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Zusammenfassung

Krebserkrankungen der Gallenwege (BTC) zeichnen sich durch eine hohe Sterblichkeitsrate
und begrenzte Behandlungsmdglichkeiten aus, was den Bedarf an neuen molekularen Zielen
fur die Entwicklung therapeutischer Strategien unterstreicht. Um regulatorische Netzwerke mit
Beteiligung nicht-kodierender RNAs zu identifizieren, konzentrierten wir uns auf die miR-200
Familie mit ihrem Einfluss auf die epithelial-mesenchymale Transition (EMT) und ihrer kurzlich
beschriebenen Rolle in Immunevasions-Mechanismen, wie der Expression von
Immuncheckpoints (ICs). Unser Ziel war es, die Beziehung zwischen EMT und Immunevasion

in BTC zu untersuchen, mit der miR-200 Familie als potenzielle regulatorische Schnittstelle.

Anfangliche Analysen zeigten einen vielversprechenden Zusammenhang zwischen der
Uberexpression von miR-200c-3p mittels microRNA-Mimics und der Hochregulierung
wichtiger ICs wie LGALS9, PD-L1 und IDO1. Als wir jedoch feststellten, dass weder der
Knockdown von miR-200c-3p, noch die stabile Uberexpression von miR-200c-3p oder die
Verwendung eines miR-200c¢c-3p-Mimics eines anderen Herstellers Auswirkungen auf ICs
hatten, hinterfragten wir unsere urspringlichen Ergebnisse. Wir vermuteten, dass die
beobachtete Hochregulierung von ICs nicht durch physiologische Effekte von miR-200c¢-3p,

sondern durch unerwartete Effekte des miR-200c¢c-3p-Mimics verursacht wurde.

Im Rahmen der Untersuchung moglicher unspezifischer Effekte identifizierten wir eine
doppelstrangige (ds)RNA-abhangige angeborene Immunantwort als Hauptursache. Der
miScript miR-200c-3p-Mimic, nicht aber miR-200c-3p selbst, fuhrte zu einer Hochregulierung
von dsRNA-Sensoren, Interferonen (IFNs) und antiviralen Effektoren. Weitere Analysen mit
dem dsRNA-Analog Poly(l:C) zeigten das Vorhandensein von auto- und parakrinen IFN-3
Signalen, die zu einer Aktivierung des Janus-Kinase/Signaltransducer und Aktivator der
Transkription (JAK/STAT)-Signalweg fuhrten. JAK/STAT Inhibierung hob die Auswirkungen der
dsRNA-abhangigen Immunantwort auf die Hochregulierung von ICs auf, wodurch dieser
Signalweg als wesentliche Verbindung zwischen einer angeborenen Immunantwort und der
Expression von ICs wie LGALS9, PD-L1 und IDO1 identifiziert werden konnte.

Interessanterweise wurden manche dieser dsRNA-vermittelten Effekte auch bei der
Behandlung von BTC Zellen mit Cisplatin beobachtet. Wahrend die Mechanismen, die hinter
der Cisplatin-vermittelten IC-Hochregulierung stehen, noch weitgehend ungeklart sind, deuten
unsere Daten auf eine mdgliche Beteiligung der dsRNA-vermittelten angeborenen Immunitat

hin - ein Thema, mit dem sich zukulnftige Forschungsprojekte befassen werden.



Abstract

Biliary tract cancers (BTC) stand out among gastrointestinal malignancies for their high
mortality rates and limited treatment options, emphasizing the need for new molecular targets
to guide the development of therapeutic strategies. In an effort to uncover novel regulatory
networks involving non-coding RNAs, we focused on the miR-200 family, with its impact on the
epithelial-mesenchymal transition (EMT) and its more recently described role in immune
evasion mechanisms like immune checkpoint (IC) expression. We aimed to investigate the
relationship between EMT and immune evasion in BTC, with the miR-200 family as potential

regulatory interface.

Initial analyses suggested a promising link between microRNA mimic-mediated miR-200c-3p
overexpression and the upregulation of key ICs like LGALS9, PD-L1, and IDO1. However,
when we noticed that neither miR-200c-3p knockdown, nor stable miR-200c-3p
overexpression, or transient overexpression using a miR-200c-3p mimic from a different
manufacturer had any effects, we questioned our original findings. This led to the hypothesis
that the upregulation of ICs was not driven by the physiological action of miR-200c-3p, but

rather by unspecific effects of the miR-200c-3p mimic itself.

Shifting our research focus towards understanding the unintended miR-200c-3p mimic effect
on ICs, we identified a strong involvement of double-stranded (ds)RNA-dependent innate
immune responses. The miScript miR-200c-3p mimic, but not miR-200c-3p itself, lead to an
upregulation of dsRNA sensors, interferons (IFNs), and antiviral effectors. Further analyses
using a dsRNA analog poly(l:C) revealed the presence of IFN-B-mediated auto- and paracrine
signaling involving Janus Kinase/Signal Transducer and Activator of Transcription (JAK/STAT)
signaling pathway. Inhibiting JAK/STAT abrogated the effects of dsRNA-mediated immune
responses on the upregulation of ICs, establishing this pathway as essential link between

innate immune responses and the expression of ICs like LGALS9, PD-L1, and IDO1.

Intriguingly, parts of these dsRNA-mediated effects were also observed when treating BTC
cells with cisplatin. While the mechanisms behind the cisplatin-mediated IC upregulation
remain mostly elusive, our data suggest a potential involvement of dsRNA-mediated innate

immunity — a topic that will be addressed in future research.



1. Introduction

1.1. Gastrointestinal malignancies

Gastrointestinal (Gl) cancer refers to a range of malignancies affecting the Gl tract and
associated digestive organs. These include cancers of the upper digestive tract including the
esophagus, stomach, liver, gallbladder, biliary ducts, and pancreas, as well as the lower
digestive tract including the small intestine, rectum, and anus. According to the current
GLOBOCAN database from the International Agency for Research on Cancer (IARC), Gl
cancers accounted for 26.2% of the global cancer incidence with a total of 4,905,882 new
cases in 2022 (3,4). Colorectal cancer (9.6%) and gastric cancer (4.9%) were the third and
fifth most commonly diagnosed malignancies, respectively (4). In 2022, Gl cancers caused
332,774 deaths, representing approximately 34.4% of cancer-related mortality worldwide (3).
Among these, colorectal cancer (9.3%), liver cancer (7.8%), and gastric cancer (6.8%) were

the second, third, and fifth leading causes of cancer deaths, respectively (4).

1.2. Biliary tract cancers (BTC)

1.2.1. Incidence and epidemiology

Among Gl cancers, biliary tract cancers (BTC) deserve special attention despite their low
overall incidence, accounting for less than 1% of all human cancers. However, their global
incidence and mortality rates have been rising in recent decades (5-7). BTCs are often
asymptomatic in their early stages and are known for their aggressive nature and high
recurrence rates after chemotherapy, contributing to a concerning mortality rate of
approximately 2% of all cancer-related deaths worldwide annually (8). The overall survival (OS)

rate is low, with a five-year survival rate of less than 20% across all BTC subtypes (9).

Geographical differences in BTC incidence are notable. Rates are relatively low in Western,
high-income countries, but significantly higher in parts of China and Southeast Asia mostly due
to the presence of endemic liver flukes (5,10-12). In addition to these region-specific risk
factors, global risk factors for BTC include primary sclerosing cholangitis, hepatitis B and C
infections, obesity-related liver disease, diabetes, liver cirrhosis, choledochal cysts, and
cholelithiasis (13—16). Despite the variability of risk factors, chronic inflammation of the biliary

epithelium is a common underlying feature (7).



1.2.2. Classification

Malignancies of the biliary tract are a heterogeneous group of invasive tumors historically
classified by their anatomical location into intrahepatic cholangiocarcinoma (ICC), extrahepatic

cholangiocarcinoma (ECC), and gallbladder carcinoma (GBC) (5).

ICC originates from the right and left hepatic ducts and the upper part of the common bile duct
within the liver (5). In contrast, ECC arises from bile ducts outside the liver and can be further
subdivided into perihilar cholangiocarcinoma, which starts at the liver hilum where the left and
right hepatic ducts merge, and the distal bile duct cancers, which originate further down the
biliary tree, including the common bile duct (5). Ampullary cancer, originating from the ampulla
of Vater located where the bile duct and the pancreatic duct join and empty into the small

intestine, is another anatomical subtype (5). GBC arises from the gallbladder or the cystic duct

(5).

Besides their anatomical diversity, advances in high-throughput sequencing technologies have
revealed significant molecular heterogeneity across BTC subtypes (5). Specific molecular
alterations are often linked to the tumor’s anatomical origin (17—19). For instance, gain-of-
function mutations in genes like Isocitrate Dehydrogenase 1 (IDH71), BRCA1-associated
protein 1 (BAP1), and Polybromo 1 (PBRM1), as well as genetic translocations and fusions of
Fibroblast Growth Factor Receptor 2 (FGFR2), are predominantly found in ICC (5,20-22). In
contrast, Kirsten Rat Sarcoma Viral Proto-Oncogene (KRAS) mutations and Erb-B2 Receptor
Tyrosine Kinase 2 (ERBB2/HERZ2) amplifications are more commonly observed in ECC
(56,21,22). GBC is associated with increased rates of ERBB2/HERZ2 amplifications and

homologous repair deficiencies (22).

However, Jusakul et al. argue that the anatomical site alone does not define molecular
characteristics of BTC (17). Genetic alterations, while often associated with specific tumor
origins, can occur across multiple anatomical subtypes (17). Additionally, tumors from the
same origin may exhibit significant molecular differences, while tumors from different origins
can share genetic similarities (17). This suggests that anatomical classification alone is
insufficient to capture the full molecular diversity of BTC (17). Supporting this idea, an
independent gene expression profiling study identified two molecular clusters within ICC
patients: the “inflammation class” and the “proliferation class” (19). The inflammation class,
comprising 38% of analyzed ICCs, was characterized by active inflammatory signaling
pathways, increased cytokine expression, and Signal Transducer And Activator Of

Transcription 3 (STAT3) activation (19). The proliferation class, representing 62% of analyzed



ICCs, was associated with activated oncogenic signaling pathways and displayed a worse
prognosis (19). Similarly, Andersen et al., identified two subclasses of cholangiocarcinoma,
independent of anatomical origin, with one subgroup showing genetic alterations in KRAS and
activation of oncogenic pathways including HER2, and Epidermal Growth Factor Receptor

(EGFR) signaling, characterized by a poor prognosis (18).

1.3. Clinical management of BTC

Treatment of BTC remains challenging, with surgical resection being the only potentially
curative approach (7). However, according to data of the European Network for the Study of
Cholangiocarcinoma (ENSCCA) registry, which includes information from 26 healthcare
centers across 11 European countries, including Austria, only 50.3% of BTC patients were
eligible for surgical resection in 2022 (23). Even with surgery, treatment outcomes were only
moderate. Patients who underwent surgical resection with a negative-resection margin (R0O)
had a median overall survival (mOS) of 45.1 months and a 5-year survival rate of 43.3% (23).
In contrast, patients with microscopic residual disease (R1), had a mOS of 24.7 months with a

5-year survival rate of 13.7% (23). Postoperative recurrence is not uncommon (24).

For patients ineligible for surgical resection, often due to advanced stages of disease at
diagnosis, 29% received active palliative treatment and 20.6% received best supportive care
(23). Most patients receiving active palliative care underwent chemotherapy, but their
prognosis remained dismal, with a mOS of 10.6 months and a 5-year survival rate of 1.8%
(23). Patients on best supportive care had an mOS of 4.0 months and a 5-year survival of just
0.5% (23).

1.3.1. Chemotherapy

Most patients with unresectable or recurrent BTC are treated with chemotherapy, which, while
improving quality of life, does not cure the disease (18). As of 2021, the global standard first-
line chemotherapy regimen for unresectable, advanced BTC is a combination of gemcitabine
and cisplatin (GemCis) (24). Clinical studies from 2009 and 2010 demonstrated that GemCis
provided survival benefits over single-agent gemcitabine, leading to its widespread use in

clinical practice (25-27).

Mechanistically, both gemcitabine and cisplatin are cytotoxic agents that induce cell death
through various molecular mechanisms. Gemcitabine, a deoxycytidine analog, is activated

within the cell through various phosphorylation steps and is incorporated into nascent DNA



strands, leading to masked chain termination and subsequent inhibition of DNA synthesis and
apoptosis (28,29).

Cisplatin’s cytotoxicity arises mainly from its ability to bind to DNA (30). Once inside the cell,
cisplatin becomes activated and forms intra-strand DNA adducts, resulting in single- and
double-strand DNA breaks and triggering several cellular responses. These responses include
activation of DNA damage repair mechanisms, induction of oxidative stress, inhibition of DNA
replication, cell cycle arrest, and the induction of apoptosis (30—32). Cisplatin-induced necrosis

has also been observed in addition to classical apoptosis (33).

Despite these effects, the effectiveness of gemcitabine and cisplatin is frequently diminished
by intrinsic or acquired resistance mechanisms. For cisplatin, resistance mechanisms include
altered drug uptake dynamics due to increased efflux and reduced cellular uptake, inactivation
by binding to glutathione or metallothionein, enhanced DNA repair, and adaptive phenotypic
processes like epithelial-mesenchymal transition (EMT) (31,34). Similarly, Gemcitabine
resistance is associated increased drug efflux, inactivation of apoptosis pathways, induction of
EMT, and alterations in deoxynucleotide metabolism (28,35). Additionally, reactivation of
crucial signaling pathways such as Hedgehog, Wnt, Notch, or Nuclear Factor Kappa-light-
chain-enhancer of Activated B Cells (NF-kB) pathways, has been implicated in gemcitabine
resistance (28,35).

Thus, while GemCis has demonstrated improved effectiveness as first-line treatment for
advanced BTC, resistance frequently occurs, leading to disease progression and contributing

to the poor prognosis of patients undergoing chemotherapy (5).

The still underwhelming results from current BTC treatment prompted numerous clinical
studies to investigate additional strategies, including triple-agent chemotherapy regimens like
FOLFIRINOX (leucovorin calcium, 5-fluorouracil, irinotecan, and oxaliplatin), combinations of
cisplatin, gemcitabine, and nab-paclitaxel, and the addition of S-1 to GemCis chemotherapy
(36—39). Although these approaches generally improved treatment outcomes, with ongoing

phase lll trials still pending in some cases, OS benefits were mostly moderate (40,41).

1.3.2. Targeted therapy

A promising approach involves targeted therapies based on the molecular profiles of BTC.
Thereof, inhibition of gain-of-function IDH1 mutations or activating FGFR2 translocations are
especially notable strategies (5). In a phase | trial, ivosidenib, a reversible inhibitor of mutant

IDH1, improved OS to 13.8 months in advanced cholangiocarcinoma patients who were
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refractory to chemotherapy, surpassing the expected survival with standard treatment in similar
cohorts (5,42). This clinical benefit was confirmed in a subsequent phase Il trial (43). Similarly,
FGFR inhibitors such as infigratinib or pemigatinib have demonstrated clinical antitumor
activity against chemotherapy-refractory cholangiocarcinoma with FGFR2 fusions (44,45). The
value of molecular testing in guiding treatment decisions was further underlined by a study of
an Austrian cohort of BTC patients, which found that molecularly matched targeted treatments

led to a significant OS benefit compared to unmatched cytotoxic chemotherapy (9).

1.3.3. Immune checkpoint inhibition

Over the past decade, immunotherapy has transformed the therapeutic management of
numerous solid tumors, particularly through targeting immune checkpoints (ICs) (46). ICs are
immunosuppressive molecules either expressed on the cell surface or linked to intracellular
biochemical processes that result in the accumulation of immunosuppressive metabolites. Two
prominent immune checkpoint pathways involve CTLA-4 and PD-1 (47,48). CTLA-4, a
negative co-receptor expressed by T cells, interferes with the binding of Cluster of
Differentiation 28 (CD28) to CD80 or CD86, thereby preventing full T cell activation and leading
to T cell anergy (48-50). Similarly, PD-1, primarily expressed on T cells after T cell receptor
(TCR) engagement and on further immune cells like B cells, NK cells, and macrophages, binds
to its ligands PD-L1 or PD-L2 on antigen-presenting cells (APCs) or tumor cells, thereby

inhibiting T cell activation and proliferation, which leads to T cell exhaustion (51-53).

Galectin-9 (LGALS9) and Indoleamine 2,3-dioxygenase 1 (IDO1) are two additional examples
of immunomodulatory molecules (54,55). Similar to CTLA-4 and PD-1, LGALS9 exerts
immunosuppressive effects primarily by interacting with its receptor, T-cell Immunoglobulin and
Mucin-domain containing-3 (TIM-3). This interaction triggers a number of downstream effects
that promote an immunosuppressive TME, leading to exhaustion or apoptosis of effector T
cells and the differentiation into Trgs (56—60). IDO1, on the other hand, plays a pivotal role as
a rate-limiting enzyme in the catabolism of the essential amino acid tryptophan into kynurenine
(61). This has a twofold immunosuppressive impact. First, tryptophan depletion in the TME
induces T cell anergy and promotes T4 differentiation through the activation of the amino acid
starvation sensor General Control Non-depressible 2 (GCN2) (62—-64). Second, kynurenine
itself has immunoinhibitory effects, activating the Aryl Hydrocarbon Receptor (AHR) on

immune cells, which further drives Teq differentiation and activation (65,66).

The discovery of ICs such as CTLA-4 and PD-1 with their important roles in tumor immune

evasion has led to the development of immune checkpoint inhibitors (ICls), marking a
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significant advancement in the field of onco-immunology (67—-69). ICls work by blocking the
immunosuppressive interactions between ICs and their receptors, thus limiting inhibitory
signals to effector immune cells and countering an immunosuppressive TME (70). Therapeutic
antibodies targeting CTLA-4 (anti-CTLA-4) and the PD-1/PD-L1 axis (anti-PD-1, anti-PD-L1)
were among the first approved ICls and delivered remarkable therapeutic benefits across
various cancers, including non-small cell lung cancer (NSCLC), melanoma, and urothelial
cancer (71-74).

BTCs are considered as tumors with a general immunosuppressive tumor microenvironment
(TME), likely due to the anatomical proximity to the liver, which has a high capacity of
immunotolerance, given its constant exposure to antigens from the intestinal flora (75).
Therefore, several clinical trials have attempted applying the success of PD-1/PD-L1 blockade
or CTLA-4 blockade in other solid tumors to the treatment of BTC. However, early studies
concluded that IClI monotherapies provided limited benefit as second-line treatments (46).
Neither pembrolizumab (anti-PD-1) monotherapy in the phase Ib KEYNOTE-028 and phase I
KEYNOTE-158 trials, nivolumab (anti-PD-1) monotherapy in a phase Il trial, nor durvalumab
(anti-PD-L1) monotherapy in a phase | trial demonstrated significant improvements in

response and survival rates (76-78).

The limited success of IClI monotherapies in BTC may be partly attributed to the cellular
composition of the TME. The TME of BTC contains endothelial and lymphatic cells, cancer-
associated fibroblasts, acellular components such as the extracellular matrix, and various
immune cells including tumor-infiltrating lymphocytes (TILs) like B cells, CD4* helper T cells,
CD8" cytotoxic T cells, regulatory T cells (Twegs), natural killer (NK) cells, tumor-associated
macrophages, and tumor-associated neutrophils (79,80). Nevertheless, up to 45% of 368 ICCs
analyzed by Job et al. were identified as immune deserts, completely lacking an immune cell
infiltrate that could potentially be reactivated by ICls (81). Additionally, the effectiveness of ICls
may be influenced by the expression of targetable ICs such as PD-1 or PD-L1 within the
tumors. Without these targets, there is no mechanism for ICls to block, limiting their therapeutic

potential.

The differences between the KEYNOTE-028 and KEYNOTE-158 trials highlight the impact of
PD-L1 expression on ICl treatment outcomes. In the KEYNOTE-028 trial, only advanced BTC
patients with positive PD-L1 expression were included, resulting in an objective response rate
(ORR) of 13.0% (76). In contrast, the KEYNOTE-158 trial, which included patients regardless
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of their PD-L1 expression status, reported a much lower ORR of 5.8%, suggesting that PD-L1

presence enhances the effectivity of anti-PD-1 therapy (76).

However, a meta-analysis of 30 clinical trials investigating the prognostic value of PD-L1
expression in BTC found that PD-L1 expression alone is not a strong predictor of response to
anti-PD-1/PD-L1 blockade (82). Nevertheless, the study noted that the cut-off for PD-L1
positivity plays a role, with higher PD-L1 expression being a better predictor of treatment
response compared to with lower cut-offs (82). This suggests that while PD-L1 presence alone
may not be sufficient to predict response, higher expression levels may be indicative of better

outcomes.

This is supported by a study by Ahn et al., which screened 175 advanced BTC patients for
tumoral PD-L1 expression before treatment with pembrolizumab (83). Among 26 PD-L1-
positive patients, those with high PD-L1 expression levels had an overall response rate of 56%
(5/9 patients), compared to a 6% response rate (1/17 patients) in those with low PD-L1

expression, suggesting that PD-L1 expression levels matter (83).

1.3.4. Combination therapies

To address these challenges of a deficient immune cell compartment and the limited
expression of targetable ICs, combination strategies are being explored to enhance IClI efficacy
in BTC.

For instance, cisplatin and GemCis have demonstrated immunomodulatory properties,
contributing to a less immunosuppressive TME (84,85). Cisplatin has been shown to increase
the recruitment and proliferation of effector immune cells, upregulate major histocompatibility
complex | (MHC-I) expression to promote tumor neoantigen presentation, boost the lytic
activity by cytotoxic T cells, and reduce the immunosuppressive populations such as myeloid-
derived suppressor cells (MDSCs) and Trgs (84). Similarly, GemCis treatment has been
associated with reduced levels of suppressive immune cells and increased levels of
proinflammatory cytokines (85). However, many cytotoxic agents, including gemcitabine and
cisplatin, have also been described to upregulate PD-L1 expression, primarily by generating
danger signals, as shown in ovarian and bladder cancers (86-88). These dual
immunomodulatory effects provide a rationale for combining chemotherapy with

immunotherapy (86).

A phase Il clinical trial testing different combinations of GemCis with durvalumab (anti-PD-L1)
and trememilumab (anti-CTLA-4) in advanced BTC patients reported an ORR of 72% for the
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GemCis + durvalumab combination and 70% for GemCis + dual immunotherapy combination
(89). Based on these promising results, the phase Ill TOPAZ-1 trial compared GemCis +
durvalumab with GemCis + placebo as first-line treatment (90). The chemoimmunotherapy
showed an ORR of 26.7% compared to the ORR of 18.7% of chemotherapy alone (90).
Interestingly, a subgroup analysis found no difference in benefit difference between patients
with or without baseline PD-L1 expression, indicating that pre-treatment PD-L1 status might
not predict response to chemoimmunotherapy (90). However, changes of PD-L1 expression
levels during treatment were not evaluated, leaving open the possibility that GemCis may have
upregulated PD-L1 expression over the course of treatment, which in turn enhanced the
efficacy of anti-PD-L1 therapy. These positive results led to the approval of GemCis +
durvalumab by the Food and Drug Administration (FDA) as first-line treatment for advanced
BTC in September 2022. Similarly, the phase Ill KEYNOTE-966 trial tested GemCis with
pembrolizumab (anti-PD-1) as first-line treatment for advanced BTC, showing comparable
benefits to TOPAZ-1 (91). Again, baseline PD-L1 status did not appear to influence treatment

responses (91).

In addition to therapeutic interventions with immunomodulatory effects, BTC cells themselves
can influence the immune compartment of the TME. Recent advances in molecular profiling
have not only identified actionable targets but also revealed how oncogenic variants in BTC
cells can modulate the immune microenvironment (46). Genetic alterations in oncogenes
relevant to BTC, such as IDH1, FGFR2, KRAS, and HER2, have been shown to induce

immunomodulatory effects, potentially impacting responses to immunotherapy (46).

For instance, in glioma, gain-of-function mutations in IDH1 were found to promote an
immunosuppressive TME by suppressing T cell activity through an extracellular accumulation
of the oncometabolite (R)-2-hydroxyglutarate (92,93). Aberrant FGFR signaling has also been
reported to have profound immunoinhibitory effects, including reduced T cell activity via
increased PD-1 expression, decreased secretion of Interferon Gamma (IFN-y) and cytotoxic
mediators like granzyme B, and stabilization of Trgs (94). Furthermore, deregulated FGFR
signaling has been connected to a decreased MHC-I and Major Histocompatibility Complex Il
(MHC-Il) expression and altered PD-L1 expression of tumor cells (94). However, the
directionality of PD-L1 expression changes as consequence of deregulated FGFR signaling
appears to be context-dependent. In colorectal cancer cells, FGFR2 has been shown to
promote PD-L1 expression via activation of Janus Kinase/Signal Transducer and Activator of
Transcription  (JAK/STAT) signaling (95). In contrast, FGFR2 fusion-positive

cholangiocarcinoma cells were mostly negative for PD-L1 expression (96). In addition to direct
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cellular consequences, FGFR signaling was also shown to impact tumor vasculature, thereby

influencing the infiltration of peripheral immune cells into the tumor (94).

Given the growing appreciation of molecularly targeted therapies in BTC and their potential to
modulate the immune environment, ongoing clinical trials are exploring the efficacy of
combining targeted therapy with immunotherapy. For example, combining ivosidenib with
nivolumab and ipilimumab may yield promising results in IDH1-mutated nonresectable or

metastatic cholangiocarcinoma (97,98).

It is becoming increasingly evident that immunotherapies can be enhanced by modulating
molecular processes that shape the TME, as demonstrated by IDH1- and FGFR2-targeted
approaches. This highlights the need for a deeper understanding of genetic alterations and
molecular mechanisms driving the establishment of an immunosuppressive environment in
BTC. While research has primarily focused on changes in the coding genome, the role of non-
coding RNAs (ncRNAs) in BTC requires further exploration. Given their extensive regulatory
functions across virtually all cellular processes, ncRNAs are likely to impact
immunomodulatory mechanisms within BTC cells, presenting new molecular targets that may

be leveraged to improve immunotherapeutic strategies.

1.4. Non-coding RNAs (ncRNAs)

Approximately six decades ago, Francis Crick proposed the central dogma of molecular
biology, suggesting an unidirectional flow of genetic information from DNA to RNA to protein
synthesis, with proteins serving as final functional effectors (99,100). This protein-centric view
initially implied that the primary role of RNA was merely to serve as a temporary mediator for
transferring genetic information. However, this concept was later challenged by discoveries of
RNA transcripts that were not translated into proteins. Initially considered as evolutionary
transcriptional noise without biological relevance, discoveries of transcripts like lin-4 or let-7
revealed that RNAs, without coding for proteins, are crucial for cellular processes such as

development in Caenorhabditis elegans (101,102).

These early findings sparked a surge in scientific interest in understanding these non-coding
RNAs (ncRNAs). The subsequent revelations from the Encyclopedia of DNA Elements
(ENCODE) project revealed that between 62-75% of the human genome is transcribed into
RNA, whereas protein-coding genes account for only about 2-3% of the genome (103). This
underscored the functional significance of transcripts from regions initially considered “junk”

DNA (104). Since then, numerous studies have confirmed the existence and importance of
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ncRNAs across different species and conditions with key roles in the maintenance of

physiological processes such as development, hematopoiesis, and aging (105-108).

There are several classes of ncRNAs. They can be roughly classified based on their length
into small non-coding RNAs (sncRNAs), which are shorter than 200 nucleotides, and long non-
coding RNAs (IncRNAs), which are longer than 200 nucleotides. Conventionally, IncRNAs are
further categorized according to their genomic localization into intergenic INcRNAs (lincRNAs),

intronic INcRNAs, antisense INcRNAs, bidirectional IncRNAs, or enhancer IncRNAs (105,109).

SncRNAs, on the other hand, are subdivided based on their functionality. Structural
“housekeeping” ncRNAs such as ribosomal RNAs (rRNAs), transfer RNAs (tRNAs), small
nuclear RNAs (snRNAs), and small nucleolar RNAs (snoRNAs), are involved in key cellular
processes ranging from genomic maintenance to protein synthesis (110). Regulatory sncRNAs
including endogenous short interfering RNAs (siRNAs), microRNAs (miRNAs), and Piwi-
interacting RNAs (piRNAs), primarily act by binding to and regulating DNA or RNA molecules

through the RNA interference pathway, thereby modulating gene expression (111).

1.5. MicroRNAs (miRNAs)

Among the various ncRNAs, miRNAs are one of the most extensively investigated classes.

1.5.1. Biogenesis and maturation

To become biologically active, miRNAs undergo a multistep biogenesis and maturation
process, which varies depending on their genomic context. Biogenesis of intergenic miRNAs,
transcribed from their individual promoters, differs slightly from the processing of intronic or
exonic miRNAs, which follow the transcriptional dynamics of the host gene they are embedded

in.

Intergenic miRNAs are transcribed by RNA polymerase Il (RNA pol Il) or RNA polymerase IlI
(RNA pol 111) into primary miRNAs (pri-miRNAs), which have a hairpin structure with single-
stranded RNA extensions at both their 5 and 3’ ends (112,113). During the first maturation
step, the microprocessor complex, which consists of DiGeorge Syndrome Critical Region 8
(DGCRS8) and the RNase Ill endonuclease Drosha, cleaves the pri-miRNA at the base of the
hairpin, forming precursor miRNAs (pre-miRNAs) of approximately 60-70 nucleotides (nts) with
characteristic 3’ overhangs (114).
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Intronic and exonic miRNAs follow an alternative processing pathway. These miRNAs are co-
transcribed with their host genes by RNA pol Il as part of the pre-mRNA and depend on splicing
and debranching by spliceosomal components (115,116). This results in structures that
resemble either pri-miRNAs, which then undergo the same maturation process as intergenic
mMiRNAs, or pre-miRNAs that bypass DGCR8/Drosha processing (117,118).

Regardless of the initial processing pathway, pre-miRNAs are exported from the nucleus to the
cytoplasm by an exportin-5/Ran-GTP complex (119). In the cytoplasm, the RNase Il
endonuclease Dicer cleaves the terminal loop of pre-miRNAs, generating double-stranded
mMiRNA duplexes consisting of a 3’ (-3p) strand and a 5’ (-5p) strand (120). Once incorporated
into an Argonaute protein (AGO) to form the RNA-induced silencing complex (RISC), one
strand — known as the guide or active strand — is selected, while the second “passenger strand”
is released and subsequently degraded (120,121). The selection of the guide strand is typically
determined by the thermodynamic asymmetry of the miRNA duplex, with the strand less stable
at its 5’ end generally being favored (121). In their mature form, miRNAs average a length of
22 nts (122).

1.5.2. Function

The mature miRNA directs the RISC to messenger RNA (mRNA) targets in a sequence-specific
manner, facilitating their post-transcriptional repression (122). Typically, miRNAs bind to the 3’
untranslated region (3’ UTR) of their target transcripts, although binding sites in the 5’ UTR or
coding regions have also been observed (123). In humans, miRNAs generally bind with
imperfect complementarity to their targets, but a perfect match between bases 2-8 of the

mMiRNA, known as the “seed sequence’, is critical for effective interaction (124).

Upon miRNA-mRNA interaction, two primary mechanisms have been well described:
translational repression and mRNA degradation (122). To achieve translational repression, the
RISC complex disrupts the translation process through various mechanisms, such as
preventing the recruitment of initiation factors, blocking ribosome subunit joining, or interfering

with post-initiation steps (124).

Alternatively, miRNA binding can directly decrease levels of targeted mRNAs through
destabilization or degradation. This process may involve a progressive shortening of the
transcript’s poly(A) tail, followed by a cytoplasmic exosome-mediated 3’ to 5’ decay, or the

removal of the 7-methylguanosine cap structure, resulting in exonuclease-mediated 5’ to 3
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degradation (124,125). In either case, the miRNA-directed binding of the RISC to the target

transcript reduces functional protein levels, thereby fine-tuning gene expression within the cell.

Importantly, one miRNA can target multiple transcripts and a single transcript can be targeted
by several miRNAs, highlighting the enormous complexity of the miRNA regulatory network
within cells (126).

1.6. MicroRNAs in Cancer

Given their crucial role in fine-tuning gene expression to maintain cellular integrity, it lies near
that any deregulation of the typically tightly controlled miRNA expression profile is closely
linked to various human diseases, marking miRNAs as pivotal contributors to disease onset

and progression, especially in cancer (127-132).

1.6.1. Deregulation of microRNA levels

Over the past decades, miRNA levels have been found to be deregulated in human
malignancies as a consequence to genetic abnormalities, epigenetic alterations, or changes

affecting either the transcriptional control or the biogenesis and maturation machinery (127).

Amplifications or deletions of genetic loci containing miRNA genes or miRNA host genes often
lead to aberrant miRNA expression. For instance, miR-15a and miR-16-1, were found to be
commonly downregulated in B-cell chronic lymphocytic leukemia cells due to the deletions of
their genetic origin on chromosome 13q14 region (133). On the other hand, overexpression of
seven MiRNAs from the miR-17-92 cluster has been observed across several cancer types,
driven by increased copy numbers or translocations of the gene encoding the polycistronic
miRNA transcript (134—-136).

In addition to genetic abnormalities, alterations in the expression of transcriptional regulators
or proteins involved in the miRNA biogenesis have been reported to affect miRNA expression
levels (127). Especially transcription factors frequently dysregulated in cancer, such as MYC
proto-oncogene (c-Myc) or Tumor Protein P53 (p53), have been associated with changed
miRNA expression patterns (127). Interestingly, the oncogenic c-Myc seems to exert dual
effects on miRNA regulation. O’Donnell et al. discovered that c-Myc induced the expression of
miR-17-92 cluster by direct promoter engagement, while other studies have shown that c-Myc
represses transcription of a broad range of miRNAs, many of which are typically
downregulated in cancer (137,138). Furthermore, c-Myc has been found to upregulate Drosha

expression, which suggests a broader impact on miRNA regulation (139).
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Moreover, the downregulation of key endonucleases involved in the miRNA maturation
process, such as Drosha and Dicer, was observed in multiple cancers, including lung cancer,
ovarian cancer, or chronic lymphocytic leukemia, leading to decreased miRNA expression
levels (140—142). Deregulation of other enzymes involved in miRNA biogenesis, like Argonaute
RISC Catalytic Component 2 (AGO2), has also been implicated in cancer, further disrupting
MiRNA expression (143).

1.6.2. Oncogenic or tumor suppressive?

Deregulated miRNA levels are known to influence a broad spectrum of cellular processes,
contributing to the development of key cancer hallmarks such as abnormal cell proliferation,
resistance to cell death, adapted cellular metabolism, promotion of metastasis via EMT, and

immune evasion (144-146).

In the context of cancer, miRNAs are typically classified as either oncogenic or tumor
suppressive, mostly depending on their cellular targets (147). Oncogenic miRNAs limit the
expression of tumor suppressors, thereby promoting an expressional profile favoring
carcinogenesis (147). In contrast, tumor suppressive miRNAs downregulate the expression of
oncogenes to counteract tumorigenesis (147). However, while this binary classification
provides a generally useful framework, the inherent flexibility of miRNA-mRNA interaction
networks requires careful consideration of context (148). Disparate and conflicting results
observed in different settings emphasize the risk of generalizing miRNA functions within such

a dynamic and interconnected regulatory network (148).

Nevertheless, multiple oncogenic and tumor suppressive miRNAs have been identified across
various cancers. For example, the oncogenic miR-663 has been found to be upregulated in
nasopharyngeal cancer cells, where it promotes cell proliferation by directly targeting p21¢'**,
thus releasing cells from G1/S arrest (149). Another prominent oncogenic miRNA is miR-21,
which is overexpressed in many solid cancers (150,151). miR-21 targets and downregulates
several tumor suppressors including Phosphatase and Tensin Homolog (PTEN), Transforming
Growth Factor Receptor Il (TGFBR2), Cell Division Cycle 25A (CDC25A), and Programmed
Cell Death 4 (PDCD4) (152-154). This activity has been linked to an aggressive tumor
phenotype by enhancing cell proliferation, metastasis, resistance to cell death, and immune
evasion (152-154).

On the other hand, numerous examples illustrate the tumor suppressive roles of miRNAs with

wide-ranging effects on cancer cells. For instance, the miR-15/16 family is frequently
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downregulated in various solid tumors, including melanoma, colorectal cancer, and bladder
cancer (147,155). The tumor suppressive function of miR-15/16 primarily involves the induction
of apoptosis by downregulating B-Cell CLL/Lymphoma 2 (Bcl-2), as well as targeting other
oncogenes involved in cancer progression, such as cyclin D1 and Myeloid Cell Leukemia 1
(MCL1) (147,155). Another notable example of miRNAs exerting tumor suppressive functions
is the interaction between p53 and the miR-34 family (156). p53 induces the expression of
miR-34 family members, which in turn contribute to p53’s extensive tumor suppressive effects
by promoting of cell cycle arrest, senescence, and apoptosis (157,158). Additionally, the miR-

34 family has been identified as crucial coordinator of EMT (159).

1.7. Epithelial-mesenchymal transition (EMT)

EMT and its reverse process mesenchymal-epithelial transition (MET) are fundamental and
highly conserved biological processes involved in embryonic development, organogenesis,
and tissue repair and homeostasis (160). During EMT, epithelial cells undergo a series of
changes: they gradually lose their apical-basal polarity, downregulate adhesion molecules
critical for maintaining junctions with the basement membrane and adjacent cells, and
reorganize their actin cytoskeleton (160,161). These changes enhance their invasive and
migratory capabilities, allowing them to leave their tissue of origin and migrate to distant sites,
which facilitates tissue remodeling (160,161). However, while EMT supports normal
physiological processes, it also plays a crucial role in carcinogenesis. By facilitating the
intravasation of originally epithelial cancer cells into lymphatic or blood vessels, it enables their
dissemination to distant tissues, thereby promoting metastasis (162). Upon reaching distant
secondary sites, mesenchymal cancer cells might undergo MET, reverting to an epithelial

phenotype to establish a new tumor (162).

Although EMT and MET are often considered as binary processes resulting in either epithelial
or mesenchymal cells, accumulating evidence suggests a spectrum of EMT states
(161,163,164). Recent studies have reported the coexistence of epithelial and mesenchymal
markers within cells, indicating the presence of intermediate or partial EMT states rather than
fixed endpoints (163,165-170).

1.7.1. Regulation of EMT

At the molecular level, EMT and MET are tightly controlled by complex signaling networks,
including Transforming Growth Factor Beta (TGF-B), Bone Morphogenetic Protein (BMP), and

Notch signaling, as well as environmental conditions like hypoxia (171-174). Kinase cascades
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activated by these signals lead to the expression or activation of various transcription factors
that drive either epithelial or mesenchymal phenotypes. For instance, pro-epithelial processes
promote the expression of epithelial markers like E-cadherin (CDH1) and Keratin 8 (KRT8),
while pro-mesenchymal transcription factors induce the expression of mesenchymal markers

such as Vimentin or N-cadherin (161,175).

Several key EMT-promoting transcription factors (EMT-TFs) contribute to the initiation and
progression of EMT. These include Zinc Finger E-Box Binding Homeobox 1 (ZEB1), Zinc
Finger E-Box Binding Homeobox 2 (ZEB2), Snail Family Transcriptional Repressor 1 (SNAI1),
Snail Family Transcriptional Repressor 2 (SNAI2), or Twist Family BHLH Transcription Factor
1 (TWIST1) (161). For example, SNAI1 and SNAI2 have been shown to repress CDH1
transcription, thereby promoting a mesenchymal phenotype (176,177). Similarly,
overexpression of TWIST1 has been reported to reduce CDH1-mediated cell-cell adhesion

and enhance EMT in breast cancer cells (178).

1.7.2. The miR-200 family

MiRNAs have also been identified as crucial regulators of EMT, with the miR-200 family being
particularly central to this regulatory network (163,179,180). This miRNA family consists of five
closely related miRNAs: miR-141-3p, miR-200a-3p, miR-200b-3p, miR-200¢-3p, and miR-429.
These miRNAs can be organized according to their genetic location, with the polycistronic
gene coding for mir-200a, miR-200b, and miR-429 found on chromosome 1p36.33, while miR-
200c and miR-141 are encoded within a gene located on chromosome 12p13.31 (181).
Functionally, these miRNAs can also be categorized based on a single-nucleotide variation
within their otherwise identical seed sequences. Specifically, miR-141-3p and miR-200a-3p
contain a cytosine at the third position of the seed sequence, while other members have an

uracil instead (182).

The miR-200 family plays a key role in EMT by post-transcriptionally regulating ZEB1 and
ZEB2, which reduces their intracellular abundance and counteracts their repression of CDH1,
thus maintaining an epithelial phenotype (183-185). Conversely, high levels of ZEB1 and
ZEB2 in mesenchymal cells can transcriptionally repress miR-200 family members,
establishing a double-negative loop that affects CDH1 expression (186). In this context,
overexpression of miR-200 family members has been shown to induce MET connected to an
upregulation of CDH1, while reduced levels of miR-200 family members has been
demonstrated to increase ZEB1 levels and the expression of mesenchymal markers (183-
185). The miR-200/ZEB axis has been identified as a major regulator of both EMT and MET
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across various cancer types, underscoring its importance in these processes (187).
Furthermore, miR-200 family members have been reported to induce MET through alternative

mechanisms, such as regulating the expression of SNAI1 and other EMT-TFs (188,189).

The significance of the miR-200 family and its regulation of EMT in BTC has been highlighted
in several studies. For instance, Urbas et al. found that high expression levels of miR-200
family members and CDH1 were associated with improved survival of BTC patients (190).
Conversely, low miR-200 family expression and high expression of the mesenchymal marker
vimentin were linked to poorer survival outcomes (190). Similarly, overexpression of miR-200c
has been described to reduce migrative and invasive capabilities in ICC cells, supporting its
role in promoting an epithelial phenotype in BTC (191). Consistent with these findings,
overexpression of miR-200b/c has been confirmed to limit migration and invasion of

cholangiocarcinoma cells both in vitro and in vivo (192).

1.8. Connection between EMT and immune evasion

Unsurprisingly, the impact of EMT extends beyond its role in metastasis, influencing a wide
range of additional cellular processes critical to cancer progression, including stemness,
apoptosis, proliferation, drug resistance, and tumor immune evasion (193,194). Among these,

EMT’s immunomodulatory effects are particularly intriguing.

Several studies have established connections between EMT and immunosuppression within
the TME of various cancer types (193). In NSCLC, EMT was associated with increased
expression of ICs such as PD-L1, PD-L2, PD-1, TIM-3, and CTLA-4, along with greater
infiltration of CD4* FoxP3" Tregs (195). In sarcomatoid urothelial bladder cancer, a dysregulated
EMT network contributed to an immune infiltration phenotype marked by elevated PD-L1 levels
(196). In the context of melanoma, tumors that were non-responsive to anti-PD-1 therapy
showed an overexpression of genes associated with a mesenchymal state and a
downregulation of CDH1, suggesting a mesenchymal tumor phenotype may be linked to innate
anti-PD-1 resistance (197). In breast cancer, epithelial tumor cells displayed high levels of
MHC-I, low PD-L1 expression, and moderate infiliration of CD8* T cells and anti-tumor M1
macrophages (198). In contrast, tumor cells with mesenchymal origin had low MHC-I levels,
high PD-L1 expression, exhausted CD8" cells, and pro-tumor M2 macrophages, indicating that
EMT drives an immunosuppressive phenotype (198). Furthermore, Chen et al. reported that
miR-200 directly targets PD-L1, leading to its downregulation in NSCLC cells (199). ZEB1-
mediated repression of miR-200 resulted in elevated PD-L1 expression, which inhibited CD8*

T cells in the TME while also promoting cancer cell metastasis, suggesting the miR-200/ZEB
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axis as promising molecular link between EMT and IC expression (199). In line with this, ZEB1
was shown to induce PD-L1 and CD47 expression on invading cell clusters in a KRAS-driven
lung adenocarcinoma mouse model, remodeling the immune microenvironment to exclude
CD8* cells and M1-like macrophages (200). Moreover, miR-200 overexpression or siRNA-
mediated ZEB1 downregulation reduced PD-L1 expression in a number of breast cancer cell
lines (201). Adding to this, Ricciardi et al. demonstrated that EMT induced by inflammatory
stimuli activated immunomodulatory mechanisms, including IDO1 expression, in various

cancer cell lines (202).

In BTC, however, direct evidence linking EMT to immune evasion mechanisms remains limited.
While EMT plays an important role in GBC, with the expression of EMT markers and EMT-TFs
closely linked to development, progression, and treatment outcomes, its impact on tumor
immunology is incompletely understood (203). Similarly, although EMT marker expression in
advanced BTC patients has been associated with poor survival and increased T infiltration,
a comprehensive characterization of a potential crosstalk between EMT and immune evasion

mechanisms is still lacking (204).

1.9. Influence of innate immunity on ICs

With the rise of immunomodulatory cancer therapies such as ICls, attention has increasingly
shifted from focusing solely on the adaptive immune system to recognizing the significant

involvement of the innate immune system as well (205,206).

Innate immunity is a fundamental part of the immune system, serving two main functions: first,
it is essential for mounting an effective adaptive immune response upon detecting molecular
abnormalities, such as damage-associated alterations or changes caused by viral and
bacterial infections; second, it performs key effector functions like phagocytosis or natural
cytotoxicity (206,207). Since innate immune pathways are ubiquitously present in various cell
types, including immune cells such as dendritic cells, macrophages, NK cells, as well as non-
immune cells, it is likely that innate immunity plays a pivotal role in the TME, where damage-
associated molecular patterns (DAMPs) are abundant due to environmental stressors such as

hypoxia, cytotoxic immune cells, or genotoxic treatments (205,206,208,209).

DAMPs such as aberrant nucleic acids, including fragmented DNA and atypical double-
stranded RNA (dsRNA), are detected by pattern recognition receptors (PRRs). Key PRPs
include dsRNA-recognizing receptors such as Toll-like Receptor 3 (TLR3), Retinoic Acid-
Inducible Gene 1 Protein (RIG-I), and Melanoma Differentiation-Associated Protein 5 (MDAS5),
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as well as the DNA-sensing machinery Cyclic GMP-AMP Synthase (cGAS) - Stimulator of
Interferon Genes (STING) (205). Upon recognizing DAMPS, a wide range of innate immune
pathways are triggered (205).

Typically, DAMP recognition initiates a signal transduction cascades that involve adapter
molecules like Myeloid Differentiation Primary Response Protein 88 (MyD88), TIR Domain-
containing Adaptor Protein inducing IFN-B (TRIF), Mitochondrial Antiviral-signaling Protein
(MAVS), or STING. These cascades lead to the activation of transcription factors such as
Interferon Regulatory Factor 3 (IRF3), Interferon Regulatory Factor 7 (IRF7), or NF-kB (205).
Once activated, these transcription factors drive the expression of various genes favoring an
active immune response, including a plethora of pro-inflammatory cytokines, chemokines, and
type | interferons (205). In turn, antiviral effectors such as oligoadenylate synthetase 1 (OAS1),
MX Dynamin like GTPase 1 (MX1), and Protein Kinase R (PKR) are also frequently induced
to limit pathogen spread by blocking viral transcription, degrading viral RNA, and modify protein
function (210).

Targeting PRRs such as TLRs, STING, or RIG-I with synthetic agonists has provided promising
results in preclinical models, leading to tumor size reduction both at the injection site and more
distant locations (206). These treatments have demonstrated a range of antitumor effects,
including the direct induction of tumor cell death, increased production of type | IFNs and
proinflammatory cytokines, and enhanced secretion of T cell-tropic chemokines (206).
Moreover, these therapies have shown to promote activation and expansion of tumor-specific

CD8" T cells, contributing to sustained antitumor immunity (206).

However, innate immune responses have also been implicated in establishing
immunosuppressive conditions in the TME, primarily through the upregulation of ICs (205,206).
For example, Liu et al. demonstrated that cGAS-STING activation was associated with an
increased expression of PD-L1, a process dependent on Ariadne RBR E3 Ubiquitin-protein
Ligase 1 (ARIH1)-mediated degradation of DNA-dependent protein kinase catalytic subunit
(DNA-PKcs) (211). Similarly, cytosolic DNA sensing via STING and subsequent type |
interferon signaling was reported to activate IDO1 in Lewis lung carcinoma (LLC) mouse
models (212). Moreover, tumor-intrinsic RIG-I signaling was found to influence the efficacy of
anti-CTLA-4 immunotherapy in melanoma cells, an effect that could be augmented through
the addition of synthetic RIG-I agonists (213).

Therefore, with innate immunity playing dual roles — on the one hand, driving antitumor

immunity through the secretion of pro-inflammatory cytokines and chemokines that promote
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an active immune response, and on the other hand, upregulating immunosuppressive ICs — a
combination of PRR agonists and ICls may offer an effective treatment strategy for solid
cancers, including BTC. In fact, early clinical trials are already exploring the potential synergy
of such treatment combinations. In patients with metastatic melanoma, stimulation of TLR9
with SD-101 in combination with anti-PD-1 therapy led to immune activation at the tumor site,
increasing the infiltration of immune cells such as CD8" T cells, NK cells, dendritic cells, and B
cells (214). Similarly, the synthetic TLR3/RIG-I ligand Riboxxim enhanced type | interferon
secretion, dendritic cell maturation, and improved priming and activation of CD8* T cells (215).
This effect could be further amplified by anti-CTLA-4 treatment to facilitate effective tumor cell
killing (215).

1.10. Study Rationale and Objectives

Despite continuous advances in molecular characterization and therapeutic management,
BTC remains an aggressive malignancy with limited treatment options. Investigating the
cellular networks and molecular processes that shape this disease is essential, not only to
deepen our understanding of BTC development and progression but also to identify novel

molecular mechanisms that could lead to innovative therapeutic strategies.

Emerging evidence has highlighted a connection between EMT and immune evasion
mechanisms, such as IC expression, across various cancer types. While first molecular
interactions between EMT and ICs have been characterized, a comprehensive analysis of this
crosstalk in BTC, particularly involving the miR-200 family as potential regulatory interface, is
lacking. Therefore, the initial aim of this project was to investigate the role of the EMT-

regulating miR-200 family in modulating IC expression in BTC.

Based on preliminary findings that revealed promising relationships between miR-200 family
members, EMT markers, and ICs, we sought to explore the underlying molecular interactions.
Specifically, we aimed to understand if and how manipulating miR-200 family levels in BTC
cells influenced their EMT state, and how these changes, in turn, affected IC expression.
However, unexpected non-specific effects of miRNA mimics - molecular tools used to
transiently upregulate miRNA levels - shifted the focus of our research. This led us to
investigate the role of dsRNA-mediated innate immunity in the regulation of IC expression

instead.

Our new objective became to understand the non-specific molecular mechanisms behind the

IC upregulation upon miRNA mimic transfection. By extending these findings to other dsRNA
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species to confirm broader applicability and translating these insights into pathophysiological
scenarios with potential clinical relevance, we aimed to enhance our understanding of the
interplay between innate immunity and immunosuppression in BTC. Furthermore, given
cisplatin’s known immunomodulatory effects, we sought to explore the influence of dsRNA-

mediated innate immunity on the cisplatin-induced IC upregulation.

Ultimately, we hoped that insights into the relationship between dsRNA-mediated innate
immune activation and IC expression in BTC would contribute the development of therapeutic
strategies that effectively unleash antitumor immunity, thereby facilitating more effective tumor

cell eradication.
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2. Materials and Methods

2.1. Cell lines and culturing conditions

Throughout the project, a number of human BTC cell lines originating from various tissues was
used. The ICC cell lines HUCC-T1 (JCRB0425 (216)), HuH-28 (JCRB0426 (217)), OZ
(JCRB1032 (218)), KKU-055 (JCRB1551), KKU-213 (JCRB1557), the GBC cell lines OCUG-
1 (JCRB0191 (219)), NOZ (JCRB1033 [33]), the hilar cholangiocarcinoma cell line KKU-100
(JCRB1568 (220)), and the SV40T- and hTERT-immortalized human cholangiocyte cell line
MMNK-1 (JCRB1554 (221)) were obtained from the Japanese Collection of Research
Bioresources Cell Bank (JCRB). The cholangiocarcinoma cell lines EGI-1 (ACC385) and TFK-
1 (ACC344 (222)) were purchased from the German Collection of Microorganisms and Cell
Cultures GmbH (DSM2Z).

All cell lines were cultured in either Dulbecco’s Modified Eagle Medium (DMEM) containing L-
Glutamine, 4.5 g/l glucose, and 25 mM HEPES (Catalog #: 42430025, Gibco, Thermo Fisher
Scientific, Vienna, Austria), or DMEM containing 4.5 g/l glucose (Catalog #: 11960044, Gibco,
Thermo Fisher Scientific). The medium was supplemented with 10% fetal bovine serum (FBS;
Catalog #: S-FBS-SA-015, Serana Europe GmbH, Pessin, Germany) and 1% penicillin-
streptomycin solution containing 10,000 units penicillin and 10 mg/ml streptomycin (Catalog #:
P4333-100ML, Sigma-Aldrich Handels GmbH, Vienna, Austria).

Cells were incubated in a humidified incubator under standard conditions maintaining a
temperature of 37°C, oxygen and carbon dioxide levels of 21% and 5%, respectively, and 90-
98% humidity to prevent excessive evaporation from the media. Cells were split on a regular
basis with cell densities between 40-80% to promote balanced and uninhibited growth

behavior.

2.2. Transient overexpression and knockdown

To study the relevance of miRNAs, transient transfection experiments were performed. Unless
otherwise specified, cells were transfected for 48 hours following the fast-forward protocol of
the HiPerFect transfection reagent (Catalog #: 301704, QIAGEN, Hilden, Germany). In brief,
the transfection mix, containing transfection reagent and the desired concentration of nucleic
acids, was incubated for 10 minutes on room temperature (RT) to facilitate complex formation.

Cell suspensions were then added to 6-well culture plates, followed by the transfection mix.
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To transfect cells for WST-1 and Caspase-3/7 Glo® assays, the HiPerFect reverse transfection
protocol was used. In this method, the transfection mix was added to the wells before the cell
suspension, resulting in higher transfection efficiencies compared to the fast-forward approach

in 96-well plates.

2.2.1. Transient miRNA overexpression and knockdown

For miRNA overexpression experiments, cells were seeded in 6-well plates at a density of 40-
60% and transfected with either 10 nM Syn-hsa-miR-141-3p miScript miRNA mimic (Catalog
#: MSY0000432, QIAGEN), 10 nM Syn-hsa-miR-200c-3p miScript miRNA mimic (Catalog #.:
MSY0000617, QIAGEN, Hilden, Germany), or 5 nM of each mimic. Cells transfected with 10
nM AllStars Negative Control siRNA (Catalog #: 1027281; QIAGEN) served as negative
control. Alternatively, cells were transfected with 10 nM mirVana™ miR-200c-3p mimic
(Catalog #: 4464066, Thermo Fisher Scientific) or 10 nM mirVana™ miRNA mimic Negative

Control #1 (Catalog #: 4464058, Thermo Fisher Scientific) as corresponding negative control.

For miRNA knockdown experiments, cells were seeded in 6-well plates at a density of 40-60%
and transfected with 50 nM hsa-miR-141-3p miRCURY LNA miRNA inhibitor (Catalog #:
339121, QIAGEN), 50 nM hsa-miR-200c-3p miRCURY LNA miRNA inhibitor (Catalog #:
339121, QIAGEN), or 25 nM of each. Cells transfected with 50 nM miRCURY LNA miRNA
Inhibitor Control (Catalog #: 339126, QIAGEN) served as corresponding negative control.

2.2.2. Transient ZEB1 knockdown

Transient knockdown of ZEB1 was achieved by siRNA transfection. Cells were seeded in 6-
well plates at a density of 40-60% and transfected with 50 nM siRNA directed against ZEB1
(Hs_ZEB1_2 FlexiTube siRNA, Catalog #: S104272492, QIAGEN) or 50 nM AllStars Negative

Control siRNA as corresponding negative control.

2.2.3. Transfection with polyinosinic:polycytidylic acid (poly(l:C))

Polyinosinic:polycytidylic acid (poly(l:C)) is a synthetic dsSRNA analog, which consists of an
inosine homopolymer annealed to cytidine homopolymer, with an average size ranging from
1.5 kb to 8 kb (according to the manufacturer InvivoGen). To ensure efficient cellular uptake of
poly(l:C), cells were seeded in 6-well plates at a density of 40-60% and transfected with 2000
ng/ml high molecular weight poly(l:C) (Catalog #: tIr-pic, InvivoGen, San Diego, CA, USA). As
negative control, cells were transfected with transfection mix lacking nucleic acids, termed

mock control.
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2.2.4. Unassisted uptake (= gymnosis) of poly(l:C)

To confirm that cells are able to take up dsRNA species like poly(l:C) in an unassisted manner,
gymnosis experiments were conducted. To this end, cells were seeded in 6-well plates at a
density of 40-60% and 2000 ng/ul poly(l:C) was added to the medium without transfection
reagent briefly after. As negative control, an equal volume of standard growth medium was
added.

2.3. Treatments

2.3.1. Cisplatin

Cells were treated with cisplatin to analyze subsequent transcriptional and phenotypic
changes. To this end, cells were seeded in 6-well plates 24 hours prior to cisplatin treatment,
aiming for a density of 40-60% on the day of treatment. Cells were treated with 20 uM cisplatin
(EBEWE Pharma Ges.m.b.H. Nfg. KG, Unterach, Austria) or equal volumes of physiological

0.9% sodium chloride (NaCl) solution as negative control for 48 hours.

2.3.2. Cisplatin-conditioned medium

For experiments with cisplatin-conditioned medium, cells were seeded 24 hours before
cisplatin treatment, aiming for a density of 40-60% on the day of treatment. HUCC-T1 and
OCUG-1 cells were treated with 50 uM and 100 uM cisplatin or corresponding volumes of NaCl
as negative control, respectively. Two hours after cisplatin addition, the medium was removed
and cells were washed twice with phosphate-buffered saline (PBS; Catalog #: P04-36500,
PAN-Biotech GmbH, Aidenbach, Germany) to ensure complete removal of cisplatin. Fresh
standard growth medium was then added, followed by another medium replacement two hours
later to ensure cisplatin-free culturing conditions. After 24 hours, medium from treated cells
was transferred to cells cultured in parallel without cisplatin. These cells were incubated with

cisplatin-conditioned medium for 48 hours.

2.4. Co-treatment experiments

Co-treatment experiments were conducted to investigate the function of integral pathway

components.
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2.4.1. JAK/STAT pathway inhibition

For co-treatment experiments using the JAK1, JAK2, and Tyrosine Kinase 2 (TYK2) inhibitor
ruxolitinib (Catalog #: HY-50856, MedChemExpress), cells were seeded and transfected with
poly(l:C) as previously described. In addition to the normal transfection process, 20 uM
ruxolitinib or equivalent volumes of dimethyl sulfoxide (DMSO) as negative control were added

to the medium for the full duration of the standard 48-hour incubation.

2.4.2. Nucleases

For experiments involving nucleases, cells were treated with cisplatin as previously described.
Additionally, 10 U/ml RNase lll, or 40 U/ml Benzonase were added for the full duration of the
standard 48-hour treatment. Respective concentrations of nucleases were selected based on
concentrations found in published studies. Preliminary test experiments confirmed the

effectiveness of nucleases.

2.5. Generation of stable miRNA overexpression cell lines

In an effort to confirm results of our transient miR-200c-3p overexpression experiments, we
generated cell lines with stable miR-200c-3p overexpression using a lentiviral approach.
OCUG-1 and MMNK-1 cells were seeded into 12-well plates at a density of 40-60% and
incubated for 24 hours under standard conditions. Subsequently, the medium was replaced
with standard growth medium containing 10 pg/ml polybrene (Catalog #: sc-134220, Santa
Cruz Biotechnology Inc., Dallas, Texas, USA) and 0.5% ViralEntry™ Transduction Enhancer
(Catalog #: G515, Applied Biological Materials, Vancouver, Canada). Additionally, 25pl of either
LentimiRa-GFP-hsa-miR-200c-3p virus (Catalog #: mh15263, Applied Biological Materials;
detailed vector map shown in Figure 1a) or Lenti-lll-mir-GFP Control virus (Catalog #: m002,
Applied Biological Materials; detailed vector map shown in Figure 1b) as control counterpart
were added to facilitate viral transduction. Both lentiviral vectors included a gene encoding for

green fluorescent protein (GFP) and a puromycin resistance gene (PuroR).

To ensure enrichment of successfully transduced cells, we performed continuous selection
with a sublethal concentration of puromycin (Catalog #: A1113803, Gibco Thermo Fisher
Scientific) for up to eight weeks. To further isolate cells with above-average miRNA
overexpression levels, transduced cells were sorted based on their GFP intensity via
Fluorescence-Activated Cell Sorting (FACS) using the FACSARIa Illu (BD Biosciences,
Franklin Lakes, New Jersey, USA). Cells displaying the top 20% GFP intensity were cultured
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and used for subsequent experiments. Cell sorting was performed by the Flow Cytometry Core

Facility at the Center for Medical Research (ZMF), Medical University of Graz, Graz, Austria.

Figure 1: Schematic representations of used lentiviral vectors. Cells were transduced with either
(a) pLenti-lll-mico-GFP or (b) pLenti-lll-mir-GFP-Blank. Both vectors are under the control of a CMV
promoter and SV40 promoter, and contain genes coding for GFP, a puromycin resistance gene (PuroR),
a kanamycin resistance gene (KanR), an origin of replication (rep.ori), and 3’ long terminal repeat (3’LTR)
and 5’LTR. Additionally, pLenti-lll-mico-GFP contains the gene coding for miR-200c-3p (miRNA insert),
which is missing in the pLenti-lll-mir-GFP-Blank vector. Reproduced with modifications from vector maps
provided by the manufacturer Applied Biological Materials. Image created with Biorender.com.

2.6. Reverse transcription quantitative PCR (RT-qPCR)

Reverse transcription quantitative PCR (RT-qPCR) was used to assess transcriptional
changes at the RNA level. Therefore, RNA was isolated, reversely transcribed to

complementary DNA (cDNA), and relative mRNA levels of genes of interest were measured.

2.6.1. RNA isolation

RNA was isolated from 70-90% confluent cells using TRIzol™ Reagent (Catalog #: 15596026,
Thermo Fisher Scientific) according to the manufacturer’s instructions. In brief, growth medium
was removed and cells were washed once with PBS. Subsequently, 1 ml of TRIzol was added
to the wells, cells were detached, and TRIzol lysates were transferred to Eppendorf tubes.

TRIzol lysates were either stored at -20°C or immediately processed.

For RNA isolation, TRIzol lysates were passed through Sterican® 22G needles (Catalog #:
4650018, B.Braun Melsungen AG, Melsungen, Germany) to ensure complete cell lysis. After
a 15-minute incubation at RT to facilitate the dissociation of nucleoprotein complexes, 100 pl
of 1-bromo-3-chloropropane (BCP) was added to each tube. Tubes were shaken vigorously,
incubated for 3 minutes on RT, and centrifuged at 13,000 rounds per minute (rpm) and 4°C for
20 minutes, leading to a phase separation. The upper aqueous phase containing RNA was
transferred to a fresh tube containing isopropyl alcohol (Catalog #: 1096341011, Merck KGaA,
Darmstadt, Germany), mixed properly and centrifuged at 13,000 rpm and 4°C for 30 minutes.

Precipitated RNA formed a pellet at the bottom of the tubes. The supernatant was discarded,
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75% ethanol (Catalog #: 1009831000, Merck KGaA) was added, followed by a centrifugation
at 13,000 rpom and 4°C for 5 minutes. This washing step was repeated a total of three times.
After the last washing step, the supernatant was completely removed and the RNA pellet was
dried at RT to ensure complete removal of ethanol. Subsequently, the RNA pellet was

resuspended in 20 pl RNase-free water.

RNA concentration and purity was assessed on NanoDrop™ 2000/2000c spectrophotometer
(Catalog #: ND-2000, Thermo Fisher Scientific). Purity was evaluated by the ratio of
absorbance at 260 nm (A260) and 280 nm (A280), which indicates protein contamination, and
the ratio of A260 to A230, which mainly detects phenol contamination. RNA samples with an
A260/A280 ratio above 1.8 and an A260/A230 ratio above 2.0 were considered to be

sufficiently pure for further analysis.

2.6.2. Reverse transcription

Reverse transcription of RNA into cDNA was performed using the miScript Il RT Kit (Catalog
#: 218161, QIAGEN) according to the manufacturer’s instructions. In a 20 pl reaction, 1 pg of
total RNA was combined with 10x miScript Nucleics Mix, 5x miScript Reverse Transcriptase
Mix and 5x miScript HiFlex Buffer to enable quantification of both miRNAs and mRNAs. For
each reverse transcription run, we included a no-template control (NTC) lacking RNA to detect
nucleic acid contamination in the kit components, as well as a control lacking reverse
transcriptase (RT- control) to detect potential genomic DNA contamination in our RNA sample.
After a 60-minute incubation on 37°C and a 5-minute incubation at 95°C to inactivate the
reverse transcriptase, cDNA was either stored at -20°C or -80°C, or immediately used for
gPCR.

2.6.3. Quantitative PCR (qPCR)

Quantitative PCR was performed using the QuantiTect SYBR® Green PCR Kit (Catalog #:
204145, QIAGEN) following a slightly adapted version of the manufacturer’s two-step RT-

gPCR protocol, optimized for the simultaneous detection of mMiRNA and mRNA.

For the detection of miRNAs, 1 ng template cDNA was mixed with 2x QuantiTect SYBR Green
PCR Master Mix, 10x miScript Universal Primer, 10x miScript Primer assay targeted at the
specific miRNA of interest, and RNase-free H>O to reach a total volume of 10 pl per reaction.
Hs_miR-141_1 miScript Primer Assay (Catalog #: MS00003507, QIAGEN), Hs_miR-200a_1
miScript Primer Assay (Catalog #: MS00003738, QIAGEN), Hs_miR-200b_3 miScript Primer
Assay (Catalog #: MS00009016, QIAGEN), Hs_miR-200c_1 miScript Primer Assay (Catalog
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#: MS00003752, QIAGEN), Hs_miR-429 1 miScript Primer Assay (Catalog #: MS00004193,
QIAGEN), and Hs_RNUG6-2_11 miScript Primer Assay (Catalog #: MS00033740, QIAGEN)

were used, with RNU6-2 (=RNUGB) serving as reference gene.

For mRNA detection, 10 ng of template cDNA was combined with 2x QuantiTect SYBR Green
PCR Master Mix, 0.4 uM of forward and reverse primer specific to the gene of interest, and
RNase-free H>O to a final volume of 10 ul. Primers were designed using the NIH Primer Blast
Tool (https://www.ncbi. nim.nih.gov/tools/ primer-blast/; last accessed on 20.09.24), opting for
a PCR product size of 70-200 bp, a primer GC content of 40-60%), and an optional GC clamp
of 1-2. When applicable, primers were designed to span exon junctions or be located on
different exons to exclude amplification of genomic DNA. Primers were obtained from Eurofins
Scientific SE (Luxembourg City, Luxembourg). Sequences for the forward and reverse primer

pairs are listed in Table 1. The average expression of GAPDH and U6 was used as reference.

After initial denaturation at 95°C for 15 minutes, samples underwent 40 cycles of denaturation
at 94°C for 15 seconds, annealing at 55°C for 30 seconds, and extension at 70°C for 30
seconds. After each cycle, resulting SYBR® Green fluorescence was acquired for
quantification. A melting curve analysis was performed to confirm specific amplification. Each

sample was measured in technical duplicates.

The quantification of miRNAs and mRNAs was normalized to the respective reference genes,
reported as ACt values. For relative expression analysis, AACt values were calculated by
subtracting the mean ACt of corresponding negative controls from ACt of treated samples.
Unless otherwise indicated, expression differences throughout the project were reported as
AACt values. Quantitative PCR was performed on the LightCycler® 480 (Roche, Mannheim,
Germany). RT-gPCR results were considered reliable only if the NTC and RT- control were

negative for all tested genes.

Table 1. Primer sequences used for RT-qPCR. Reproduced with modifications from (1) with
permission via the CC BY 4.0 license.

Target forward primer (5’ to 3’) reverse primer (5’ to 3’)
KRT8 ATGTTGTCCATGTTGCTTCG CCAGGAGAAGGAGCAGATCA
CDH1 TGAAGGTGACAGAGCCTCTGGAT GGGTGAATTCGGGCTTGTT
N-cadherin GACGGTTCGCCATCCAGAC TCGATTGGTTTGACCACGG
COL3A1 ATATTTGGCATGGTTCTGGC TGGCTACTTCTCGCTCTGCT
Vimentin CCTTGAACGCAAAGTGGAATC GACATGCTGTTCCTGAATCTGAG
ZEB1 GATGATGAATGCGAGTCAGATGC ACAGCAGTGTCTTGTTGTTGT
ZEB2 CAAGAGGCGCAAACAAGCC GGTTGGCAATACCGTCATCC
B7H2 GCAGCCTTCGAGCTGATACTC GTTTTCGACTCACTGGTTTGC
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Table 1. (continued)

Target forward primer (5’ to 3’) reverse primer (5’ to 3’)
B7H3 CACTGTGGTTCTGCCTCACA AGATGAGGTTGAGCTGTGCC
B7H4 TCTGGGCATCCCAAGTTGAC TCCGCCTTTTGATCTCCGATT
B7H5 ACGCCGTATTCCCTGTATGTC TTGTAGAAGGTCACATCGTGC
CD47 TCCGGTGGTATGGATGAGAAA ACCAAGGCCAGTAGCATTCTT
CD80 AAACTCGCATCTACTGGCAAA GGTTCTTGTACTCGGGCCATA
CD86 CTGCTCATCTATACACGGTTACC GGAAACGTCGTACAGTTCTGTG
CEACAM1 CCACTTCACAGAGTGCGTGT CCAAAAAGTTGCTGGGGCAG
CLEC4G AGTCCTTTGGGCTGTGATTCT AGGCGTTTGTCCTCAGCAG
HLA-A CATCTCTGACCATGAGGCCA GGCAGGTGTATCTCTGCTCC
HLA-DPA1 ATGCGCCCTGAAGACAGAATG ACACATGGTCCGCCTTGATG
HMGB1 TTTGTGCAAACTTGTCGGGAG TTCCACCTCTCTGAGCACTT
IDO1 GCCAGCTTCGAGAAAGAGTTG ATCCCAGAACTAGACGTGCAA
LGALS3 ATGGCAGACAATTTTTCGCTCC GCCTGTCCAGGATAAGCCC
LGALS9 GGACGGACTTCAGATCACTGT CCATCTTCAAACCGAGGGTTG
PD-L1 TGGCATTTGCTGAACGCATTT TGCAGCCAGGTCTAATTGTTTT
PD-L2 ATTGCAGCTTCACCAGATAGC AAAGTTGCATTCCAGGGTCAC
TNFRSF5 ACTGAAACGGAATGCCTTCCT CCTCACTCGTACAGTGCCA
TNFRSF14 GTGCAGTCCAGGTTATCGTGT CACTTGCTTAGGCCATTGAGG
TNFSF4 CCAGGCCAAGATTCGAGAGG CCGATGTGATACCTGAAGAGCA
TNFSF9 GGCGTCCATCTTCACACTGA CACCCAGGCTGGACGTTATT
TLR3 AAAACCTTTGCCTTCTGCACG TTCCAGCTGAACCTGAGTTCC
RIG-I GACCCTACCTACATCCTGAGC CTTCATAAAGTCCAGAATAACCTGC
MDAS5 TTGGCAGAAGGAAGTGTCAGC TTCTTCCCTTCCAAGGCTGG
IFNB1 CAACCTTTCGAAGCCTTTGC TCCCATTCAATTGCCACAGG
IFNL1 TCTGAGAACGTCAACCCACC TATGTCTCAGTCAGGGCTGC
IFNL2 GAATTGTGTTGCCAGTGGGG CATTTTCCTGGAGGTGAGTTGG
IFNL3 TGAAACTAGACATGACCGGGG GAGACAGGGACTTGAACTGGG
MX1 GGACATCGCAAAAGCTGATCC GTTGTTCTCAGCCACCGAGC
PKR CTTCCATCTGACTCAGGTTTGC TCTTCTTCCCGTATCCTGGTTGG
OAS1 AAGCTCAAGAGCCTCATCCG TCCAAGACCGTCCGAAATCC
IFNAR1 GCACACACCATGGATGAAAAGC GCCAAATTTTAGAGGTATTTCCTGG
IFNAR2 ATAGCAAAGATGCTTTTGAGCC TGCAAGATTCATCTGTGTAATCAGG
IFNLR1 TGGCCTATCAGAGCTCTCCC TCAGGATCTCCTCCGTCTGG
IL10RB ACAACCCATGACGAAACGG GAATTCCTAGGGGAGAAGGCG
GAPDH AAGGTCGGAGTCAACGGATTT ACCAGAGTTAAAAGCAGCCCTG
ué6 CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT
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2.7. Western blot

2.7.1. Sample preparation

For protein isolation, cells at a density of 70-90% were washed once with cold PBS.
Radioimmunoprecipitation assay (RIPA) buffer containing 150 mM NaCl, 50 mM Tris-HCI, 1%
Triton X-100, 0.1% SDS, 0.1% sodium deoxycholate, 1% Nonidet P-40, at pH 7.5,
supplemented with 1% Protease Inhibitor Cocktail (Catalog #: P8340, Sigma-Aldrich Handels
GmbH, Vienna, Austria) and 0.5% Phosphatase Inhibitor Cocktail 3 (Catalog #: P044-1ML,
Sigma-Aldrich Handels GmbH), was added. Cells were mechanically detached from the culture
dish on ice using a cell scraper, and lysates were transferred to fresh tubes. After a 20-minute
incubation on ice, the lysates were centrifuged at 13,000 rpm and 4°C for 15 minutes to obtain
a cell debris-free protein solution. Protein concentration was determined using the Pierce™
BCA Protein Assay (Catalog #: 23225, Thermo Fisher Scientific) according to the
manufacturer’s instructions. 30 ug of total protein per sample was mixed with 4x Laemmli
Sample Buffer (Catalog #: 1610747, Bio-Rad Laboratories, Inc., Hercules, CA, USA)

containing 10% B-mercaptoethanol and denatured at 95°C for 10 minutes.

2.7.2. Procedure

Proteins were separated on 4-15% Mini-PROTEAN® TGX Stain-free™ Gels (Catalog #:
4568084, Bio-Rad Laboratories, Inc.) by gel electrophoresis at 120 V. The separated proteins
were transferred to a 0.45 pm nitrocellulose membrane (Catalog #: 1620115, Bio-Rad
Laboratories, Inc.) in Tris/glycine buffer (Catalog #: 1610734, Bio-Rad Laboratories, Inc.) with
20% methanol at 400 mA and 4°C for up to two hours. Membranes were blocked with 5% milk
powder in Tris-buffered saline with 0.1% Tween® 20 (TBS-T) for one to five hours, then
incubated with primary antibodies at 4°C for 16 hours. After three washing steps with TBS-T,
membranes were incubated with the corresponding secondary horseradish peroxidase (HRP)-
conjugated antibodies at RT for one hour. Following three additional washing steps with TBS-
T, membranes were incubated with SuperSignal™ West Pico PLUS Chemiluminescent
Substrate (Catalog #: 34579, Thermo Fisher Scientific) or SuperSignal™ West Femto
Maximum Sensitivity Substrate (Catalog #: 34094, Thermo Fisher Scientific) at RT for 5
minutes. Chemiluminescent signals were captured using a ChemiDoc™ Touch (Bio-Rad

Laboratories, Inc.).

To ensure equal protein loading, membranes were stripped using a buffer containing 15 g/l

glycine, 1 g/l sodium dodecyl sulfate (SDS), 1% Tween® 20, and pH 2.2 (according to the
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Abcam Mild stripping protocol). Membranes were then re-probed with primary antibody
directed against Cofilin at 4°C for 16 hours, followed by three washing steps and a 1-hour
incubation with the corresponding secondary HRP-conjugated antibody at RT.
Chemiluminescent signals were detected and imaged as described above. Antibodies used

are listed in Table 2.

Table 2. Primary and secondary antibodies used for western blot. Reproduced with modifications
from (1) with permission via the CC BY 4.0 license.

Primary antibodies

Antibody Dilution Catalog # Manufacturer
E-cadherin (G-10) 1:1000 sc-8426 Santa Cruz Biotechnology
TCF8/ZEB1 (D80D3) Rabbit mAb 1:1000 #3396 Cell Signaling Technology®
x(t)ib'zﬁgo(?ﬁg‘a”;)'?abb't Monoclonal 1:2000  #702743  Thermo Fisher Scientific
PD-L1/CD274 Monoclonal antibody 1:5000 66248-1-Ig Proteintech Group, Inc.
IRF-3 (D614C) XP® Rabbit mAb 1:2000 11904 Cell Signaling Technology®
P-IRF-3 (S386) (E7J8G) XP® Rabbit mAb = 1:1000 37829 Cell Signaling Technology®
Anti-Cofilin antibody 1:5000 ab42824 Abcam
Secondary antibodies

Antibody Dilution Catalog # Manufacturer
restbleli e Llerie gl (L. G 1:2000 #58802 Santa Cruz Biotechnology

Specific) (D3V2A) mAb (HRP Conjugate)

Peroxidase AffiniPure Goat Anti-Rabbit

) 1:10000 111-035-144 = Jackson ImmunoResearch
IgG antibody

2.8. Immunofluorescence

To evaluate intracellular localization of NF-kB following poly(l:C) transfection,
immunofluorescence was used. HUCC-T1 cells were seeded in 6-well plates containing cover
slips at the bottom of the wells, at a density of 70-80%. After a 3-hour transfection with poly(l:C),
cover slips were removed and washed with ice-cold PBS. Subsequently, cells were fixed with
cold 100% methanol at -20°C for 15 minutes and permeabilized with 0.5% Triton™ X-100
(Catalog #: T8787, Sigma-Aldrich Handels GmbH) in PBS at -20°C for 15 minutes. After
additional washing steps with PBS, 6% bovine serum albumin (BSA; Catalog #: 9998S, Cell
Signaling Technology) in PBS was added to the cover slips to prevent unspecific antibody

binding.

The cover slips were incubated with primary antibody against NF-kB (NF-kB p65 (D14E12)
XP® Rabbit mAb, Catalog #: 8242, Cell Signaling Technology; diluted 1:100 in Dako Antibody
Diluent) or with Dako Antibody Diluent (Catalog #: S0809, Agilent, Santa Clara, CA, USA) as
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negative control at 4°C for 16 hours in a humidified atmosphere. After additional washing steps
with PBS, fluorescent dye-conjugated secondary antibody (Goat Anti-Rabbit IgG (H+L), Highly
Cross-Adsorbed Secondary Antibody, Alexa Fluor Plus 594, Catalog #: A32740, Invitrogen;
diluted 1:1,000 in 3% BSA in PBS) was added at 4°C for 60 minutes in darkness. Following a
20-minute nuclear staining with 4',6-Diamidino-2-Phenylindole (DAPI, Catalog #: D1306,
Thermo Fisher Scientific) at RT, cover slips were mounted onto the object slides with Dako
Fluorescence Mounting Medium (Catalog #: S3023, Agilent) and placed to 4°C over night.
Cells were examined and imaged using a Nikon A1 Confocal Laser Scanning Microscope

(Nikon, Tokyo, Japan).

2.9. Enzyme-linked Immunosorbent Assay (ELISA)

To measure extracellular Interferon Beta (IFN-f) concentrations after poly(l:C) transfection or
cisplatin treatment, an Enzyme-linked Immunosorbent Assay (ELISA) was performed using the
Human IFN-B Quantikine ELISA Kit (Catalog #: DIFNBO, Bio-Techne, Minneapolis, Minnesota,
USA). Poly(l:C) transfection and cisplatin treatment were performed as previously described.
After 48 hours, the culture supernatants were collected, centrifuged at 1,500 rpm for 10

minutes to remove cell debris, and either stored at -20°C or immediately processed.

For the ELISA procedure, manufacturer’s instructions were followed. In short, Assay Diluent
RD1-19 was added to the wells of a 96-well plate pre-coated with antibodies directed against
IFN-B. Technical duplicates of provided standards, corresponding controls, and samples were
added to the wells. The plate was incubated at RT for two hours on a horizontal orbital
microplate shaker Titramax 1000 (Heidolph Instruments GmbH & Co. KG, Schwabach,
Germany). After four washing steps with prepared Wash Buffer, Human IFN-f3 conjugate was
added to the wells, followed by a two-hour incubation at RT on the horizontal orbital microplate
shaker. After four additional washing steps with Wash Buffer, Substrate Solution was added,
and the plate was incubated at RT for 30 minutes. Stop Solution was added and optical density
was measured at 450 nm, with 540 nm for wavelength correction, using the CLARIOstar Plus
Microplate Reader (BMG LABTECH GmbH, Ortenberg, Germany).

2.10. WST-1 assay

In order to determine the different effects that miRNA mimics have on the number of viable
cells, WST-1 assay (Catalog #: CELLPRO-RO, Roche, Basel, Switzerland) was performed. To
this end, HUCC-T1 and OCUG-1 cells were seeded in 96-well plates at a density of 40-60%.

As previously mentioned, cells were transfected according to the reverse transfection protocol
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of the HiPerFect transfection reagent. 24, 48, 72, and 96 hours after transfection, WST-1
reagent was added to each well and resulting optical density was measured at 450 nm, with
620 nm as reference wavelength, after a 1-hour incubation using the SPECTROstar Omega
Microplate Reader (BMG LABTECH GmbH).

2.11. Caspase 3/7 Glo® assay

The apoptotic behavior of cells upon transfection of miRNA mimics was evaluated using
Caspase 3/7 Glo® assay (Cat. # G8090, Promega, Madison, Wisconsin, USA) according to
the manufacturer’s recommendations. Similar to the transfection procedure for WST-1 assay,
cells were seeded in 96-well plates at a density of 40-60% and transfected following the
HiPerFect reverse-transfection protocol. After 72 hours, Caspase 3/7 Glo® Reagent was
added to each well and resulting luminescent signal was measured on the LUMIstar Omega
Microplate Reader (BMG LABTECH GmbH).

2.12. Statistical analysis

All experiments were conducted at least three independent times, unless stated otherwise.
Data are presented as mean * standard deviation (SD). Statistical analyses were performed
using GraphPad Prism version 10.0.2 for macOS (GraphPad Software, Boston,
Massachusetts, USA). Non-parametric tests were used for sample sizes of n = 5, while
parametric tests were applied for n < 3, to address the limited power of non-parametric tests
with small sample sizes. Although non-parametric tests are generally preferred for biological
data as they avoid assumptions about the data distribution, parametric tests were deemed
acceptable in that case, provided that careful consideration was given to statistical
significances for small biological differences. In a methodological paper by de Winter, the t test
was demonstrated to perform reliably with extremely small sample sizes, especially when
effect sizes are large, making it preferable to rank-based tests like the Mann-Whitney test in
such scenarios (223). Generally, P values smaller than a = 0.05 were considered statistically
significant. * P <0.05, ** P <0.01, *** P <0.001.

The heatmap was generated in R version 4.4.1 using the “ComplexHeatmap” package
(224,225). Within the heatmap, RT-qPCR data were normalized within the respective genes

across different cell lines using z-scores.
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3. Results

3.1. Endogenous relationship between miR-200 family, EMT

markers, and ICs

In order to validate the robustness of our cell models in mimicking pathophysiology and
capturing various of EMT states, we first examined the well-described connection between
miR-200 family members and EMT marker expression. To this end, we measured the
endogenous expression levels of miR-141-3p, miR-200a-3p, miR-200b-3p, miR-200c-3p, and
miR-429, epithelial markers CDH1 and KRT8, and mesenchymal markers ZEB1, ZEB2,
Vimentin, COL3A1, and N-cadherin across ten BTC cell lines and the immortalized

cholangiocyte cell line MMNK-1 by RT-gPCR (Figure 2a, left panel).

Unsupervised hierarchical clustering revealed two distinct groups of cells. The cell lines OZ,
KKU-213, EGI-1, HuCC-T1, and TFK-1 displayed epithelial characteristics, with high
endogenous miR-200 family and epithelial marker expression and low mesenchymal marker
expression. Conversely, HuH-28, KKU-100, NOZ, OCUG-1, KKU-055, and MMNK-1 cells
exhibited a mesenchymal state, characterized by low miR-200 family and epithelial marker

expression, and increased mRNA levels of mesenchymal markers.

This presence of clear epithelial and mesenchymal clusters, together with the strong positive
correlation between miR-200 family member expression and epithelial markers (Figure 2b) and
the negative correlation with mesenchymal markers (Figure 2c), confirm the capacity of our

cell models to accurately reflect the EMT process.

To investigate a potential relationship between the EMT status and IC expression, we
measured the endogenous expression levels of 21 ICs across our cell lines (Figure 2a, right
panel). ICs like B7 Homolog 3 (B7H3) and High Mobility Group Box 1 Protein (HMGB1),
displayed consistently high expression across multiple cell lines, whereas others, such as
Major Histocompatibility Complex, Class I, DP Alpha 1 (HLA-DPA1), Tumor Necrosis Factor
Ligand Superfamily Member 4 (TNFSF4), and IDO1 were only expressed in individual cell

lines, with no clear association with the EMT status.

However, ICs such as PD-L1, Cluster of Differentiation 47 (CD47), and LGALS9 showed high
expression levels in epithelial cell lines, with negligible expression in mesenchymal cell lines.

Conversely, Tumor Necrosis Factor Ligand Superfamily Member 9 (TNFSF9) was
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predominantly expressed in mesenchymal cell lines. While miR-200 family expression did not
correlate with overall IC expression (Figure 2d), specific ICs such as LGALS9 were positively

correlated with miR-200 family levels (Figure 2e).

Furthermore, we observed a weak positive correlation between miR-200 family and PD-L1
expression (Figure 2f) and a marginal negative correlation with TNFSF9 expression (Figure
2g). Despite these insignificant correlations, it is worth noting that the highest PD-L1
expression levels are found within epithelial cell lines HUCC-T1, EGI-1, and KKU-213, while
highest TNFSF9 expression were detected in mesenchymal cells, suggesting a more cell line-

specific but still EMT-related regulation of these ICs.

3.2. Transient miR-141-3p and miR-200c-3p overexpression

influences EMT

Initial in vitro gain-of-function studies offer a quick and efficient method to investigate a
potential relationship between specific targets and their immediate effects on phenotypes or
gene expression patterns. By transfecting cells with miRNA mimics — synthetic dsRNA
molecules consisting of the mature miRNA of interest and a passenger strand — desired
mMiRNAs can be transiently overexpressed and their downstream targets and associated

phenotypic changes can be studied.

We transfected epithelial HuCC-T1 cells and mesenchymal OCUG-1, HuH-28, and MMNK-1
cells with either miR-141-3p mimic or miR-200c¢c-3p mimic and evaluated intracellular levels of
respective miRNAs and resulting transcriptional changes of epithelial markers CDH1 and
KRT8, and mesenchymal markers ZEB1 and ZEB2 compared to cells transfected with negative
control. Additionally, we tested whether a co-transfection of both miRNA mimics was required

to trigger phenotypic changes.

After 48 hours, miR-141-3p levels were significantly increased in cells transfected with miR-
141-3p mimic, while miR-200c-3p levels remained unchanged. Similarly, intracellular levels of
mature miR-200c-3p were markedly increased upon transfection of miR-200c-3p mimic in all
cell lines (Figure 3a-d), confirming the selective and efficient action of miRNA mimics. Co-
transfection of both miRNA mimics led to a robust overexpression of both miRNAs, reaching

similar levels as transfections with the individual miRNA mimics.
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Figure 2: Endogenous expression of miR-200 family members distinguishes epithelial and
mesenchymal BTC cell lines and correlates with IC expression. (a) Unsupervised hierarchical
clustering of normalized endogenous expression levels (z score) of miR-200 family members (miR-141-
3p, miR-200a-3p, miR-200b-3p, miR-200c-3p, miR-429), epithelial markers (CDH1, KRTS),
mesenchymal markers (ZEB1, ZEB2, Vimentin, COL3A1, N-Cadherin), and ICs (right panel) across ten
BTC cell lines and the immortalized cholangiocyte cell line MMNK-1. (b-g) Spearman’s rank correlation
between the average miR-200 family expression and the average expression of epithelial markers,
mesenchymal markers, ICs, or the individual expression of LGALS9, PD-L1, and TNFSF9. Spearman’s
rank correlation coefficient (r) and significance level (P) are indicated within the graphs. Reproduced
with modifications from (1,2) with permission via the CC BY 4.0 license.
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The effects of miRNA mimic transfection on EMT marker expression varied. In HuH-28 and
MMNK-1 cells, transient overexpression of miR-200c-3p, but not miR-141-3p, resulted in a
significant increase in epithelial marker expression and a partial decrease of mesenchymal
markers, indicating an expected miR-200 family-mediated shift from a mesenchymal to a more
epithelial phenotype (Figure 3g, h). Co-transfection of both mimics delivered similar results as

individual miR-200c-3p overexpression.

No significant changes of EMT marker expression upon transient miRNA overexpression were
observed in HUCC-T1 cells (Figure 3e), suggesting that an additional supply of miR-200 family
members does not further influence a pre-existing epithelial phenotype. Of note, although
baseline CDH1 transcript levels were below the RT-qgPCR detection limit in OCUG-1 cells and
therefore not quantified (Figure 3f), transient miR-141-3p and miR-200c-3p overexpression
resulted in detectable CDH1 levels, indicating a partial shift toward an epithelial state.

However, expression levels of KRT8 or ZEB1 were not influenced.

Consistent with results on RNA level, ZEB1 and CDH1 protein levels were only marginally
influenced by transient miR-141-3p or miR-200c¢-3p overexpression in the epithelial HUCC-T1
cells (Figure 4a). In contrast, mesenchymal HuH-28 and MMNK-1 cells displayed a notable
decrease in ZEB1 protein levels upon miR-141-3p mimic and miR-200c¢c-3p mimic transfection
compared to cells transfected with negative control (Figure 4b, c). Of note, although RT-gPCR
detected minimal levels of CDH1 mRNA in these mesenchymal cells, protein levels could not

be determined due to the lower sensitivity of western blotting.

In conclusion, both RNA and protein data suggest that transient overexpression of miR-141-
3p and miR-200c-3p via miRNA mimic transfection is effective and generally capable of

inducing epithelial characteristics in originally mesenchymal cell lines.
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Figure 3: Transfection of miR-141-3p mimic and miR-200c-3p mimic increases levels of
intracellular mature miRNAs and influences epithelial and mesenchymal marker expression.
HuCC-T1 (n=5), OCUG-1 (n=3), HuH-28 (n=5), and MMNK-1 (n=5) cells were transfected with miScript
mir-141-3p mimic, miScript miR-200c-3p mimic, both mimics, or Allstars Negative Control for 48 hours.
Resulting intracellular RNA levels of (a-d) mature miRNAs, (e-h) epithelial markers CDH1, KRT8 or
mesenchymal markers ZEB1, ZEB2 were measured by RT-qPCR. Data is presented as mean + SD.
Statistical significance was determined using one-way ANOVA corrected for multiple comparisons with
the Bonferroni method for n=3 data and Kruskal-Wallis test corrected for multiple comparisons with the
Dunn method for n = 5 data. * P<0.05, ** P<0.01, *** P<0.001. 141 = miScript miR-141-3p, 200c =
miScript miR-200c-3p. n.d. = not detectable. Reproduced with modifications from (1) with permission
via the CC BY 4.0 license.
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Figure 4: Transient miR-141-3p and miR-200c-3p overexpression decreases ZEB1 protein levels.
(a) HuCC-T1, (b) HuH-28, and (c) MMNK-1 cells were transfected with miScript mir-141-3p mimic,
miScript miR-200c-3p mimic, or Allstars Negative Control for 72 hours. Resulting intracellular protein
levels of CDH1, ZEB1, and Cofilin (used as loading control) were analyzed by western blot. 141 mimic
= miScript miR-141-3p mimic, 200c mimic = miScript miR-200c-3p mimic, Neg. Ctrl. = Allstars Negative
Control. Reproduced with modifications from (1) with permission via the CC BY 4.0 license.

3.3. Transient miR-141-3p and miR-200c-3p overexpression impact

IC expression

After confirming the successful and functional overexpression of miR-141-3p and miR-200c-
3p, we sought to determine the influence on IC expression. To this end, cells were transfected
with either miR-141-3p mimic, miR-200c-3p mimic, or both mimics, and resulting changes in

the expression levels of multiple ICs were analyzed via RT-gPCR.

While the transient overexpression of miR-141-3p had a negligible influence on the transcript
levels of ICs, transfection of the miR-200c-3p mimic consistently elevated mRNA levels of
LGALS9, PD-L1, and IDO1 across all tested cell lines (Figure 5a-d). Additionally, ICs such as
Galectin-3 (LGALS3), Carcinoembryonic Antigen-Related Cell Adhesion Molecule 1
(CEACAM1), Programmed Cell Death 1 Ligand 2 (PD-L2), and B7 Homolog 2 (B7H2) showed
increased expression upon miR-200c-3p mimic transfection in individual cell lines, though

these ICs were not further studied due to cell-line specific effects.

Co-transfection of miR-141-3p and miR-200c-3p mimics altered the expression levels of ICs
(Figure 5a-d). However, since the overexpression patterns closely mirrored the miR-200c-3p
mimic-driven changes, we concluded that this effect was primarily driven by the miR-200c-3p

mimic alone rather than any synergistic action of the miRNA mimic combination.

44



Bl miScript miR-141-3p mimic
Bl miScript miR-200c-3p mimic
Bl both mimics

a HuCC-T1
7- *%
6 *
5-
4 = *
O 3-
3 2 .

nd. _Zr nd Iz

b OCUG-1

7 - *k%k
*%k%*

*kk pewex
*%k%
5 = *k% ******

4_ k% *kx

AACt

1 -
0 n.d. m nd. nd. T

7]
o
c

T
N
©

4' *%

**

AACt

1_ *%

*%

d MMNK-1

*
K% *% *%
*

AACt

Figure 5: Transfection of miR-200c-3p mimic, but not miR-141-3p mimic, leads to an increased
IC expression. (a) HUCC-T1 (n=5), (b) OCUG-1 (n=3), (¢) HuH-28 (n=5), and (d) MMNK-1 (n=5) cells
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were transfected with miScript mir-141-3p mimic, miScript miR-200c-3p mimic, both mimics, or Allstars
Negative Control for 48 hours. Resulting intracellular RNA levels of ICs were analyzed by RT-qPCR.
Data is presented as mean + SD. Statistical significance was determined using one-way ANOVA
corrected for multiple comparisons with the Bonferroni method for n=3 data and Kruskal-Wallis test
corrected for multiple comparisons with the Dunn method for n=5 data. * P<0.05, ** P<0.01, *** P<0.001.
n.d. = not detectable. Reproduced with modifications from (1) with permission via the CC BY 4.0 license.

Observed expression changes at the RNA level were partly validated at the protein level. In
HuCC-T1 cells, transient overexpression of miR-200c¢c-3p resulted in a minimal increase in PD-
L1 protein, whereas IDO1 protein levels were significantly elevated compared to negative-
control-transfected cells. Transfection with miR-141-3p mimic also increased IDO1 level,
although to a lesser extent (Figure 6a). In HuH-28 cells, transient overexpression of miR-200c-
3p, but not miR-141-3p, caused a notable increase in both PD-L1 and IDO1 protein (Figure
6b). In MMNK-1 cells, while IDO1 remained undetectable consistent with its mMRNA level, PD-
L1 protein was notably increased upon transfection with miR-200c-3p mimic, but unaffected

by miR-141-3p mimic.

Collectively, RNA and protein data demonstrate that especially miR-200c-3p mimic transfection
results in a consistent upregulation of LGALS9, PD-L1, and IDO1 across all tested cell lines,

implying a promising regulatory connection between miR-200c-3p and these ICs.

a b c
HuCC-T1 HuH-28 MMNK-1
«Da 141 mimic 200c mimic Neg. Ctrl. kDa 141 mimic 200c mimic Neg. Ctrl. kDa 141 mimic_200c mimic _Neg. Ctrl.
50 - " 50+ -
ool SO - B |Fo-Li ~ PD-L1
IDO1 . IDO1
| —

37

204 Cofili 20 - e 20 3
--- ofilin ofilin — “ Cofilin

Figure 6: Transfection of miR-141-3p mimic and miR-200¢c-3p mimic increases PD-L1 and IDO1
protein. (a) HUCC-T1, (b) HuH-28, and (¢) MMNK-1 cells were transfected with miScript mir-141-3p
mimic, miScript miR-200c-3p mimic, or Allstars Negative Control for 72 hours. Resulting intracellular
protein levels of PD-L1, IDO1, and Cofilin (used as loading control) were analyzed by western blot. 141
mimic = miScript miR-141-3p mimic, 200c mimic = miScript miR-200c-3p mimic, Neg. Ctrl. = Allstars
Negative Control. Reproduced with modifications from (1) with permission via the CC BY 4.0 license.

3.4. Influence of miR-200c-3p on ICs is independent of miR-
200/ZEB1 axis

The miR-200 family is known to influence EMT primarily through its negative regulation of
ZEB1 (182). Therefore, to explore the extent to which the observed miR-200c-3p-mediated
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effects on ICs are dependent on this interaction, we transiently knocked down ZEB1
expression in mesenchymal OCUG-1, HuH-28, and MMNK-1 cells using siRNA transfection,

and analyzed the resulting expression levels of ICs on RNA level.

SiRNA-mediated knockdown of ZEB1 significantly reduced intracellular ZEB1 transcript levels
in HuH-28 and MMNK-1 cells and resulted in tendentially increased expression levels of CDH1
(Figure 7b, c). In OCUG-1 cells, although ZEB1 knockdown was less efficient, we could notice
a non-quantifiable upregulation of CDH1 similar to what we observed in the transient miRNA
overexpression experiments, indicating a functional manipulation of ZEB1 (Figure 7a).
However, despite these changes, the expression levels of ICs remained mostly unchanged

across all cell lines (Figure 7d-f).

These results suggest that the observed miR-200c-3p-mediated upregulation of ICs is likely
independent of its interaction with ZEB1, indicating that alternative mechanisms beyond the

miR-200c-3p/ZEB1 axis are involved in regulating IC expression.

3.5. Reduction of miR-200c-3p levels does not influence IC

expression

Given the ZEB1-independent influence of miR-200c-3p on ICs, we hypothesized that miR-
200c-3p might regulate ICs through mechanisms involving different negative regulators of ICs,
whether related to EMT or not. Specifically, reducing miR-200c-3p could increase expression
levels of these regulators, which might then result in a decreased expression of ICs such as
LGALSS9, PD-L1, and IDO1.

To follow up on this hypothesis, we reduced the levels of functional miR-141-3p and miR-200c-
3p in epithelial HUCC-T1 cells using miRNA inhibitors — synthetic nucleotides designed to bind
and effectively sequester target miRNAs, thereby reducing their functional pool in the cell. We

then examined transcriptional changes in EMT markers and ICs via RT-gPCR.

Transfection with the miR-141-3p inhibitor led to a minimal reduction in miR-141-3p levels,
making it challenging to draw clear conclusions regarding its downstream effects. In contrast,
miR-200c-3p inhibitor significantly reduced miR-200c-3p levels (Figure 8a). Despite this
effective reduction, the mRNA levels of EMT markers (Figure 8b), or ICs (Figure 8c) remained
mostly unchanged. Comparable results were observed for HUCC-T1 cells simultaneously
transfected with both miRNA inhibitors (Figure 8a-c).
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Figure 7: ZEB1 knockdown does not affect IC expression. OCUG-1 (n=3), HuH-28 (n=5), and
MMNK-1 (n=5) cells were transfected with a siRNA targeting ZEB1 (siZEB1) or Allstars Negative Control
for 48 hours. Resulting intracellular RNA levels of (a-c) epithelial markers CDH1, KRT8, mesenchymal
markers ZEB1, ZEB2, and (d-f) ICs were analyzed by RT-qPCR. Data is presented as mean + SD.
Statistical significance was determined using Mann-Whitney test for n=5 data and unpaired t test for n=3
data. Analysis was corrected for multiple comparisons using the Bonferroni-Dunn method. * P<0.05. n.d.
= not detectable. Reproduced with modifications from (1,2) with permission via the CC BY 4.0 license.
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Figure 8: Reduction of miR-200c-3p levels fails to induce transcriptional changes in EMT markers
and ICs. HUCC-T1 (n=3) cells were transfected with miRCURY mir-141-3p inhibitor, miRCURY miR-
200c¢-3p inhibitor, both inhibitors, or miRCURY miRNA Inhibitor Control for 48 hours. Resulting
intracellular RNA levels of (a) miR-141-3p and miR-200c-3p, (b) epithelial markers CDH1, KRTS,
mesenchymal markers ZEB1, ZEB2, and (c) ICs were analyzed by RT-qPCR. Data is presented as
mean + SD. Statistical significance was determined using one-way ANOVA corrected for multiple
comparisons with the Bonferroni method. * P<0.05. n.d. = not detectable.

3.6. miR-200c-3p does not target Bridging Integrator-1 (BIN1)

In an effort to understand the miR-200c¢-3p effect on LGALS9, PD-L1, and IDO1, we extended
our investigation to its potential impact on known negative regulators of respective ICs. While
identifying direct negative regulators of ICs proved challenging due to their complex and
context-dependent regulatory networks, Bridging Integrator-1 (BIN1) emerged as promising
candidate for further exploration. BIN1 expression has been reported to be inversely correlated

with IDO1 expression in acute myeloid leukemia and has been confirmed to be a direct
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negative regulator of IDO1 expression (226,227). Thus, we hypothesized that miR-200c-3p

might directly target BIN1, explaining its positive impact on IDO1 expression.

We performed computational analysis using TargetScan v8.0 (228), miRDB (229), and mirWalk
v3.0 (230), which identify complementary sequences between the seed region of miRNAs and
potential target transcripts. However, none of these algorithms predicted any miR-200c-3p

binding sites within the BIN1 gene, including its 3’ and 5’ UTRs.

Given the limitations of computational predictions, we conducted additional experimental
validation, which confirmed that BIN1 expression levels remained unaffected by transient miR-
200-3p overexpression (Figure 9a-d). This ruled out the possibility that miR-200c-3p-
dependent BIN1 downregulation is responsible for the observed increase in IDO1 expression

levels upon miR-200c-3p overexpression.

El miScript miR-200c-3p mimic

a b c d
HuCC-T1 OCUG-1 HuH-28 MMNK-1
1.0~ 1.0~ 1.0~ 1.0-
0.5- 0.5- 0.5- 0.5-
Q pojmsm. QO (0 S 0.0 S o.o-;—
< < -T_ < <
-0.5- -0.5- -0.5- -0.5-
1.0 1.0 -1.0- -1.0-
BIN1 BIN1 BIN1 BIN1

Figure 9: miR-200c-3p does not regulate BIN1 expression. (a) HUCC-T1 (n=5), (b) OCUG-1 (n=3),
(c) HuH-28 (n=5), and (d) MMNK-1 (n=5) cells were transfected with miScript miR-200c-3p mimic or
Allstars Negative Control for 48 hours. Resulting intracellular RNA levels of BIN1 were analyzed by RT-
gPCR. Data is presented as mean = SD. Statistical significance was determined using Mann-Whitney
test for n=5 data, and unpaired t test for n=3 data.

3.7. Stable miR-200c-3p overexpression fails to replicate transient
effects

In light of our ongoing challenges in clarifying the relationship between miR-200c-3p and the

regulation of LGALS9, PD-L1, and IDO1, we sought further insight by utilizing additional

experimental models. To this end, we generated stable miR-200c-3p overexpression cell lines

using lentiviral transduction. In contrast to transient overexpression with miRNA mimics, stable
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overexpression requires endogenous miRNA biogenesis and maturation, providing a more

physiological setting to study miRNA functions.

After selecting and enriching for cells with high levels of integrated miR-200¢-3p, we compared
the mRNA levels of EMT markers and ICs to matched control cells transduced with empty
lentiviral vectors. Although we successfully generated OCUG-1 and MMNK-1 cells that
displayed significantly elevated expression levels of miR-200c-3p and an epithelial-like state
compared to their control counterparts, this stable overexpression model failed to replicate the
robust upregulation of LGALS9, PD-L1, and IDO1 observed in the miR-200c-3p mimic

transfection experiments (Figure 10a, b).

This implies that mechanisms beyond the physiological function of miR-200c-3p may drive the

regulation of IC expression, prompting us to consider non-specific effects.
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Figure 10: Stable miR-200c-3p overexpression cells do not have altered IC expression levels. (a)
OCUG-1 (n=3) and (b) MMNK-1 (n=3) cells were transduced with lentiviruses harboring miR-200c-3p
gene-containing vectors and selected and enriched for successful miR-200c-3p gene integration.
Resulting intracellular RNA levels of miR-200c-3p, epithelial markers CDH1, KRT8, mesenchymal
markers ZEB1, ZEB2, and ICs LGALS9, PD-L1, IDO1 were analyzed by RT-gPCR. Data is presented
as mean = SD. Statistical significance was determined using unpaired t test corrected for multiple
comparisons using the Bonferroni-Dunn method. * P<0.05, *** P<0.001. n.d. = not detectable.
Reproduced with modifications from (1,2) with permission via the CC BY 4.0 license.
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3.8. The miScript miR-200c-3p mimic leads to the IC upregulation

Given the concerning discrepancy between transient and stable miR-200c-3p overexpression
models, coupled with the inconclusive outcomes of previous experiments, we started to
question the origin of the IC upregulation following miR-200c-3p mimic transfection. Having
considered many conventional explanations for a miR-200c-3p-mediated IC upregulation, we
hypothesized that the observed effects may not be driven by the introduced miR-200c-3p itself,

but rather by the miR-200c-3p mimic used in the transient overexpression experiments.

To investigate this possibility, we utilized a miR-200c-3p mimic from a different manufacturer.
Unlike the initially used miScript miR-200¢c-3p mimic, which contained the mature miRNA
sequence and its complementary passenger strand, the new mirVana miR-200c-3p mimic was
additionally chemically modified to minimize any potential off-target effects. By comparing the
effects of the original miScript mimic with the mirVana version, we hoped to clarify the

underlying mechanisms driving the IC upregulation.

As anticipated, while reached intracellular miR-200c-3p levels and the effects on CDH1 were
highly comparable between the two miR-200c-3p mimics, the upregulation of LGALS9, PD-L1,
and IDO1 was completely absent when transfecting cells with the mirVana mimic (Figure 11a-
d). This confirmed that the IC upregulation following a transfection with miScript miR-200c-3p
mimic was likely caused by non-specific effects, rather than the action of the mature miR-200c-

3p itself.

3.9. The miScript miR-200c-3p mimic triggers innate immunity

Realizing that the IC upregulation was driven by non-specific effects, we aimed to better
understand the mechanisms behind the drastic differences regarding IC regulation between
the miScript miR-200c-3p mimic and the mirVana miR-200c-3p mimic. We hypothesized that
the miScript miR-200c-3p mimic might be recognized as foreign dsRNA, thereby triggering an

innate immune response in transfected cells.

To investigate this, we transfected cells with either miScript miR-200c-3p mimic, mirVana miR-
200c-3p mimic, or miScript miR-141-3p mimic and analyzed transcriptional changes in key
components indicative of an innate immune response. We focused on the expression of dsRNA
sensors such as TLR3, RIG-I, and MDADS5, interferons including type | IFN-(3, type Il Interferon
Lambda 1 (IFN-A1), and Interferon Lambda 2 (IFN-A2), as well as antiviral effectors such as
OAS1, MX1, and PKR.
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Figure 11: mirVana m|R-200c-3p mimic does not influence IC expression. (a) HUCC-T1 (n=3), (b)
OCUG-1 (n=3), (c) HuH-28 (n=3), and (d) MMNK-1 (n=3) cells were transfected with mirVana miR-200c-
3p mimic or mirVana mimic Negative Control for 48 hours. Resulting intracellular RNA levels of miR-
200c-3p, epithelial marker CDH1, mesenchymal marker ZEB1, and ICs LGALS9, PD-L1, IDO1 were
analyzed by RT-qPCR. Data is presented as mean + SD. Statistical significance was determined using
unpaired t test corrected for multiple comparisons using the Bonferroni-Dunn method. * P <0.05, **
P<0.01, *** P<0.001. n.d. = not detectable. Reproduced with modifications from (1,2) with permission
via the CC BY 4.0 license.

Upon transfection of HUCC-T1 and OCUG-1 cells with miScript miR-200c-3p mimic, but not
mirVana miR-200c-3p mimic, expression levels of RIG-I and MDAS5, IFN-B IFN-A1, and IFN-
A2, and MX1 and OAS1 were markedly increased (Figure 12a, c). A similar miScript miR-200c-
3p mimic-driven upregulation of interferons was detected in HuH-28 cells (Figure 12e). In
contrast, we did not observe a consistent increase in interferon levels of cells transfected with
miScript miR-141-3p mimic (Figure 12b, d, f), nor in stable miR-200c-3p overexpression cell

lines (Figure 12g).
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These findings suggest that the miScript miR-200c-3p mimic triggers a dsRNA-mediated
innate immune response, indicated by an induction of interferon expression and the
upregulation of antiviral effector genes. Since this response was absent in cells transfected
with mirVana miR-200c-3p mimic transfection and in stable miR-200c-3p overexpression
models, it appears evident that these effects are independent of physiological function of miR-
200c¢-3p.

3.10. The miScript miR-200c-3p mimic impacts cell viability

An activation of innate immunity frequently triggers programmed cell death (231). Therefore,
to investigate whether the transcriptional changes induced by miScript miR-200c-3p mimic
correspond to phenotypic alterations indicative of an active innate immune response, we
compared cell numbers and apoptotic rates in HUCC-T1 and OCUG-1 cells transfected with

miScript miR-200c-3p mimic, mirVana miR-200c-3p mimic, or miScript miR-141-3p mimic.

In HUCC-T1 cells, miScript miR-200c-3p mimic significantly reduced the number of
metabolically active cells 96 hours post-transfection, compared to cells transfected with the
corresponding negative control. In contrast, both the mirVana miR-200c-3p mimic and miScript
miR-141-3p mimic only led to a tendential decrease (Figure 13a). Similarly, in OCUG-1 cells,
transfection with miScript miR-200¢c-3p mimic led to the strongest reduction in cell numbers,
whereas the mirVana miR-200c-3p mimic and miR-141-3p mimic resulted in mild decreases
(Figure 13c).

To evaluate the role of apoptosis, we measured the activity of effector caspases-3 and -7 using
a Caspase 3/7 Glo® assay. In OCUG-1 cells, transfection with the miScript miR-200c-3p mimic
resulted in an increased caspase-3 and -7 activity indicative of apoptosis induction, while the
other mimics had a negligible effect (Figure 13d). Interestingly, in HUCC-T1 cells, no notable
differences in caspase activity were observed between the miRNA mimic transfections,
suggesting that apoptosis likely did not account for the reduced cell numbers in the WST-1

assay (Figure 13b).

In summary, these results indicate that while apoptosis may be induced in OCUG-1 cells, it
does not seem to be the predominant form of cell death in miScript miR-200¢c-3p mimic-
transfected HUCC-T1 cells. Instead, other forms of cell death or additional effects on cell cycle

progression might contribute to the observed cell number reductions.
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Figure 12: The miScript miR-200c-3p mimic triggers innate immune responses. HUCC-T1 (n=5),
OCUG-1 (n=3), HuH-28 (n=5) were transfected with miScript miR-141-3p mimic, miScript miR-200c-3p
mimic, mirVana miR-200c-3p mimic, or corresponding negative controls for 48 hours. (a-f) Resulting
intracellular RNA levels of dsRNA sensors TLR3, RIG-I MDA5, interferons IFN-B (IFNB1), IFN-A1
(IFNL1), IFN-A2 (IFNL2), and antiviral effectors OAS1, MX1, PKR were analyzed by RT-qPCR. (g) The
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intracellular RNA levels of IFN-B (IFNB1), IFN-A1 (IFNL1), and IFN-A2 (IFNL2) of stable miR-200c-3p
overexpression OCUG-1 and MMNK-1 cells were analyzed by RT-qPCR. Data is presented as mean +
SD. For (a, c), statistical significance was determined using one-way ANOVA corrected for multiple
comparisons with the Bonferroni method for n=3 data, and Kruskal-Wallis test corrected for multiple
comparisons with the Dunn method for n=5 data. For (b, d, e-g), unpaired t test was used for n=3 data
and Mann-Whitney test for n=5 data, corrected for multiple comparisons with the Bonferroni-Dunn
method. * P<0.05, ** P<0.01, *** P<0.001. n.d. = not detectable. Reproduced with modifications from (1)
with permission via the CC BY 4.0 license.
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Figure 13: The miScript miR-200c-3p mimic influences cell viability. (a) HUCC-T1 (n=6) and (c)
OCUG-1 (n=6) cells were transfected with miScript miR-141-3p mimic, miScript miR-200c-3p mimic,
mirVana miR-200c-3p mimic, corresponding negative controls, or cell death control for up to 96 hours.
Metabolically active cells were determined using a WST-1 assay. (b) HUCC-T1 (n=4; miScript miR-200c-
3p n=2) and (d) OCUG-1 (n=4) were transfected with miScript miR-141-3p mimic, miScript miR-200c-
3p mimic, mirVana miR-200c-3p mimic, corresponding negative controls, or cell death control for 72
hours. Activity of effector caspases-3 and -7 was measured using a Caspase3/7 Glo® assay. Data are
shown as mean = SD. Statistical significance was determined using Kruskal-Wallis test corrected for
multiple comparisons with the Dunn method. *** P<0.001. RLU = Relative Light Unit. Reproduced with
modifications from (1) with permission via the CC BY 4.0 license.
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3.11. The effect of miScript miR-200c-3p mimic extends to further
dsRNA species

Considering our evidence that the miScript miR-200c-3p mimic triggers a dsRNA-mediated
innate immune response, resulting in the upregulation of interferons and antiviral effectors, we
aimed to determine whether this effect was specific to this miRNA mimic or could extend to
further dsRNA species.

To investigate this further, we made use of poly(l:C), a synthetic dsRNA analog known for its
potent activation of innate immunity. Since poly(l:C) is structurally distinct from the miScript
miR-200c-3p mimic and lacks sequence similarities, it served as valuable surrogate to evaluate
whether the miRNA mimic-induced effects were generalizable. Replicating our findings with
poly(l:C) would not only reinforce the hypothesis that the miScript miR-200c-3p mimic induces
canonical dsRNA-mediated innate immune responses, but also allow us to shift focus from the

non-specific effects of the miRNA mimic to a broader mechanism of innate immunity activation.

When OCUG-1 and HUCC-T1 cells were transfected with poly(l:C), we observed strikingly
similar effects to those induced by the miScript miR-200¢c-3p mimic. In both cell lines, poly(l:C)
triggered a robust upregulation of dsRNA sensors TLR3, RIG-I and MD5, the induction of
interferons IFN-B3, IFN-A1, and IFN-A2 expression, and transcriptional alterations in antiviral
effectors OAS1, MX1, and PKR (Figure 14a, b). Of note, although IFN-A1 and IFN-A2
expression levels were below the RT-gPCR detection limit in OCUG-1 control cells, these
interferons were clearly detectable in poly(l:C)-transfected cells, indicating a considerable,

albeit non-quantifiable, upregulation (Figure 14b).

Importantly, the similar upregulation patterns between poly(l:C) and miScript miR-200c-3p
mimic extended to ICs as well. Poly(l:C) transfection led to a significant increase in the
expression of ICs LGALS9, PD-L1, and IDO1 (Figure 14a, b).

These findings confirmed that the miR-200c-3p mimic caused a typical dsRNA-mediated
innate immune system, which is not unique to the specific mimic but is reproducible with further

dsRNA species like poly(l:C).
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Figure 14: Poly(l:C) transfection mirrors miScript miR-200c-3p mimic effects. (a) HUCC-T1 (n=3)
and (b) OCUG-1 (n=3) cells were transfected with poly(l:C) or Mock Control for 48 hours. Resulting
intracellular RNA levels of dsRNA sensors TLR3, RIG-I, MDAS5, interferons IFN-B (IFNB1), IFN-A1
(IFNL1), IFN-A2 (IFNL2), antiviral effectors MX1, PKR, OAS1, and ICs LGALS9, PD-L1, IDO1 were
analyzed with RT-gPCR. Data are shown as mean t SD. Statistical significance was determined using
unpaired t test corrected for multiple comparisons with the Bonferroni-Dunn method. * P<0.05, ** P<0.01,
*** P<0.001. n.d. = not detectable.

Additionally, while the activation of key transcription factors involved in dsRNA-mediated innate
immunity was not detected in cells transfected with miScript miR-200¢c-3p mimic - possibly due
to its weaker overall effects - we were able to confirm the involvement of NF-kB and IRF3
following poly(I:C) transfection. Specifically, poly(l:C)-transfected HuCC-T1 cells showed
higher levels of NF-kB nuclear translocation compared to control cells, as evidenced by the
increased overlap between the red NF-kB signal and the blue nuclear DAPI staining (Figure
15a, b). Furthermore, increased levels of phosphorylated IRF3 were detected in poly(l:C)-
transfected HUCC-T1 cells compared to control cells (Figure 15c¢). Together, these findings

indicate the activation of NF-kB and IRF3 following poly(l:C) transfection.
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Figure 15: Poly(l:C) promotes nuclear translocation of NF-kB and leads to elevated levels of
phosphorylated IRF3. (a) HUCC-T1 cells were transfected with poly(l:C) or Mock Control for 3 hours.
Intracellular NF-kB (red) and DAPI-stained nuclei (blue) were visualized by immunofluorescence.
Representative images of the nuclear plane were captured using 20x objective magnification. (b)
Zoomed-in images of selected sections marked in white. (¢) HUCC-T1 cells were transfected with
poly(l:C) or Mock Control for 3 hours. Resulting intracellular protein levels of phosphorylated IRF3, total
IRF3, and Cofilin (used as loading control) were analyzed by western blot. The first lane (Poly(I:C)) and
the last lane (Mock Ctrl.) of a full membrane were cropped and pasted next to each other, as the middle
lanes were not relevant for this particular analysis.
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3.12. Upregulation of ICs is dependent on JAK/STAT signaling

After establishing that both miScript miR-200c-3p mimic and poly(l:C) triggered innate immune
responses, while also leading to the upregulation of ICs, we aimed to investigate the potential
connection between these two processes. Based on previous findings linking IFN-B to the
expression of PD-L1in NSCLC, we hypothesized that IFN- might play a pivotal role in bridging

innate immune responses and IC expression (232).

To follow up on this hypothesis, we first aimed to confirm that poly(l:C) transfection not only
increased IFN-B mRNA levels, but also resulted in an elevated secretion of IFN-f3 protein.
Using an ELISA assay to analyze the extracellular IFN-B concentration in the cell culture
supernatants, we found that both HUCC-T1 and OCUG-1 cells transfected with poly(l:C)
exhibited significantly higher extracellular IFN-B concentrations compared to the non-
detectable levels of control cells. (Figure 16a, b). Furthermore, we demonstrated that both
HuUCC-T1 and OCUG-1 cells show baseline expression of the receptor subunits IFNAR1 and
IFNAR2, which form the heterodimeric receptor for type | interferons. The expression levels of
these subunits were comparable to those of the housekeeper GAPDH, indicating that the cells

are generally equipped to react to extracellular IFN-B (Figure 16c¢, d).

We hypothesized that extracellular IFN-B may engage with interferon receptors on the same
or neighboring cells in an autocrine or paracrine manner, thereby regulating the IC expression
via the activation of the JAK/STAT signaling pathway. To test this, we inhibited JAK/STAT
signaling using ruxolitinib, a well-established inhibitor of JAK1, JAK2, and TYK2. In HUCC-T1
and OCUG-1 cells, co-treatment with ruxolitinib significantly reduced the poly(l:C)-induced
upregulation of LGALS9, PD-L1, and IDO1, returning their expression levels back to baseline.
Similarly, the poly(l:C)-mediated overexpression of dsRNA sensors TLR3, RIG-I, and MDAS5,
and antiviral effectors MX1, PKR, and OAS1 was potently diminished by ruxolitinib co-
treatment. Interestingly, poly(l:C)-mediated interferon expression, although reduced, remained
elevated despite ruxolitinib treatment, suggesting that the regulation of interferon expression

occurs primarily upstream of the JAK/STAT signaling pathway (Figure 16e, f).

Of note, while we primarily focused on IFN-3, we cannot exclude an effect of type Il interferons
such as IFN-A1 and IFN-A2 on the IC upregulation, as we also noticed baseline expression of

subunits for their respective receptors IFNLR1 and IL10RB (Figure 16c, d).

Conclusively, these findings highlight the essential role of the JAK/STAT signaling pathway in

linking the dsRNA-mediated activation of innate immune responses to the upregulation of ICs.
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Figure 16: Poly(l:C)-induced downstream effects depend on JAK/STAT signaling. (a, b) HuCC-T1
(n=3) and OCUG-1 (n=3) cells were transfected with poly(l:C) or Mock Control for 48 hours. The
extracellular IFN-B concentration was determined by an ELISA of the cell culture supernatant. Data are
shown as mean + SD. (¢, d) Endogenous levels of interferon receptor subunits IFNAR1, IFNARZ2,
IFNLR1, IL10RB of HuCC-T1 (n=6) and OCUG-1 (n=6) were analyzed with RT-gPCR. Mean Ct values
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are shown. For comparison, mean Ct values of GAPDH (G) are depicted as dotted line. (e, f) HuCC-T1
(n=3) and OCUG-1 (n=3) cells were transfected with poly(l:C), poly(l:C) + ruxolitinib, or corresponding
negative controls for 48 hours. Resulting intracellular RNA levels of dsRNA sensors TLR3, RIG-I, MDAS5,
interferons IFN-B (IFNB1), IFN-A1 (IFNL1), IFN-A2 (IFNL2), antiviral effectors MX1, PKR, OAS1, and
ICs LGALSY9, PD-L1, IDO1 were analyzed with RT-gPCR. Data are shown as mean + SD. Statistical
significance was determined using one-way ANOVA corrected for multiple comparisons with the
Bonferroni method. * P<0.05, ** P<0.01, *** P<0.001. n.d. = not detectable.

3.13. Cells take up dsRNA in a more physiological setting

While our experimental findings using the miScript miR-200c-3p mimic and poly(1:C) provide
first insights into the dsRNA-mediated activation of innate immunity leading to an upregulation

of ICs, we questioned whether these findings might hold translational value.

We speculated about a pathophysiological scenario wherein BTC cells undergoing
immunogenic cell death release dsRNA species into the TME. These extracellular dsRNAs
could then be sensed by neighboring tumor cells as DAMPs, triggering an innate immune
response, similar to what we observed in our experimental setup. As interferons accumulate
in the TME, neighboring cells could adopt an immunosuppressive state by upregulating ICs in
a JAK/STAT-dependent manner.

For this speculative scenario to be feasible, however, a key question is whether tumor cells
are naturally capable of taking up extracellular dsRNA without relying on artificial lipid-based

transfection reagents, which are only relevant in an experimental setting.

To test this, poly(l:C) was directly added to HUCC-T1 and OCUG-1 cells without transfection
reagent, and the expression levels of ICs, dsRNA sensors, interferons, and antiviral effectors
were analyzed via RT-gPCR. In HUCC-T1 cells, the expression levels of most genes were
significantly increased compared to control cells, following patterns similar to those observed
with poly(l:C) transfection (Figure 17a). Interestingly, in OCUG-1 cells, no significant poly(l:C)-
induced upregulation of any of the tested genes was observed under these conditions (Figure
17b).

Nevertheless, the fact that transcriptional changes were induced by unassisted poly(l:C)
delivery in HUCC-T1 cells generally supports the notion that tumor cells can naturally take up

dsRNAs like poly(l:C), even though additional factors are likely to influence this ability.
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Figure 17: Unassisted delivery (=gymnosis) of poly(l:C) leads to transfection-like effects in
HuCC-T1 cells. Poly(I:C) without transfection reagent was added to the culture medium of (a) HUCC-
T1 (n=3) and (b) OCUG-1 (n=3) cells for 48 hours. Resulting intracellular RNA levels of dsRNA sensors
TLR3, RIG-I, MDAS5, interferons IFN- (IFNB1), IFN-A1 (IFNL1), IFN-A2 (IFNL2), antiviral effectors MX1,
PKR, OAS1, and ICs LGALS9, PD-L1, IDO1 were analyzed with RT-gPCR. Data are shown as mean +
SD. Statistical significance was determined using unpaired t test corrected for multiple comparisons with
the Bonferroni-Dunn method. * P<0.05, *** P<0.001. n.d. = not detectable.

3.14. Cisplatin treatment influences IC expression

Given previous reports that genotoxic stress can lead to the accumulation of atypical dsRNA
species within tumor cells, we were intrigued by the possibility that GemCis treatment of BTC
cells could induce similar effects (233). We hypothesized that GemCis-mediated accumulation
of endogenous dsRNA could activate innate immune responses and lead to the upregulation

of ICs through a mechanism analogous to that observed with poly(l:C).

To explore this hypothesis, we treated HUCC-T1 and OCUG-1 cells with cisplatin and
evaluated the expression levels of various ICs. Remarkably, cisplatin treatment resulted in an
upregulation of several ICs, including LGALS9, PD-L1, and IDO1 (Figure 18c, d).

Next, we sought to determine whether this upregulation could be mediated through dsRNA-
induced innate immune responses. To this end, we analyzed the expression levels of dsRNA
sensors, interferons, and antiviral effectors following cisplatin treatment. Interestingly, cisplatin
treatment of HUCC-T1 resulted in increased levels of dsRNA sensors TLR3, RIG-I, and MDAS5,
interferon IFN-B3, and antiviral effectors MX1, PKR, and OAS1 (Figure 18a). Similar, though

less pronounced, effects were observed in cisplatin-treated OCUG-1 cells (Figure 18Db).
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Interestingly, despite the robust upregulation of interferon-related genes, cisplatin treatment
did not lead to a detectable extracellular accumulation of IFN-B, unlike what was seen with

poly(l:C) transfection (Figure 18e, f).

In summary, these findings support the possibility that cisplatin treatment can induce the
upregulation of ICs such as LGALS9, PD-L1, and IDO1 potentially through dsRNA-mediated
innate immune activation. While this process might be partially driven by dsRNA sensing, as
observed with miScript miR-200c¢c-3p mimic or poly(l:C), the generally broader IC upregulation
and absence of detectable extracellular IFN-B indicate that other additional mechanisms may

also contribute to this effect.

3.15. Cisplatin effect is independent of extracellular dsRNA

We hypothesized that cisplatin treatment of BTC cells might induce genotoxic stress, leading
to the accumulation of dsRNA species, activation of innate immunity, and immunogenic cell
death. Thereby released intracellular components including dsRNA, could then be taken up by
neighboring cells, triggering innate immune responses and upregulating ICs, similar to the
effects observed with poly(l:C) transfection. In this model, release of endogenous dsRNA into

the extracellular space would play a central role.

Therefore, to investigate the potential role of extracellular dsRNA in the cisplatin-mediated IC
upregulation, we treated HUCC-T1 and OCUG-1 cells with cisplatin and added either
Benzonase, a general nuclease, or RNase lll, which specifically degrades dsRNA. If released

dsRNA were responsible for the effect, nuclease-mediated degradation should mitigate it.

However, despite cisplatin treatment increasing the RNA levels of tested genes as expected,
addition of neither Benzonase nor RNase Il reversed these effects, suggesting that
extracellular nucleic acids do not contribute to the cisplatin-mediated upregulation of ICs
(Figure 19a, b). Of note, the increased expression of certain genes upon RNase Il addition is
likely due to the sensitivity of HuCC-T1 cells to the nuclease-solvent glycerol, rather than any

biological impact of RNase lll itself (Figure 19a).
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Figure 18: Cisplatin induces innate immune responses and leads to increased IC expression.
HuCC-T1 (n=3) and OCUG-1 (n=3) cells were treated with cisplatin or NaCl for 48 hours. Resulting RNA
levels of (a, b) dsRNA sensors TLR3, RIG-I, MDAS5, interferons IFN-B (IFNB1), IFN-A1 (IFNL1), IFN-A2
(IFNL2), antiviral effectors MX1, PKR, OAS1, and (c, d) various ICs were analyzed with RT-qgPCR. (e,
f) The extracellular IFN- concentration was determined by an ELISA of the culture supernatants. Data
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are shown as mean = SD. Statistical significance was determined using unpaired t test corrected for
multiple comparisons with the Bonferroni-Dunn method. * P<0.05, ** P<0.01, *** P<0.001. n.d. = not
detectable.
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Figure 19: Cisplatin effect is not mediated by free extracellular nucleic acids. (a) HUCC-T1 (n=3)
and (b) OCUG-1 (n=3) cells were treated with cisplatin alone, cisplatin with added RNase IIl (dsRNA-
specific nuclease) or Benzonase (general nuclease), or corresponding negative controls for 48 hours.
Resulting intracellular RNA levels of dsRNA sensors TLR3, RIG-I, MDAS5, interferons IFN- (IFNB1),
IFN-A1 (IFNL1), IFN-A2 (IFNL2), antiviral effectors MX1, PKR, OAS1, and ICs LGALS9, PD-L1, IDO1
were analyzed with RT-qPCR. Data are shown as mean * SD. Statistical significance was determined
using one-way ANOVA corrected for multiple comparisons with the Bonferroni-Dunn method. * P<0.05,
** P<0.05, *** P<0.001. n.d. = not detectable.
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Frequently, DAMPs including various RNA species are released within extracellular vesicles
(EVs) (234,235). Therefore, we speculated that upon cisplatin treatment, endogenous dsRNA
might be secreted within EVs, protecting it from nuclease degradation in our earlier experiment,

thus explaining the lack of effects.

To test this hypothesis, we treated HUCC-T1 and OCUG-1 cells with cisplatin for 48 hours,
harvested the medium potentially enriched for extracellular vesicles with contents influencing
the IC expression in the tumor cells, and incubated culture-matched cells with this cisplatin-
conditioned medium. However, even with this experimental setup we could not detect any

transcriptional changes (Figure 20a, b).

Together, these findings rule out extracellular nucleic acids, including those potentially carried
by EVs, as contributors to the cisplatin-induced upregulation of ICs. Although not further
pursued within this dissertation, this suggests that cisplatin triggers innate immunity and
subsequent IC expression in a cell-intrinsic mechanism, independent of autocrine or paracrine
signaling involving nucleic acids or IFN-B. Ongoing research is focused on investigating these

potential cell-autonomous processes.
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Figure 20: Cisplatin effect is not dependent on extracellular mediators. (a) HuCC-T1 (n=3) and (b)
OCUG-1 (n=3) cells were treated with cisplatin-conditioned medium or standard growth medium for 48
hours. Resulting intracellular RNA levels of dsRNA sensors TLR3, RIG-I, MDA5, interferons IFN-8
(IFNB1), IFN-A1 (IFNL1), IFN-A2 (IFNL2), antiviral effectors MX1, PKR, OAS1, and ICs LGALS9, PD-
L1, IDO1 were analyzed with RT-qPCR. Data are shown as mean = SD. Statistical significance was
determined using unpaired t test corrected for multiple comparisons with the Bonferroni-Dunn method.
* P<0.05. n.d. = not detectable.
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4. Discussion

4.1. miR-200 family, EMT, and ICs

The initial goal of this PhD project was to investigate the miR-200 family as a potential
regulatory link between EMT and immune evasion mechanisms in BTC. This hypothesis was
based on several key factors: [1] members of the miR-200 family have been extensively
characterized and shown to play crucial roles in regulating EMT across various cancer types
(182,236,237); [2] EMT has been associated with immune evasion mechanisms such as the
expression of ICs and has been shown to predict immunotherapy responses (194,238-242);
[3] certain miR-200 family members have been found to directly repress immunosuppressive
factors, including ICs such as PD-L1 (199,243-248); [4] miR-200 family members have been
proposed as biomarkers in several cancer types, including cholangiocarcinoma, highlighting

their clinical relevance (249-253).

Initial correlation analyses of endogenously expressed miR-200 family members, EMT
markers, and ICs across eleven BTC cell lines revealed a potential link between the EMT
status and the expression of ICs. Unsupervised hierarchical clustering based on these
expression profiles identified two distinct epithelial and mesenchymal clusters among our cell
lines. This aligns with the established role of the miR-200 family/ZEB feedback loop in
regulating EMT and confirms that our in vitro cell line models effectively capture different EMT
states (186,254,255).

When analyzing the expression of ICs within the two clusters, certain ICs such as PD-L1, or
LGALS9 were predominantly expressed in cell lines with epithelial traits, whereas others like
TNFSF9 were exclusively expressed in cell lines with mesenchymal transcription patterns. Of
note, while ICs like PD-L1 and TNFSF9 only showed tendential correlation, PD-L1 expression
was highest in epithelial cell lines, whereas TNFSF9 expression was highest in mesenchymal
cells. This suggests that although the expression of certain ICs may preferentially align with
specific EMT states, the regulation of ICs like PD-L1 may be influenced by additional
mechanisms that are potentially origin- and context-specific. This speculation is supported by
contrasting findings showing that miR-200 family members can suppress PD-L1 expression in
different cancer entities and contexts (199,256). Nevertheless, the observed endogenous
expression patterns in BTC cell lines point to EMT-driven differences in IC expression, with the

miR-200 family acting as potential regulatory interface.
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We selected two miRNAs — miR-141-3p and miR-200c-3p — as representative surrogates to
further investigate the relationship between the miR-200 family, EMT, and IC regulation. This
selection was driven by two key factors. First, miR-141-3p and miR-200c-3p belong to the
same genomic cluster, indicating they share transcriptional regulation (257). Second, despite
this shared origin, they belong to different functional clusters due to a single-base difference
within their seed sequences. This variation allows them to potentially target different transcripts
or the same transcripts at different sites. Since this combination of traits suggests a
coordinated expression of these miRNAs, with potential interdependent functions to influence
a cells’ phenotype, we hoped to capture the cooperative, yet flexible regulatory roles of the
miR-200 family through this selection (258).

For our cell line selection, we chose HUCC-T1 as a representative epithelial BTC cell line, and
HuH-28 and OCUG-1 as model BTC cell lines with predominantly mesenchymal phenotypes.
Additionally, we included the telomerase-immortalized cholangiocyte cell line MMNK-1 with
mesenchymal characteristics, to allow for comparisons between cancer cells and non-
cancerous cells (221). Tissue origin also influenced our choice. HUCC-T1 and HuH-28 cells
originate from ICC, while OCUG-1 cells are derived from GBC (216,217,219). This selection
enabled us to compare cancer cells with different EMT states from a similar tissue origin, as
well as cells from distinct origins but with similar EMT characteristics, providing a broader

perspective on EMT and IC regulation across BTC biology.

4.2. Transient miR-200 family overexpression

To mechanistically explore the connection between the miR-200 family members, EMT, and
the regulation of ICs, we conducted gain-of-function experiments using miRNA mimics. In this
transient overexpression setting, we successfully upregulated the levels of miR-141-3p or miR-
200c-3p in our cell lines, and observed mostly expected downstream effects on the expression
of EMT markers. In HuH-28, MMNK-1, and to a lesser extent in OCUG-1 cells, transient miR-
200c-3p overexpression, but not miR-141-3p overexpression, resulted in an increased levels
of epithelial markers CDH1 and KRT8 and a concomitant decrease of mesenchymal markers
ZEB1 and ZEB2. The lacking effects in HUCC-T1 cells can be explained by the fact that this
epithelial cell line displays inherently high levels of miR-200 family members and minimal levels
of ZEB1 and ZEB2, thereby diminishing the suppressive impact of additional miR-200 family

supply within the miR-200/ZEB axis and consequently its influence on the epithelial markers.

In line with the RNA data, HuCC-T1 cells displayed inherently low protein levels of ZEB1 and
high CDH1, both of which were only marginally affected by miR-141-3p or miR-200c-3p mimic
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transfection. However, in HuH-28 and MMNK-1 cells, high endogenous ZEB1 protein levels
were reduced by miR-200c-3p and to a lesser extent by miR-141-3p mimic transfection. CDH1
levels were too low to be detected, underscoring the profound inherent mesenchymal
phenotype of these cells. The slightly stronger downregulation of ZEB1 by miR-200c¢-3p is
likely due to its greater number in putative binding sites in the 3'UTR of ZEB1 compared to
miR-141-3p (259). Interestingly, in MMNK-1 cells, ZEB1 downregulation was observed at the
protein level but not at RNA level. However, this discrepancy is not surprising for direct miRNA
targets, as translational repression often precedes mRNA decay, indicating that while RNA
levels remain unchanged at early time points, translation is already inhibited, leading to
detectable reductions in protein levels (260,261). Overall, transient miR-141-3p and miR-200c-
3p overexpression through miRNA mimic transfection was effective and sufficient to initiate a
MET program in mesenchymal cell lines, corroborating the well-established regulatory role of

miR-200 family members in EMT within our in vitro BTC models.

We observed that miR-200c-3p mimic transfection, but not miR-141-3p mimic transfection,
resulted in a robust upregulation of PD-L1, LGALS9, and IDO1 across all four tested cell lines.
This aligned with the positive correlation between endogenous expression levels of miR-200
family members and LGALS9 and PD-L1. Furthermore, these results could be replicated on
protein level for IDO1 and PD-L1. LGALS9 protein, however, was undetectable in any of the
cell lines. While we expected to observe transient changes of the LGALS9 protein based on
prior studies in different contexts, it is possible that the predominantly secreted nature of
LGALS9 and faster secretion dynamics in our cell lines caused intracellular protein levels to
fall below detection limits by the 72-hour mark (56,59,262). To this end, LGALS9 ELISA should

have been performed to additionally capture secreted LGALS9 in the cell culture supernatant.

Several studies highlighted the cooperative role of miRNAs, showing that when multiple
miRNAs bind to various components of the same signaling pathway, their combined effect
often surpasses that of targeting a single component (263,264). For instance, Zhou et al.
demonstrated that in the context of EMT in gastric cancer, overexpression of both miR-141-3p
and miR-200c-3p produced a significantly stronger effect than overexpressing either miRNA
alone (259). While we observed a similar, though less pronounced, effect on EMT marker
expression in BTC cells - with co-transfection of both miRNA mimics showing slightly enhanced
effects compared to individual miR-200c-3p mimic transfections — the same was not true in the
context of IC regulation. In fact, the effects of the combined miRNA mimics were generally
weaker than those of miR-200c-3p mimic transfection alone. This discrepancy is likely due to

the reduced miR-200c-3p mimic concentration in the dual transfection setting, rather than any
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meaningful biological contribution from the miR-141-3p mimic. Therefore, |IC upregulation
appears to be primarily driven by miR-200c-3p mimic, with miR-141-3p mimic having a

negligible impact in the analyzed BTC cell lines.

4.3. Connection between miR-200c-3p and IC expression

MiRNAs are well-known for downregulating the expression levels of their direct targets (265).
Consequently, we considered the possibility that miR-200c-3p does not directly target the ICs,
but rather leads to the downregulation of individual negative regulators or a potential common
negative regulator of LGALS9, PD-L1, and IDO1. In doing so, transcriptional constraints on the
respective ICs would be released, leading to their upregulation. This hypothesis seemed worth
investigating for several reasons. First, if miR-200c-3p regulates multiple ICs, it could enhance
our understanding of the crosstalk between EMT and immune evasion mechanisms. Second,
identifying miR-200c-3p-targeted negative regulators of ICs could illuminate the regulatory
networks that contribute to immune evasion in BTC. Lastly, these insights could have clinical
implications, as miR-200c-3p or potential target regulators might either serve as useful
biomarkers with their presence indicating certain immunotherapy strategies, or act as potential

therapeutic targets.

If miR-200c-3p targeted negative regulators of ICs and led to their downregulation upon
transient overexpression, a reduction in miR-200c-3p levels should in theory result in an
inverse effect — higher levels of negative regulators would dampen the baseline expression of
ICs. However, transfecting cells with miR-200c-3p inhibitor did not influence the expression of
either EMT markers or ICs. In the context of EMT regulation, the removal of one or two miRNAs
may not overcome the cooperative action of the remaining miR-200 family members, which
keep maintaining ZEB1 repression and the overall epithelial state in HUCC-T1 cells. The
lacking effect on ICs, however, questions the hypothesis of a miR-200c-3p-dependent
regulation of either a common or individual negative regulators of LGALS9, PD-L1, or IDO1
expression. This notion was further supported when neither computational analysis of potential
miR-200c-3p binding sites, nor experimental validation revealed evidence of miR-200c-3p

influencing BIN1, a well-described direct negative transcriptional regulator of IDO1 (227).

The miR-200 family primarily affects the EMT process through its interaction with the pro-
mesenchymal transcription factor ZEB1 (254). Therefore, to clarify whether the observed
upregulation of ICs upon miR-200c¢c-3p mimic transfection is dependent on a reduction of ZEB1
levels, we examined the effect of siRNA-mediated ZEB1 knockdown on IC expression. Efficient
knockdown of ZEB1 in the mesenchymal cell lines OCUG-1, HuH-28, and MMNK-1, did not
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result in significant changes in the expression levels of any ICs, suggesting a negligible role of

ZEB1 in their transcriptional regulation.

4.4. Unspecific effects of miRNA mimics

Despite ongoing improvements over the last 40 years, transient overexpression systems
remain problematic due to the highly artificial conditions, which can disrupt various cellular
processes (266,267). To address this, generating stable overexpression cell lines can provide
insights into molecular alterations in a more physiological setting, helping to confirm findings
from transient overexpression studies (267). However, after successfully establishing stable
miR-200c¢-3p overexpression in OCUG-1 and MMNK-1 cells, we realized that the effects on
LGALS9, PD-L1, and IDO1 could not be replicated.

The levels of miR-200c-3p achieved in stable overexpression cells were significantly lower
than those observed with transient overexpression. This difference can be explained by the
requirement for physiological processing and maturation in stable miRNA overexpression
systems, whereas transient miRNA mimic transfection allows for an immediate increase of
already mature miRNAs, bypassing the cellular biogenesis limitations. However, we believe
that these comparably lower miR-200c-3p do not fully account for the absence of effects on
ICs. This belief is mainly supported by our observation that stable miR-200c-3p overexpression
in MMNK-1 cells resulted in the upregulation of CDH1, demonstrating that even at lower levels,

miR-200c-3p can effectively induce biological downstream changes.

The contrasting results between transient and stable miR-200c-3p overexpression on ICs,
coupled with the lack of IC regulation in miR-200c-3p inhibitor and ZEB1 knockdown
experiments, and the absence of confirmed direct targets of miR-200c-3p, raised questions
about the source of IC upregulation following miR-200c-3p mimic transfection. These
uncertainties were further exacerbated by previous studies reporting contrasting results, with
miR-200c-3p negatively impacting PD-L1 and IDO1 expression. For instance, Anastasiadou et
al. demonstrated that miR-200c-3p overexpression reduced PD-L1 expression in ovarian
cancer and both PD-L1 and IDO1 in adipose-derived stem cells (256,268). Additionally, Pyzer
et al. reported miR-200c-dependent downregulation of PD-L1 in acute myeloid leukemia (269).
These conflicting findings, along with our inconclusive results, prompted us to look beyond
physiological miR-200c-3p functions and explore the possibility of unintended, non-specific

effects caused by the miR-200c-3p mimic.
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MiRNA mimics are synthetic dsRNA molecules consisting of the mature miRNA sequence and
a complimentary passenger strand (270). Upon transfection, these strands separate, with the
passenger strand being degraded, while the mature miRNA is loaded into the RISC. Once
incorporated, the miRNA guides the RISC to mRNA targets in a sequence-dependent manner,
leading to translational repression or mRNA decay. Therefore, this method allows for the
investigation of the effects of transiently increased miRNA levels within cells. However, despite
their widespread use as useful tools for studying miRNA functions in vitro, concerns regarding

their specificity and potential unintended effects exist.

Different manufacturers design miRNA mimics in various ways. For instance, the originally
used miScript miRNA mimics are unmodified dsRNA molecules, whereas mirVana miRNA
mimics additionally include chemical modifications intended to limit non-specific effects. By
comparing the effects of cells transfected with either miScript or mirVana miR-200c-3p mimic,
we aimed to evaluate the extent to which the miScript miR-200c-3p mimic itself contributes to
the upregulation of LGALS9, PD-L1, and IDO1. Our observations revealed that while
transfection with the mirVana miR-200c-3p mimic resulted in similarly increased levels of
mature miR-200c-3p and CDH1 in HuH-28 and MMNK-1 cells - indicating physiological effects
of miR-200¢-3p — the ICs were not affected. This clearly demonstrated that the miScript miR-

200c-3p mimic impacted the IC expression of BTC cells beyond its intended function.

Owing to this realization, we explored potential underlying cellular responses, particularly
focusing on the involvement of dsRNA-mediated innate immunity. We demonstrated that
transfecting HuCC-T1 and OCUG-1 cells with miScript miR-200c-3p mimic resulted in a strong
upregulation of cytosolic dsRNA sensors, including RIG-I and MDAS, as well as the induction
of IFN-B, type Il interferons, and antiviral effectors MX1 and OAS1. Interestingly, previous
studies have suggested that miRNAs can act as physiological ligands for human Toll-like
receptor 8, thereby triggering innate immune responses (271,272). However, since no notable
effects were observed in cells transfected with the mirVana miR-200c-3p mimic or in the stable
miR-200c-3p overexpression setting, we concluded that miR-200c¢c-3p does not physiologically
induce innate immunity. Interestingly, miScript miR-141-3p mimic transfection did not lead to a

comparable induction of innate immune responses.

Goldgraben et al. reported similar findings when analyzing the effects of miScript miRNA
mimics in breast cancer cell lines (273). In an attempt to explain discrepant results of earlier
studies, they found that several miScript miRNA mimics were capable of triggering the cells’

interferon response and lead to cell growth reduction in a non-specific manner (273). In a series
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of experiments using modified and mutated mimic versions, two key factors contributing to
these unintended effects were identified: the length of the mIRNA mimic and the
complementary passenger stand (273). While 23-mer miRNA mimics potently induced
interferon signaling, shorter miRNA mimics caused no significant changes (273). This could
explain the disparate results we observed for miScript miR-200c-3p and miR-141-3p mimics.
The 23-mer miScript miR-200c-3p mimic markedly induces innate immune responses,

whereas the 22-mer miScript miR-141-3p mimic does not.

Furthermore, Goldgraben et al. demonstrated that mutating the seed sequences of the 23-mer
mimic passenger strands mitigated the activation of innate immunity, suggesting that
passenger strand-directed mRNA targeting might also contribute to non-specific effects (273).
The importance of the passenger strand in the context of unintended effects upon miRNA
mimic transfection was further emphasized by Sgkilde et al. (274). Their in silico analysis of
existing miRNA microarray data and sequencing of small RNAs associated with AGO revealed
that unintentional loading of miRNA mimic passenger strands into the RISC may be connected

to considerable side-effects (274).

Nevertheless, while we did not directly investigate a potential passenger strand activity, we
argue that the non-separated, full miRNA mimic molecule plays a predominant role in the
observed activation of innate immune responses, particularly given the strong upregulation of
dsRNA sensors. Supporting this hypothesis, Thomson et al. noticed that upon miRNA mimic
transfection, only a small fraction of the introduced miRNAs are functional and biologically
active, whereas the majority remain inaccessible for RISC loading, indicating faulty strand
separation (275). While we see some physiological activity of miR-200c-3p in regulating EMT,
indicating successful separation of the mimic strands and loading of mature miR-200c¢-3p into
the RISC, we assume that the majority of transfected miScript miR-200c-3p mimics remains
non-functional. These excess miRNA mimics may be recognized as artificial, non-self dsRNA
molecules by the transfected cell, thereby initiating innate immune responses and resulting in

the upregulation of ICs.

Additionally, Jin et al. observed that transient transfection of miRNA mimics can lead to
unintended alterations in gene expression (276). They noticed that the transfection of high
concentrations of miRNA mimics caused an intracellular accumulation of artificial, high
molecular weight RNA species, which non-specifically influenced the expression of several
genes (276). Interestingly, despite these effects, they did not observe an induction of interferon

response, suggesting that miRNA mimics can unintendedly affect cellular processes without
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necessarily triggering innate immunity (276). Of note, Jin et al. used miRIDIAN miRNA mimics
in their study, which may explain the differences in cellular responses compared to our findings
and those reported by Goldgraben et al. with miScript miRNA mimics (273,276). This also
illustrates that non-specific effects are not exclusive to miScript miRNA mimics, but might

extend to other manufacturers as well (273,276).

Given these findings, we can speculate on the observed discrepancies between the miScript
and mirVana miR-200c-3p mimics. Both mimics are 23-mers, therefore ruling out
aforementioned length-dependent effects as a contributing factor. However, unlike miScript
mimics, which are unmodified dsRNA molecules, mirVana mimics contain additional chemical
modifications. These modifications likely promote a more efficient separation and degradation
of the passenger strand, thereby reducing the intracellular concentration of duplex miRNA
mimics while also minimizing potential passenger strand activity. Consequently, this would limit
the recognition of the artificially introduced, foreign dsRNA, and prevent the activation of innate
immune responses, thereby explaining why transfection of the mirVana miR-200c-3p mimic

did not impact IC expression.

Our observations, combined with those of others, have several important implications. First,
given the frequent use of miRNA mimics in pre-clinical in vitro experiments, it is likely that
previous projects aimed at uncovering miRNA functions may have misinterpreted physiological
effects and reported distorted results. To limit this risk in future miRNA studies, we argue that
validating miRNA effects using stable miRNA overexpression models is essential for
demonstrating physiological miRNA effects. Additionally, monitoring for the potential activation
of innate immune responses should be considered to ensure that similar unintended effects of

miRNA mimics do not compromise biological findings.

Second, these results may have clinical relevance. Several miRNA-based therapeutical
strategies are currently being evaluated for clinical applications (277). For instance, MRX34 —
a synthetic miR-34 mimic encapsulated in a liposomal nanoparticle — was tested in in a first-
in-human clinical trial across various cancer types, including NSCLC, liver cancer, and
melanoma (277,278). This study was prematurely halted due to severe immune-related
adverse effects, causing the death of four patients (279). While these adverse effects could
potentially be attributed to the pleiotropic nature of miRNAs, we could also speculate that
miRNA mimics in vivo might trigger similar non-specific activation of innate immunity,
potentially leading to an overshooting immune response, which could severely affect systemic

immune function in patients (280). Although continuous improvements have been made to
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enhance tolerability, safety, and specificity of miRNA therapeutics, it remains crucial to
thoroughly evaluate the potential of unintended effects, particularly in relation to innate
immunity (277,281,282).

4.5. Role of immunogenic cell death

The induction of innate immunity frequently results in lytic, inflammatory forms of cell death,
such as pyroptosis, necroptosis, or PANoptosis (283,284). Generally, these types of
programmed cell death differ from apoptosis, which is a non-lytic process considered
immunogenically silent. In contrast, pyroptosis, necroptosis, and PANoptosis actively promote
inflammation by releasing pro-inflammatory cytokines, pathogen-associated molecular
patterns (PAMPs), and DAMPs, including DNA fragments, single-stranded RNA (ssRNA), and
dsRNA (283). The non-selective release of cytoplasmic components in these processes can
further activate innate immune responses by stimulating PRRs of neighboring cells, potentially

creating a feed-forward loop that amplifies inflammatory responses (285).

There are mechanistic differences in the execution of these cell death programs. Apoptosis is
primarily driven by initiator caspases-8 and -9, which activate effector caspases-3 and -7,
resulting in a controlled cellular disassembly (286,287). In contrast, pyroptosis involves
inflammatory caspases-4 and -5, which, within the inflammasome complex, activate
gasdermins (288,289). These gasdermins form membrane pores, causing water influx,
membrane rupture, and cell death (288,289). Necroptosis is initiated by the activity of
Receptor-interacting Protein Kinase 1 (RIPK1) and Receptor-interacting Protein Kinase 3
(RIPK3) in absence of caspase-8 (290,291). This pathway involves the phosphorylation and
oligomerization of Mixed Lineage Kinase Domain-like Protein (MLKL), which disrupts
membrane integrity, leading to ion influx, cell swelling, and uncontrolled release of intracellular
material (290-292). PANoptosis is a distinct form of cell death that combines elements of
pyroptosis, apoptosis, and necroptosis, utilizing components such as caspases, RIPKs, and
pore-forming proteins like gasdermins and MLKL (293,294). However, it also involves distinct

triggers, protein complexes, and execution mechanisms (293,294).

Considering the contextual and mechanistic differences in cell death pathways, we can
interpret our observations regarding cell growth and apoptotic behavior upon miRNA mimic
transfection. MiScript miR-200c-3p mimic transfection led to a reduction in cell numbers of
HuCC-T1 and OCUG-1 cells, an effect that could not be entirely explained by the observed
levels of activated caspases-3 and -7. While OCUG-1 cells showed moderately strong

caspase-3 and -7 activity, this effect was absent in HUCC-T1 cells, suggesting that non-
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caspase-dependent, lytic forms of cell death may be triggered in response to miScript miR-
200c¢-3p mimic-mediated activation of innate immunity. Moreover, although caspase-3 and -7
are traditionally connected to apoptosis, recent studies have implicated their involvement in
pyroptosis and PANoptosis, respectively (295-297). Thus, despite the observed activation of
caspase-3 and -7, it is possible that immunogenic cell death, rather than classical apoptosis,

may be predominant in OCUG-1 cells.

4.6. Poly(l:C)

By using poly(l:C), a well-known synthetic dsRNA analog to study innate immune responses,
we demonstrated that the observed effect is not limited to the specific miScript miR-200¢c-3p
mimic, but extends to further, dissimilar dsRNA species. This suggests that the immune
activation we observed may be a broader response to the presence of artificial or foreign
dsRNA, rather than being solely dependent on the specific characteristics of the miScript miR-

200c¢-3p mimic.

Poly(1:C) was described to engage endosomal and cytosolic dsRNA sensors, such as TLR3,
RIG-I, and MDAS5, which signal through various adapter proteins and transcription factors
including IRF3 or NF-kB to mount a potent interferon response (298-301). Interestingly,
poly(l:C) was shown to induce distinct mechanisms in prostate cancer cells, resulting in
different outcomes. Activation of a TLR3/Proto-oncogene Tyrosine-protein Kinase (Src)/Signal
Transducer And Activator Of Transcription 1 (STAT1) axis predominantly led to apoptosis,
whereas signaling through MDAS5/RIG-I/IRF3 resulted in strong immunostimulatory IFN-$
expression (301). While we did not specifically examine different modes of poly(l:C) action and
speculate that both pathways may be triggered in our cell models, the outcomes are largely
consistent with our observations. Following a lipid-based transfection of poly(l:C), we see
strong upregulation of dsRNA sensors TLR3, RIG-I, and MDAS5, an activation of transcription

factors IRF3 and NF-kB, as well as an increased expression of interferons including IFN-f3.

Of note, the method of poly(l:C) delivery into the cells seemed to matter. Dauletbaev et al.
demonstrated that in well-differentiated airway epithelial cells, unassisted delivery of poly(l:C)
only moderately stimulated IFN-B expression, whereas lipid-based transfection of poly(l:C) led
to an induction of RIG-I and a concomitant strong upregulation of IFN-B (299). This is in line
with our findings, as we observed generally lower effects of poly(l:C) gymnosis compared to
transfection in HUCC-T1 cells. Nevertheless, despite these relatively lower induction of
interferon response, it was still sufficient to elicit downstream effects, such as the upregulation

of antiviral effectors and the expression of ICs. These findings suggest that lipid-based
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transfection, while enhancing the magnitude of the response, is not strictly necessary to induce

intracellular immune responses.

Interestingly, the effects of an unassisted uptake of poly(l:C) were entirely absent in OCUG-1
cells. Since nucleic acids, including poly(l:C), are negatively charged and therefore cannot
passively traverse the cell membrane, they are dependent on active transport mechanisms
such as endocytosis-mediated internalization. The binding of dsRNAs to cell surface receptors,
such as Class A Scavenger Receptors (SR-A) or Raftlin, have been shown to facilitate clathrin-
mediated endocytosis, enabling dsRNA recognition by endosomal TLR3 (302-306).
Furthermore, by closely following the uptake of extracellular dsRNAs, Nguyen et al.
demonstrated that once dsRNAs are internalized, they can be released from the endosomes
into the cytoplasm via SID1 Transmembrane Family Member 2 (SIDT2), which allows cytosolic
dsRNA activity and promotes antiviral immunity (307). We could speculate that while poly(1:C)
is successfully internalized in HUCC-T1 cells through endocytosis, OCUG-1 cells might lack
the expression of cell surface receptors like SR-A or Raftlin, impairing dsRNA uptake and

consequent activation of innate immunity.

Several studies have highlighted the therapeutical potential of poly(l:C). For instance, Sultan
et al. demonstrated in tumor mouse models that a specific formulation of poly(l:C) facilitated
CD8" T cell infiltration and reduced tumor growth, dependent on active MDA5 and type |
interferon signaling (308). Similarly, Anfray et al. found that an intratumoral combination of
poly(l:C) with other TLR agonists increased infiltration of M1 macrophages and both CD4* and
CD8" T cells, with a key involvement of the STAT1 pathway (309). However, while it is evident
that immunomodulatory agents like poly(I:C) can promote immune cell infiltration and thereby
support antitumor immunity, it is crucial to consider their potential role in the upregulating ICs
and associated immunosuppressive consequences. In this context, a combination of poly(l:C)

with ICIls may be promising (310).

4.7. Importance of JAK/STAT signaling

Based on our previous results with miScript miR-200c-3p mimic and poly(l:C), we concluded
that a dsRNA-mediated innate immune response was triggered, accompanied by the
upregulation of ICs such as LGALS9, PD-L1, and IDO1. However, the relationship between
these processes remained largely unclear, prompting us to further explore the potential link

between innate immunity and IC expression.
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We identified JAK/STAT signaling as essential mediator connecting dsRNA-mediated IFN-f3
secretion with the upregulation of ICs such as LGALS9, PD-L1, and IDO1. Inhibition of JAK1/2
and TYK2 using ruxolitinib completely abrogated the poly(l:C)-induced effects on ICs, while
leaving the interferon response mostly unaffected. This strongly suggest the presence of an
autocrine and paracrine interferon loop and subsequent JAK/STAT activation as sources of

dsRNA-mediated IC upregulation.

Several studies support our findings. For instance, the addition of exogenous recombinant IFN-
B to glioma cells induced phosphorylation of STAT1 and increased expression levels of MX1
and PD-L1 (311). Conversely, knockdown of interferon receptor subunits Interferon-Alpha/Beta
Receptor Alpha Chain (IFNAR1) and Interferon-Alpha/Beta Receptor Beta Chain (IFNAR2)
produced opposite effects (311). Garcia-Diaz et al. identified a similar mechanism linking
interferon receptor signaling to PD-L1 expression (312). They demonstrated that IFN-y-
mediated JAK/STAT signaling induced IRF1 expression, which in turn lead to increased PD-
L1 expression in melanoma cells (312). Similarly, Benci et al. showed that sustained IFN-y
signaling can induce PD-L1 expression in tumor cells in a JAK/STAT-dependent manner (313).
Accordingly, blocking JAK/STAT signaling with ruxolitinib abolished PD-L1 upregulation and
restored sensitivity towards IClI monotherapy (313). Interestingly, computational models
analyzing clinical anti-PD-1 responses revealed that high expression of MX1 was associated
with a lower response probability in melanoma patients (313). This finding can be understood
in the context of our results: since MX1 expression suggests an active innate immune response
and interferon signaling, elevated levels may indicate an upregulation of additional ICs like
LGALS9 or IDO1 in tumor cells, thereby diminishing the efficacy of anti-PD1 monotherapy by

establishing further immunosuppressive mechanisms.

In a clinical context, Zak et al. demonstrated that combining ruxolitinib with anti-PD-1 therapy
yielded favorable outcomes for patients with Hodgkin lymphoma, primarily by reprogramming
myeloid cells from a suppressive to an immunostimulatory state (314). Similarly, Mathew et al.
reported that combining itacitinib, a selective JAK1 inhibitor, with anti-PD-1 immunotherapy
resulted in durable and high response rates in NSCLC patients (315). They found that inhibiting
JAK/STAT signaling in preclinical mouse models allowed CD8" T cells to retain greater
plasticity and reduce terminal differentiation, both features associated with improved immune
functions (315). It can be speculated that JAK/STAT inhibition may have decreased the
expression of additional ICs beyond PD-L1, such as LGALS9 and IDO1 on tumor cells. This
reduction of ICs could further alleviate the immunosuppressive TME, thereby enhancing

antitumor immunity and improving treatment responses (314,315). Given the broad repertoire
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of immunosuppressive molecules present within the TME, strategies that target a wider range

of ICs could potentially augment the efficacy ICl monotherapy.

4.8. Relevance of dsRNA

While our data and aforementioned reports support the relationship between interferon-
mediated JAK/STAT signaling and the expression of ICs like PD-L1, there has been only limited
attention to how dsRNA species contribute to these effects in a pathophysiological setting.

Nevertheless, some important connections have been established.

For instance, Sistigu et al. demonstrated that anthracycline treatment of mouse fibrosarcoma
cells led to an upregulation of type | interferons via TLR3 activation (316). Importantly, this
effect was abolished by the addition of Benzonase, a non-specific nuclease, or RNase A, which
specifically degrades ssRNA, indicating that self-RNA released from dying cells is crucial to

this process (316).

Additionally, Choi et al. found that a depletion of DEAD-box RNA helicase 3X (DDX3X) resulted
in an accumulation of aberrant cytoplasmic dsRNAs, which triggered type | interferon
production in an MDAS-dependent manner (317). Similarly, Sheng et al. reported that inhibiting
Lysine-specific Histone Demethylase 1A (LSD1) in cancer cells increased the expression of
endogenous retroviral elements (ERVs), leading to elevated intracellular dsRNA levels (318).
Subsequent recognition via dsRNA sensors such as TLR3, MDAS5, and RIG-I activated type |
interferons (318). Interestingly, while they observed enhanced antitumor immunity associated
with increased T cell infiltration and immunogenicity in low or non-immunogenic tumors, LSD1

knockout cells also had elevated levels of PD-L1 (318).

In line with this, inhibition of N6-Adenosine-Methyltransferase 70 KDa Subunit (METTL3) was
shown to result in endogenous dsRNA generation and provoke a cell-intrinsic interferon
response (319). Sensing of dsRNA by RIG-I, PKR, or MDAS5 resulted in the secretion of IFN-
B, activation of JAK/STAT pathways, and an upregulation of interferon-stimulating genes
(ISGs), including MHC-I and PD-L1 (319,320).

Collectively, these findings not only indicate the presence of endogenous dsRNA species in
various pathophysiological settings, but also reinforce our observations regarding the

connections between dsRNA generation, innate immunity, and IC regulation.
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4.9. Cisplatin as a trigger of innate immunity

Intrigued by reports linking the generation of atypical endogenous dsRNA species with an
induction of innate immunity and subsequent IC upregulation, we wondered about potential
sources of immunogenic dsRNA in BTC cells. Multiple endogenous origins of dsRNA have
been identified, including the epigenetic derepression of ERVs, deregulated RNA modification
mechanisms, faulty RNA degradation machinery, and mitochondrial dysregulation (233).
However, chemotherapy-induced genotoxic stress as origin of dsRNA species seemed

particularly relevant in the context of BTC (233).

Upon treating OCUG-1 and HuCC-T1 cells with cisplatin, we observed an upregulation of
several ICs, including LGALS9, PD-L1, and IDO1. Additionally, cisplatin treatment led to a
robust increase in the expression of dsSRNA sensor RIG-I, interferons, and the antiviral effectors
MX1 and OAS1, suggesting that dsSRNA-mediated activation of innate immunity might play a

role in these effects.

Given that first-line chemotherapeutic treatment with GemCis yields only moderate responses
in BTC patients, we speculated that an accumulation of atypical dsRNA, coupled with innate
immune activation and a subsequent establishment of an immunosuppressive TME, could
contribute to the limited therapeutic efficacy. This theory seemed particularly interesting in light
of growing evidence indicating that host immune system activation is crucial for the efficacy of
cytotoxic drugs (321). Notably, the phase Il clinical trials TOPAZ-1 and KEYNOTE-966
demonstrated significant benefits from combining GemCis with anti-PD-L1 or anti-PD-1

immunotherapy in BTC patients (90,91).

Based on our findings, we hypothesize that the cisplatin-induced upregulation of ICs, including
PD-L1, may limit immune system activation and diminish the antitumor effects. Blocking the
PD-1/PD-L1 axis could counteract these immunosuppressive effects to some extent, thereby
enhancing antitumor immunity and improving therapeutic outcomes. However, our data shows
that cisplatin impacts not only PD-L1 expression but also increases the levels of several other
ICs. As such, it remains to be determined to what extent targeting additional ICs could further

optimize chemoimmunotherapy approaches.

Although genomic DNA has long been considered the primary pharmacological target of
cisplatin, accumulating evidence indicates that additional molecular mechanisms and targets,
including RNAs, contribute to its anticancer activity (322). For instance, Rose et al.

demonstrated that cisplatin exposure led to RNA platination, which induced apoptosis and a
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pro-inflammatory gene signature in cancer cells, partly mediated by TLR3 signaling (323). They
proposed that cisplatin-mediated RNA cross-linking generates pseudo-dsRNA fragments,
implicating a potential role of dsRNAs in that context (323). Additionally, Yang et al. discovered
that cisplatin treatment strongly induced the formation of endogenous Z-RNA, an unusual form
of dsRNA that typically does not occur in cells, triggering Z-DNA-binding Protein 1 (ZBP1)-
mediated necroptosis in tumor cells (324). Moreover, cisplatin exposure has been shown to
cause cytosolic leakage of mitochondrial dsRNA, leading to the subsequent activation of RIG-
| (325).

Interestingly, gemcitabine-based chemotherapy has also been shown to induce immunogenic
cell death in ICC cells, accompanied by increased PD-L1 expression (326). Furthermore, when
Zeng et al. compared gene expression profiles of ICC patients responding and not responding
to anti-PD-1 + GemCis combination therapy, they found that higher levels of ICs and immune-
related pathways were related to better outcomes (326). Similarly, Chen et al. reported that
GemCis treatment sensitized aggressive ICCs to anti-PD-1 therapy by promoting effector CD8*

T cell infiltration through vascular normalization (327).

Considering reports of genotoxic agents causing dying cells to release immunogenic self-RNA
into the extracellular space, we aimed to evaluate whether similar accumulation of extracellular
nucleic acids upon cisplatin treatment can be observed (316). However, the addition of
Benzonase (a non-specific nuclease) or RNase Il (a dsRNA-specific nuclease) to the culture
medium did not limit the effects of cisplatin, suggesting a negligible role of potentially secreted

dsRNA species.

An alternative explanation could be that aberrant dsRNA species generated as a consequence
of cisplatin treatment are not released as free RNA but instead packaged within extracellular
vesicles (EVs). In this scenario, secreted RNAs would be protected from the activity of
nucleases present in the medium. Various studies have reported a cisplatin-induced secretion
of EVs containing biologically active molecules such as mRNAs, miRNAs, DNA fragments,
lipids, proteins, and DAMPs, which can affect surrounding cells (328-333). Additionally,
activation of RIG-I has been shown to promote the release of EVs (334). Therefore, we
speculated that cisplatin treatment might lead to the release of dsRNA-containing EVs in the
medium, potentially taken up by neighboring cells to activate innate immune pathways.
However, our experiments did not reveal any gene expression changes indicative of innate

immunity when cells were incubated with cisplatin-conditioned medium.
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Based on these findings, we concluded that while cisplatin activated innate immunity with a
potential contribution of dsRNAs, it likely does so through mechanisms distinct from those
observed with poly(l:C). In line with this hypothesis, we could not detect an extracellular
accumulation of IFN-B following cisplatin treatment, reinforcing the idea of a cell-intrinsic
activation of innate immune responses, independent of autocrine or paracrine signaling

mediated by dsRNAs or interferons.

Grabosch et al. provide further support for this speculation (87). While mainly focusing on the
involvement of cGAS/STING signaling, they demonstrated that cisplatin upregulated PD-L1 in
tumor cells without extracellular IFN-3 accumulation (87). In an unrelated context, Bragelmann
et al. reported that MAPK inhibition led to the upregulation of interferon-stimulated genes like
IRF1 and OAS1, as well as dsRNA sensors TLR3, RIG-I, and MDA5 across several cancer
cell lines (335). Importantly, this effect was independent of extracellular interferon accumulation
or IFNAR1 engagement (335). Additionally, RIG-I activation has been shown to increase PD-
L1 expression in a cell-intrinsic manner by limiting its proteasomal degradation in colon cancer
cells (336).

Collectively, these studies suggest the existence of alternative, cell-autonomous pathways of
innate immunity. While this was not further explored within the scope of this PhD project, it is
plausible that similar non-classical innate immune mechanisms could contribute to the

upregulation of ICs in cisplatin-treated BTC cell lines.

4.10. Conclusion and Outlook

In conclusion, this PhD project yielded several intriguing observations. Despite promising initial
findings, we demonstrated that the EMT-regulating miR-200 family members, miR-141-3p or
miR-200c-3p, do not have a physiological impact on IC regulation in BTC cells. Instead, we
identified dsRNA-driven innate immunity, triggered by the specific miR-200c-3p mimic, as a
crucial contributor to IC expression. Further exploration of these unintended effects using the
synthetic dsRNA analog poly(l:C) led to the discovery that JAK/STAT signaling serves as

important link between innate immune activation and IC expression.

Building on these results, we observed that cisplatin treatment of BTC cells leads to an
induction of similar innate immune responses and an upregulation of ICs, potentially through
mechanisms involving dsRNA. However, while initial connections have been established, the

precise mechanisms linking cisplatin, innate immunity, and IC expression remain unclear.
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Further research into these pathways may reveal additional insights into the interplay between

innate immunity and IC regulation in BTC, particularly in response to chemotherapy.

Outstanding questions include identifying the specific immunogenic nucleic acids that trigger
innate immunity upon cisplatin treatment and gaining deeper understanding of how dsRNA
contributes to this process. Furthermore, clarifying the intracellular mechanisms that link innate
immune activation with the upregulation of ICs is essential, as is determining whether
JAK/STAT signaling or alternative non-canonical innate immune pathways are central to these
effects. Investigating the potential involvement of additional interferons beyond IFN-3, could

provide additional insights.

From a therapeutic standpoint, it is important to explore how these findings can be effectively
translated into clinical practice. While our results provide a potential explanation for the
improved outcomes observed when combining cisplatin with ICls in BTC patients, additional
strategies, such as incorporating dsRNA analogs or using inhibitors like ruxolitinib, may further
enhance treatment-induced antitumor immunity. Given that cisplatin also leads to the
upregulation of ICs beyond PD-L1, it is necessary to investigate whether targeting multiple ICs
could further improve chemoimmunotherapy efficacy. Ideally, identifying upstream regulators
of IC expression induced by chemotherapy could provide promising targets for therapeutic
intervention, potentially abrogating immunosuppressive effects of cisplatin-mediated innate

immune activation within the TME.

Despite many unresolved questions, our investigation into the non-specific effects of miRNA
mimics has yielded valuable insights into the role of innate immunity in BTC, particularly
regarding IC expression. We believe that our current findings, combined with ongoing research
into dsRNA-mediated innate immune responses following chemotherapy, could contribute to
the development of innovative treatment strategies, ultimately improving the clinical

management of BTC.
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