npj | precision oncology

Article

Published in partnership with The Hormel Institute, University of Minnesota

https://doi.org/10.1038/s41698-025-01099-x

Circulating miRNAs as potentially
predictive biomarkers for
chemoimmunotherapy in advanced biliary
tract cancer: a post-hoc analysis of the

phase 1l T1219 study
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Circulating microRNAs (miRNAs) have not been investigated as predictive biomarkers in patients with
advanced biliary tract cancer (ABTC) who received chemoimmunotherapy. In the single-arm phase ||
T1219 trial, 46 patients with ABTC received first-line nivolumab, gemcitabine, and S-1 treatment.
Plasma samples were prospectively collected at baseline and 6 weeks after treatment for miRNA
profiling. Among the 167 miRNAs analyzed, the baseline levels of hsa-miR-16-5p, hsa-miR-93-5p,
and hsa-miR-126-3p were significantly elevated in the responders. High hsa-miR-16-5p expression
was correlated with longer progression-free survival (hazard ratio [HR] = 0.44, 95% confidence interval

[Cl] = 0.12-0.85, p = 0.025) and overall survival (HR =0.34, 95% Cl =

0.07-0.7, p =0.01). Post-

treatment miRNA changes (e.g., hsa-miR-129-5p and hsa-miR-1254) were observed but were not
significantly associated with survival. This study identified a three-miRNA signature with potential
predictive value for chemoimmunotherapy in ABTC. Trial registration: NCT04172402, date of

registration 2019/11/18.

Biliary tract cancer (BTC) is a heterogeneous group of malignancies that
includes intrahepatic cholangiocarcinoma, extrahepatic cholangiocarci-
noma, and gallbladder cancer. Although surgical resection is the only
curative option, disease recurrence is common and often difficult to manage
with local therapies, underscoring the critical need for effective systemic
treatments'. Currently, the first-line treatment for advanced BTC includes
gemcitabine and cisplatin in combination with immune checkpoint inhi-
bitors (ICIs), such as programmed death 1 (PD-1) or programmed death-
ligand 1 (PD-L1) inhibitors, which have demonstrated survival benefits over
chemotherapy alone in large phase III trials™’.

These advances have redefined the treatment paradigm; however,
identifying robust predictive biomarkers of chemoimmunotherapy
response in BTC remains a challenge. Microsatellite instability-high
(MSI-H), a well-known biomarker for immunotherapy efficacy, is rarely
observed in BTC**, limiting its clinical relevance. Although PD-L1
expression is widely used in other cancer types, it has shown inconsistent
predictive values in BTC because of the heterogeneity in detection anti-
bodies, scoring systems, and cutoff thresholds™. Thus, there is a need to
discover potential noninvasive biomarkers to guide patient selection for
immunotherapy-based treatments.
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Among blood-based biomarkers, carbohydrate antigen 19-9 (CA19-9)
is the most commonly used biomarker for BTC. However, its utility is
primarily prognostic rather than predictive, and its expression is absent in
some patients owing to fucosyltransferase deficiency’. In recent years, cir-
culating biomarkers, including cell-free DNA, circulating tumor cells, and
extracellular vesicle-associated molecules, have garnered attention in
oncology. Circulating tumor DNA (ctDNA) has shown promise for
mutation profiling and minimal residual disease detection in BTC; however,
its predictive role in immunotherapy remains exploratory®. This highlights
the need for novel circulating biomarkers that are both mechanistically
informative and clinically relevant to the disease.

MicroRNAs (miRNAs) are small non-coding RNAs that regulate
gene expression through mRNA degradation or translational repres-
sion. Dysregulation has been implicated in numerous cancer-related
pathways, including proliferation, apoptosis, angiogenesis, and
metastasis’. Aberrant miRNA expression may serve as a predictive
biomarker for BTC. Multiple studies have reported that aberrant
miRNA expression profiles are associated with prognosis and treat-
ment response in BTC'""'%. Several miRNA panels have been proposed
as diagnostic or prognostic classifiers, and specific miRNAs have been
linked to chemotherapy sensitivity or resistance'*'*. Emerging evi-
dence suggests that miRNAs may modulate immune-related pathways,
including antigen presentation and interferon-y signaling, potentially
influencing the response to ICIs". However, most previous studies
were conducted in patients with ICI-naive diseases and focused on
diagnosis or prognosis, leaving the predictive role of miRNAs in the
context of chemoimmunotherapy largely unexplored.

Recent studies on hepatocellular carcinoma and lung cancer have
demonstrated that panels of circulating miRNAs outperform single bio-
markers in predicting treatment response'®"”. This likely reflects the com-
plex and multifactorial nature of tumor-immune interactions, as individual
miRNAs often regulate distinct yet partially overlapping oncogenic and
immunologic pathways. Thus, a combined miRNA signature, referring to a
specific pattern or profile of miRNA expression levels, may better capture
the underlying biological complexity associated with the response to
chemoimmunotherapy.

Based on this rationale, we conducted a prospective biomarker analysis
using peripheral blood samples collected during the phase II T1219 study,
which evaluated nivolumab in combination with gemcitabine and S-1 in
patients with advanced BTC'®. In this post-hoc analysis (as shown in Fig. 1),
we aimed to identify circulating miRNAs with potential predictive values for
treatment response, using a machine learning (ML)-based approach to
integrate multifactorial signals and inform personalized therapeutic stra-
tegies in this challenging disease setting.

Results
Clinical patient characteristics
In total, 48 patients were enrolled in the T1219 trial, and their characteristics
are summarized in Table 1. Two patients were excluded from the analyses:
one because of loss to follow-up and the other because of hemolysis of
plasma samples. Consequently, 46 patients were included in the final ana-
lysis. Based on the best tumor response during treatment, patients were
classified as responders (CR, complete response or PR, partial response) or
non-responders (SD, stable disease or PD, progression disease). Accord-
ingly, 21 patients were classified as responders, including one with CR and
20 with PR, while 25 patients were non-responders, including 20 with SD
and five with PD-L1 expression and tumor mutational burden (TMB) status
were previously assessed in the original T1219 study cohort, with 41% of
patients exhibiting PD-L1 positivity and 15% classified as TMB-high (TMB-
H), based on a BTC-specific cutoff of 7.1 mutations/Mb, as reported in our
prior publication. Only one patient had a tumor with MSI-H status.
Seven additional patients with advanced BTC were recruited from
other sites for the independent validation of the model. Most patients were
female (71.4%) and had stage-IV disease (85.7%). All patients received anti-
PD-1 therapy, including pembrolizumab (n = 6) or nivolumab (n = 1). Two
patients were classified as responders and five as non-responders (Table S2).

Building an miRNA-based model for predicting treatment
response

We evaluated the correlation between baseline circulating miRNAs and
response to chemoimmunotherapy using a 167-miRNA panel. Subse-
quently, 39 miRNAs expressed in more than 80% of the samples from both
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Fig. 1| Overview of the correlation analyses of miRNAs in the T1219 study. a The
T1219 study was a single-arm phase II trial to administer biweekly nivolumab in
combination with gemcitabine and S-1 as the first-line treatment in advanced BTC.
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The parallel plasma samples of pre- and post-treatment after 6 weeks were collected
from 46 patients. b Plasma samples were subjected to circulating miRNA extraction,
reverse transcription, and miRNA profile analyses.
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Table 1 | Baseline demographics and clinical characteristics

Patients (N = 46)

Age (yrs)

Median (range) 67 (30-80)

<65 18(39.1)

>65 28 (60.9)
Sex

Male 20 (43.4)

Female 26 (56.5)
Primary site

Intrahepatic 28 (60.9)

Extrahepatic 11 (23.9)

Gallbladder 5(10.9)

Ampulla vater 2(4.3)
Disease status

Locally advanced 6 (13)

Distant Metastasis 40 (87)
Chronic hepatitis

HBV 12 (26)

Hecv 2(4)
Treatment response

Responders 21 (45.6)

Non-responders 25 (54.3)
PD-L1 expression

CPS2>1 19 (41.3)

CPS=>10 13 (28.3)

Not assessable 1.2
TMB

TMB-H (2 7.1 mut/Mb) 7(15.2)

TMB-L (< 7.1 mut/Mb) 25 (54.3)

Not assessable 14 (30.4)

PD-L1 programmed death-ligand 1, CPS combined positive score, TMB tumo mutation burden,
TMB-H tumor mutation burden high, TMB-L tumor mutation burden low.

responders and non-responders were selected to develop an miRNA-based
classifier according to tumor response (Table S1). Using a 10-fold cross-
validation approach, we developed an miRNA-based classifier and fine-
tuned its parameters to achieve better performance. The sensitivity and
specificity of this classifier were 76.19 and 68.00% for the training set (T1219
cohort) and 50.00 and 80.00% for the testing set (an independent cohort),
respectively. The accuracies were 71.74 and 71.43% for the training and
testing sets, respectively (Table S3).

Baseline circulating miRNAs associated with response to
chemoimmunotherapy

Among the 39 circulating miRNAs evaluated, we identified hsa-miR-16-
5p, hsa-miR-93-5p, and hsa-miR-126-3p as the top three candidates for
inclusion in the miRNA-based classifier. These miRNAs were sig-
nificantly upregulated in responders compared to non-responders
(Fig. 2A), met the criterion of being detectable in more than 80% of the
46 cases, and showed statistically significant differences in Cq values
between groups (Student’s t-test, p < 0.05). A summary of the statistical
results for all 39 miRNAs is provided in Table S1. We further evaluated
the correlation between these differentially expressed miRNAs and the
therapeutic response using receiver operating characteristic (ROC) curve
analysis (Fig. 2B). The combination of these three miRNAs demonstrated
the best predictive value (area under the curve (AUC) = 0.81) compared

to that of the individual miRNAs (p <0.05, multivariate analysis of
variance (MANOVA)).

Differentially expressed miRNAs associated with survival

We assessed patient outcomes based on the expression levels of three
miRNAs (hsa-miR-16-5p, hsa-miR-93-5p, and hsa-miR-126-3p).
Progression-free survival (PFS) was significantly better in the group with
high expression of hsa-miR-16-5p and hsa-miR-93-5p than in those with
low expression (p =0.025 and 0.036, HR [95% CI, confidence interval] =
0.44 [0.12-0.85] and 0.59 [0.28-1.07], respectively) (Fig. 3A). High
expression of hsa-miR-16-5p, hsa-miR-126-3p, and a combination of these
three miRNAs correlated with longer overall survival (OS) (p = 0.01, 0.001,
and 0.013, HR [95% CI] = 034 [0.07-0.7], 0.28 [0.09-0.55], and 0.38
[0.12-0.77], respectively) (Fig. 3B). Among these three miRNAs, only hsa-
miR-16-5p expression was associated with both PFS and OS. We further
examined the relationship between these miRNAs and the regulatory fra-
meworks of the PD-1/PD-L1 checkpoint and interleukin (IL) signaling. This
was achieved through functional enrichment analysis using STRING-DB
v11.5, and the results were visualized using Cytoscape 3.9 (Fig. 3C). The top
three hub genes identified were TP53, AKTI, and MTOR, indicating that
miRNAs may interact with TP53, AKTI, and MTOR to influence the che-
moimmunotherapy response and patient outcomes.

The correlation between miRNA and PD-L1 expression, tumor
mutation burden

The patients were divided into two groups based on the PD-L1 combined
positive score (CPS), defined as the ratio of PD-L1-stained tumor and
immune cells to all viable tumor cells. The expression of hsa-miR-19a-3p
and hsa-miR-16-5p was significantly different between PD-L1 <1 and
PD-L1 2 10, with p-values of 0.0086 and 0.028, respectively (Fig. S1A).
The predictive power of miRNAs for PD-L1 expression was evaluated
using ROC curve analysis, with AUC values of 72% for hsa-miR-19a-3p
and 58% for hsa-miR-16-5p. However, combining these two miRNAs
did not improve predictive power (Fig. S1B). We further analyzed the
interactions of hsa-miR-19a-3p and hsa-miR-16-5p with PD-1/PD-L1
and IL signaling (Fig. S1C). The top five hub genes were PTEN, MTOR,
KRAS, PIK3CA, and CHUK. We also assessed the correlation between
miRNAs and TMB. Although no significant association was found, TMB
may be a useful biomarker for predicting chemoimmunotherapy out-
comes in patients with advanced BTC. We combined TMB with the
baseline expression levels of three miRNAs (hsa-miR-16-5p, hsa-miR-
93-5p, and hsa-miR-126-3p) to construct a prediction model for PFS,
which demonstrated an improved predictive value (AUC = 0.92) com-
pared to that of the individual markers (Fig. S2a, b). In comparison, PD-
L1 expression alone yielded lower predictive accuracy, with AUCs of
0.55 for PFS and 0.65 for OS (Fig. S2¢, d). These findings suggest that the
integrated miRNA + TMB model provides improved prognostic stra-
tification compared to PD-L1 alone.

The dynamic change in miRNA correlated with treatment
response and survival

Parallel plasma samples collected before and after 6 weeks of treatment from
all 46 patients were analyzed in this study. After treatment, four miRNAs
were differentially expressed compared to baseline levels (fold change > +2
and p <0.05), including downregulation of hsa-miR-129-5p in the PD
group, upregulation of hsa-miR-1254 and hsa-miR-574-3p in the respon-
ders, and downregulation of hsa-miR-1290 in the responders (Table 2 and
Fig. $3). We further evaluated the correlation between dynamic changes in
miRNA levels and therapeutic outcomes (PFS and OS). Only hsa-miR-129-
5p showed borderline significance (p=0.07, HR [95% CI] = 2.084
[0.94-5.53]) for OS (Fig. 4A). Pathway analysis indicated that hsa-miR-129-
5p is involved in several important signaling pathways, such as PI3K-AKT,
the immune system, and Toll-like receptor signaling pathways (Fig. 4B),
suggesting a possible tumor-suppressive role for hsa-miR-129-5p in
advanced BTC.
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Fig. 2 | Differentially expressed miRNAs were identified between responders and
non-responders (fold change > + 1.5 and p value < 0.05). a Three miRNAs were

differentially expressed in advanced BTC. hsa-miR-16-5p, hsa-miR-93-5p, and hsa-
miR-126-3p were up-regulated significantly in responders. The predictive value of

1 - Specificity

the miRNA-based therapeutic response classifier was analyzed using the ROC curve.
b Prediction model combining all three miRNAs using logistic Lasso regression
showed the best AUC value at 0.81 compared to the models built on each individual
miRNA. 95% confidence intervals are shown in parentheses.

Discussion

Chemoimmunotherapy is currently the standard first-line treatment for
advanced BTC; however, no reliable biomarkers have been established to
predict the treatment response, PFS, or OS. Although PD-L1 expression has
been explored in previous studies, including two phase III trials (TOPAZ-1
and KEYNOTE-966) and our own phase II T1219 trial, its predictive value
remains inconsistent in combination therapy settings. Other tissue-based

biomarkers, such as TMB, MSI, and DNA damage repair alterations, have
shown limited applicability and often require invasive sampling, which is
not feasible in many patients*'*~*'. Circulating biomarkers have emerged as
promising alternatives to address these limitations, with miRNAs and
ctDNAs being among the most widely studied. Compared to ctDNA,
miRNAs may offer enhanced biological insights into tumor-immune sys-
tem interactions and are particularly suited for longitudinal monitoring™*.

npj Precision Oncology | (2025)9:307


www.nature.com/npjprecisiononcology

https://doi.org/10.1038/s41698-025-01099-x

Article

Fig. 3 | Survival analysis and potential regulatory
mechanism of differentially expressed miRNAs.
a High expression of hsa-miR-16-5p and hsa-miR-
93-5p significantly correlated with a longer PFS.

b hsa-miR-16-5p, hsa-miR-126-3p, and the combi-
nation of the three miRNAs associated with a sig-
nificant overall survival difference. The combination
prediction score was derived from logistic Lasso
regression using the three miRNAs, dividing
patients into two groups: high prediction score
(HPS) and low prediction score (LPS). ¢ An inter-
action network of miRNA target genes involved in
IL-signaling and PD-1/PD-L1 pathway was ana-
lyzed using STRING-DB and Cytoscape. Edge color
represented different interaction type whereas edge
width represented the interaction evidence level.
The node size accounted for the edges connected to
the node. The top 3 hub genes were TP53, AKT1,
and MTOR, which showed the highest degree score
analyzed by Cytoscape.
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In this prospective biomarker study embedded within the phase II T1219
trial, we employed a BTC-focused plasma miRNA panel to identify three
miRNA signatures—hsa-miR-16-5p, hsa-miR-93-5p, and hsa-miR-126-3p
—associated with treatment response and survival outcomes in patients
receiving nivolumab, gemcitabine, and S-1. The potential predictive value of
this signature was validated in an independent patient cohort. These

cancer immunotherapy™.

findings not only highlight the potential of miRNAs as accessible and
informative biomarkers for immunotherapy but also align with prior
observations in melanoma, further supporting their broader relevance in

The roles of miRNAs in the oncogenesis, diagnosis, and prognosis of
BTC have been studied for several decades now. Several miRNAs, including
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Table 2 | The dynamic change in miRNAs was identified based
on two-time fold change and p value < 0.05 by t test

miRNA Fold change (post/pre) p value (t test)
Progression disease (N = 5)
hsa-miR-129-5p —2.36 0.03507%
Partial response/complete response (N = 21)
hsa-miR-1254 2.45 0.00958%
hsa-miR-1290 —-2.79 0.04016%
hsa-miR-574-3p 222 0.01886*

? indicated statistical significance.

hsa-miR-21, hsa-miR-221, hsa-miR-26a, hsa-miR-192, hsa-miR-29a, hsa-
miR-151-3p, hsa-miR-126, hsa-miR-106a, hsa-miR-146a, hsa-miR-31, hsa-
miR-203, hsa-miR-191, and hsa-miR-195 are considered prognostic
markers™. These miRNAs were included in our study panel; however, only
hsa-miR-126 showed prognostic significance. hsa-miR-126 is a tumor
suppressor that negatively regulates the expression of vascular endothelial
growth factor (VEGF) and solute transporter family 7 member 5°**. hsa-
miR-126 is commonly downregulated in certain cancer types, including
lung, pancreatic, esophageal, hepatocellular carcinoma, and BTC”.
Restoration of hsa-miR-126 expression suppresses VEGF expression and
inhibits the growth of lung cancer cell lines*. Low hsa-miR-126 expression
is considered a negative prognostic factor associated with shorter PFS and
OS in lung cancer”. In our study, advanced BTC with low hsa-miR-126
expression was correlated with unfavorable OS compared to those with high
expression (10.7 months versus not reached). However, low hsa-miR-126
expression was a good prognostic indicator in McNally’s study, which
examined tumor tissue samples from patients with surgically resected
BTC’". Differences in tumor characteristics and treatments may contribute
to the varying findings regarding the influence of hsa-miR-126 on BTC.
Further studies are necessary to determine the prognostic value of hsa-miR-
126 in BTC.

In our analyses, hsa-miR-16-5p and hsa-miR-93-5p also exhibited
prognostic value in advanced BTC. hsa-miR-16 acts as a tumor suppressor
and potentially downregulates Yes-associated protein 1 (YAP-1). Plasma
hsa-miR-16 levels have been tested as diagnostic biomarkers for differ-
entiating distal cholangiocarcinoma from normal tissue or pancreatic duct
adenocarcinoma®™?. In contrast, hsa-miR-93 promotes tumor growth and
cancer progression and is significantly upregulated in many cancer types,
including hepatocellular carcinoma, pancreatic cancer, gastric cancer, and
bladder cancer’**". However, neither hsa-miR-16 nor hsa-miR-93 has been
previously reported to have prognostic significance in BTC, as shown in
this study.

The interaction between miRNAs and the PD-1/PD-L1 pathway is well
established, with several miRNAs directly modulating PD-L1 expression or
influencing it through key signaling cascades, such as PI3K/AKT/mTOR
and JAK/STAT*™. In our study, hsa-miR-19a was significantly upregu-
lated in PD-LI-positive BTC, consistent with previous reports in lung
cancer cells*'. Two miRNAs in our classifier, hsa-miR-93-5p and hsa-miR-
16-5p, have been linked to immune regulation via PD-L1 modulation. miR-
93-5p promotes tumor growth by targeting the PD-L1/CCND1 axis in
breast cancer, while miR-16-5p suppresses PD-L1 expression and inhibits
tumor progression in lung adenocarcinoma, highlighting their potential as
biomarkers for PD-L1-based immunotherapy***. Upregulation of hsa-
miR-126-3p may suppress the PI3K/AKT/mTOR signaling pathway and be
involved in angiogenesis and vascular homeostasis, which can influence
immune cell infiltration into the tumor***. These immunological associa-
tions support the biological relevance of our miRNA signature and suggest
directions for future mechanistic studies in BTC.

The construction of an miRNA signature to predict BTC outcomes is
not new'"*. However, previous studies typically enrolled heterogeneous

patient populations across stages I-IV, limiting their applicability to patients
with advanced BTC who received chemoimmunotherapy. In this study, we
developed a 3-miRNA predictive model that was specifically tailored to this
clinical context. To enhance its predictive utility, we integrated TMB, which
resulted in a predictive accuracy of 0.92 for PFS. This composite biomarker
may improve risk stratification and guide clinical decision-making in
patients with advanced BTC receiving standard chemoimmunotherapy.
Although MSI-H status has been previously reported as a biomarker
associated with a higher TMB and a favorable outcome of immunotherapy
in BTC, the prevalence of MSI-H in BTC is generally as low as 1.5% in
TOPAZ-1 and 2.1% in our study”'"**. Therefore, MSI-H was not incorpo-
rated into our prediction model. As all patients received the same treatment
and the classifier correlated with both response and outcomes, our findings
support a potentially predictive role for this classifier. Nonetheless, without a
chemotherapy-only comparator, we could not exclude the possibility that
the signature also reflects a broader disease biology. Further validation in
various treatment settings is required to confirm its predictive specificity.

Given the multifactorial nature of the treatment response, we
employed ML to capture the complex interactions between miRNAs and
TMB. Despite the modest sample size, the model robustness was supported
by cross-validation and AUC performance. With appropriate validation,
ML remains applicable even to small biomedical datasets, offering a prac-
tical approach for integrative biomarker development in BTC".

Additionally, we assessed the levels of several miRNAs which are
reported to be related to resistance to gemcitabine, cisplatin, or 5-FU,
including hsa-miR-21, hsa-miR-200b, hsa-miR-210, hsa-miR-130a-3p,
hsa-miR-199a-3p, and hsa-miR-106b'**"*". In our study, no differences in
treatment response, PFS, or OS were correlated with miRNA levels. All
previous studies have established findings from certain chemotherapy-
resistant BTC cell lines and validated them using relatively heterogeneous
patient datasets. In contrast, our study population was homogeneous, with
all patients receiving chemotherapy, which is the current standard treat-
ment, rather than single-agent chemotherapy. Thus, our findings reliably
illustrate the importance of miRNAs in the prognostic prediction of
advanced BTC in clinical settings.

We also explored the dynamic changes in circulating miRNA
expression before and after treatment. Although several miRNAs showed
significant upregulation or downregulation in both responders and non-
responders, these changes were not associated with differences in PFS or OS.
In our results, hsa-miR-129-5p was significantly downregulated in non-
responders. Prior studies have suggested that hsa-miR-129-5p could be
induced by interferon beta, and knockdown of hsa-miR-129-5p may con-
tribute to an immunosuppressive status with reduced expression of proin-
flammatory factors™. These findings highlight the potential biological
relevance of dynamic miRNA alterations, which may reflect tumor evolu-
tion or immune modulation in response to therapy. While no circulating
miRNAs have been validated for real-time disease monitoring in BTC, our
results support further investigation of longitudinal miRNA profiling in
future studies with larger cohorts and more frequent time points to identify
novel biomarkers.

This study had some limitations. First, the relatively small sample size
may have reduced the statistical power and increased the risk of overfitting
in the ML model. Although cross-validation was used and an independent
validation cohort was included, the limited number of patients in both
cohorts may have affected the generalizability of our findings. The validation
cohort also consisted of only seven patients treated with anti-PD-1
monotherapy, which differed from the combination regimen used in the
discovery cohort and may have influenced the consistency of the results
across treatment settings. Second, although the selected miRNAs were
associated with both treatment response and outcomes, their initial selection
was based on response in the discovery cohort, which may have contributed
to a response-driven association with PFS and OS. Third, without a
chemotherapy-only comparator arm, it was difficult to determine whether
the predictive value of the miRNA signature was specific to immunotherapy
or reflected the general treatment sensitivity. Finally, although clinical
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Fig. 4 | Dynamic change in hsa-miR-129-5p, hsa-miR-1254, hsa-miR-1290, and
hsa-miR-574-3p between pre- and post-treatment plasma samples. a Forty-six
patients were divided into two groups based on the down-regulated expression of
hsa-miR-129-5p or hsa-miR-1290, with a threshold of a twofold decrease. In con-
trast, the expression of hsa-miR-1254 and hsa-miR-574-3p was each divided into

two groups based on a twofold increase. Only a borderline significant difference
(0.05 < p<0.1) in OS was observed in relation to the dynamic change in hsa-miR-

129-5p. b Data from STRING-DB showed the pathways related to hsa-miR-129-5p
and its target genes.

correlations between miRNA expression and treatment outcomes have been
demonstrated, the underlying biological mechanisms have not been
explored through in vitro or in vivo experiments. Further research is needed
to elucidate the functional roles of these miRNAs in shaping the tumor-
immune microenvironment. Despite these limitations, this study represents
one of the first prospective investigations of blood-based biomarkers in
chemoimmunotherapy-treated ABTC, highlighting the potential of circu-
lating miRNAs in informing personalized treatment strategies.
In conclusion, our study highlighted the potential predictive role of
miRNAs in advanced BTC and developed a novel 3-miRNA model to

predict therapeutic response to chemoimmunotherapy, aiding clinicians in
formulating treatment strategies.

Methods

Patient enroliment and sample collection

The T1219 trial was a single-arm, multicenter phase II study conducted in
Taiwan. Patients with treatment-naive, locally advanced, or metastatic BTC
were enrolled and treated with a study regimen that included an intravenous
infusion of a fixed dose of 240 mg nivolumab and 800 mg/m? gemcitabine
on day 1, combined with oral administration of S-1 from days 1-10 in a
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2-week cycle. Treatment was continued until disease progression, intoler-
able toxicity, withdrawal of consent, or any other reason.

The primary endpoint of the study was the objective response rate,
defined using radiographic imaging studies according to the Response
Evaluation Criteria in Solid Tumors, version 1.1. CR and PR were cate-
gorized as objective responses and were confirmed using two successive
imaging studies. Secondary endpoints included PFS and OS. PFS was cal-
culated as the time from the first dose to the first documented disease
progression, death, or censoring date. OS was defined as the time from study
entry to death or censorship of the study. The cutoff date for survival analysis
was February 2023.

The trial protocol and post-hoc biomarker analyses were approved by
the Institutional Review Board of Taipei Veterans General Hospital
(2019-10-001 C), China Medical University Hospital (CMUH108-
REC1-133) and National Cheng Kung University Hospital (A-BR-
108-073), conducted in accordance with the Declaration of Helsinki and
International Conference on Harmonization Good Clinical Practice guide-
line, and informed consent was obtained from all participants. This trial was
registered at Clinical Trials.gov (registration number: NCT04172402, date of
registration 2019/11/18). One blood sample was collected from each patient
atbaseline before treatment, and a second sample was collected 6 weeks post-
treatment (Fig. 1A). A 19-22 G needle was used to draw blood (5 mL) into a
K2EDTA blood collection tube. Plasma was prepared from the blood sample
using two centrifugation steps at room temperature. Briefly, the blood
sample was centrifuged at 1200 x g for 10 min, and the supernatant was
centrifuged at 12,000 x g for 10 min. The supernatant of the platelet-poor
plasma was then transferred into a new 1.5 mL Eppendorf tube and stored at
-80 °C until analysis. Before miRNA extraction, the risk of plasma sample
hemolysis was assessed by measuring the absorbance at 414 and 375 nm
using a DeNovix DS-11 spectrophotometer. Plasma samples were excluded
from the study if the hemolysis ratio of A414 nm/A375 nm was >2.

Plasma miRNA extraction and reverse transcription

The workflow of miRNA analysis is summarized in Fig. 1B. A total of 200 pL
of plasma was used to extract plasma miRNA using the miRNeasy Serum/
Plasma Advanced Kit (Cat. No. 217204, QIAGEN, Germany) and QIAcube
Connect Fully Automated Nucleic Acid Extraction System (QIAGEN),
according to the manufacturer’s instructions. The resulting plasma miRNA
was then eluted in 15 pL of nuclease-free water and stored at —80 °C until
analysis. Prior to reverse transcription, plasma miRNA was quantified using
the Qubit miRNA Assay Kit (Q32880, Thermo Fisher Scientific™, Waltham,
MA, USA) with a Qubit 3.0 Fluorometer (Thermo Fisher) according to the
manufacturer’s protocol. A total of 2 ng of plasma miRNA was used for
complementary DNA (cDNA) synthesis using the microRNA Universal RT
Kit (Quark Biotechnology Taiwan, Inc.) according to the manufacturer’s
protocol. The 20 pL reaction mixture was then reverse transcribed using the
following program: 42 °C for 60 min, 95 °C for 5 min, and 4 °C indefinitely.
The resulting cDNA was stored at —80 °C for later use.

miRNA expression analysis

For miRNA expression profile analysis of each cDNA sample, 173 assays,
including 167 miRNAs, two small nuclear RNAs (RNU6B and RNU43),
three Spike-in Controls (Extraction Spike-in Control, RT Spike-in Control,
and PanelChip Spike-in Control), and 18s rRNAs, were performed
simultaneously using the mirSCAN™ assay (Quark Biotechnology) on the
NextAmp™ Analysis System (Quark Biotechnology). Biomarkers were
selected for the mirSCAN™ assay based on their implications in cancer and
their presence in human plasma™. cDNA samples from plasma miRNAs
were used to perform the mirSCAN assay, according to the manufacturer’s
instructions. The mirSCAN™ program was set up as follows: 95 °C for
3 min, 40 cycles at 95 °C for 36 s, and 60 °C for 72 s.

Data processing and analysis
The miRNA expression profiles of the 46 patients included in the T1219 trial
were normalized using the quantile normalization method™. For the

miRNA-based classifier analysis, miRNAs without amplification signals
across 20% of each group were excluded from the analysis. Overall, 39
miRNAs were selected to develop an miRNA-based classifier based on the
treatment responses of the patients (Table S1). These 46 patients were
categorized into the training set. Features were standardized to zero mean
and unit variance, and a Support Vector Machine (SVM) classifier with a
radial basis function kernel was implemented using LIBSVM in the R
package e1071 (version 1.6-8). The hyperparameters (cost and gamma)
were optimized using a grid search combined with 10-fold cross-validation.
The optimal parameters were cost =45.3 and gamma = 0.00552, respec-
tively. To mitigate overfitting, all parameter tuning was restricted to the
training datasets. Seven additional patients with advanced BTC who were
treated with anti-PD-1 were recruited from a different location as an
independent real-world validation cohort.

Statistical analysis

The types of gene-gene and miRNA target interactions were identified using
STRING-DB v11.5* and visualized using Cytoscape 3.9. Dynamic changes
in miRNA levels were compared with pre- and post-treatment miRNA
profiles. Differentially expressed miRNAs were identified according to fold
change>+ 1.5 and p<0.05. Survival analyses were performed using
GraphPad Prism (v.6.01; GraphPad Inc.). Kaplan-Meier survival curves
were generated to estimate OS and PFS, and the log-rank test was used to
compare survival between the groups. Hazard ratios (HRs) and 95% CI were
calculated using the Cox proportional hazards model. A two-sided p < 0.05
was considered statistically significant.

Data Availability

The datasets generated and analyzed during the current study are not
publicly available due to privacy or ethical restrictions but are available from
the corresponding author on reasonable request.
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