2 and improved immunotherapy outcome might be
confounded the presence of additional alterations in genes
including PKHDI. Thus, the role of ERBB2 in promoting
the antitumor effect of ICIs in BTCs is debatable. Muta-
tions in LRPIB, the low-density lipoprotein (LDL) recep-
tor family gene, have been associated with high TMB
and improved immunotherapy outcome in melanoma and
NSCLC cancer.*® Cases with LRPIB mutations were char-
acterized by an enrichment of genes involved in cell cycle
checkpoints and antigen processing and presentation.>
In 2020 ASCO, one multicenter study shown that inde-
pendent of TMB/MSI status, patients with pathogenic
LRPIB alterations could achieve impressive and durable
objective response rates to ICL.*” In our study, the result
also suggested that genetic mutations of LRPIB show-
ing higher TMB and predicted for favorable immunother-
apy response in BTCs. In addition, our study suggests
PKHDI as a potential biomarker for better immunotherapy
response. The association between PKHDI mutations and
immunotherapy outcome might be due to its effect on the
immune system. Studies have shown that PKHDI muta-
tions are responsible for congenital hepatic fibrosis and
autoimmune cholangitis.*®** PKHDI1 mediates secretion
of chemokines in cholangiocytes, and consequently the
recruitment of macrophages or immune cell infiltration.*
However, given the low prevalence of PKHDI mutations in
our cohort, future evidence is required to support its asso-
ciation with immunotherapy.

The effect of arm-level SCNAs on immunotherapy
response may be attributed to the changes in the dosage
of genes with immune-modulating effects. Our study
suggests 19q amplification and 9p deletion as poten-
tial markers of poor immunotherapy outcome. Chromo-
some 19q contains TGFBI, which plays a role in immune
cell recruitment and the pathogenesis of chronic inflam-
matory conditions.”’** Chromosome 9p contains CD274
(encoding PD-L1) and multiple interferon genes, including
IFNAI, IFNA2, that are involved in macrophage polarity
and immune checkpoint regulation.?’

In summary, results from this study and others sup-
port the use of immunotherapy alone or in combination



14of15 CLINICAL AND TRANSLATIONAL MEDICINE
e e — - OpenAccess'

LIET AL.

with other anticancer drugs in advanced BTCs patients.
We also provided preliminary clinical data for the first
time showing the predictive potential of genomic corre-
lates of immunotherapy response in advanced BTCs. How-
ever, due to the small number of samples and the clinical
heterogeneity of the study cohort, the prognostic value of
these genetic biomarkers needs to be interpreted carefully.
Further larger-cohort studies are necessary to confirm the
efficacy of immunotherapy in advanced BTCs and the pre-
dictive value of relevant biomarkers.
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