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1. Abstract 

As malignant diseases remain to be associated with high morbidity and mortality, the 

search for more effective therapeutics and biomarkers is a critical medical need. Research 

efforts in the last decade have led to the development of a novel and more physiological 

in vitro cancer model called patient-derived organoids (PDOs), which are cultured 3-

dimentional self-organizing multi-cell structures generated from cancer stem cells. This 

thesis aimed to investigate potential novel therapeutic targets, employing in-house 

established PDOs, and predictive biomarkers in solid malignant tumors. In the first 

publication, we revealed that the TROP2 protein is frequently expressed in 

cholangiocarcinoma and that cholangiocarcinoma PDOs are highly susceptible to 

sacituzumab govitecan, an antibody-drug conjugate targeting TROP2. Using TROP2-

knockout cholangiocarcinoma cell lines, we also demonstrated the target-dependent and 

target-independent mechanisms of action. Given that sacituzumab govitecan is a 

clinically-approved medication, used for the treatment of breast cancer, with a known 

safety profile in humans, our data suggests that sacituzumab govitecan could be 

repurposed for the treatment of cholangiocarcinoma patients. In my second publication, 

we established a novel protocol for generating PDOs from melanoma brain metastases 

and demonstrated that their response to targeted therapy (BRAF and MEK inhibitors) in 

vitro matched the mutational profile of the original tumor samples, implying that they 

represent an accurate model for predicting patient responses as well as for efficient 

targeted drug screening. In my third publication, we demonstrated that the expression of 

the amino acid transporter SLC7A5/LAT1 in tumor cells and in intra-tumoral immune cells 

is associated with shorter overall survival in a cohort of biliary tract cancer. Moreover, we 

revealed that its expression in intra-tumoral immune cells is higher in primary-sclerosing 

cholangitis associated- biliary tract cancer (PSC-BTC) compared to sporadic biliary tract 

cancer. These results suggest that SLC7A5/LAT1 could represent a prognostic biomarker 

in BTC, and demonstrates differences in the immune cells’ phenotype between sporadic 

and PSC-associated BTC. Taken together, the findings of these studies could potentially 

improve the therapy, management, and/or prognosis of cholangiocarcinoma patients. 

Moreover, the proposed PDO culture model of melanoma brain metastases could pave 

the way for novel drug development for this advanced disease. 
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2. Introduction and aims with references 

 

2.1  Biliary tract cancer (BTC)  

Biliary tract cancer (BTC) is a highly heterogenous cancer originating from cholangiocytes, 

which form the specialized epithelia that lines the bile ducts. BTC arises in the gall bladder 

or cystic duct (gall bladder carcinoma (GBC)) or in the biliary tree (cholangiocarcinoma 

(CCA)) (Banales et al., 2019; Komuta, 2024; Vogel et al., 2023). CCA is conventionally 

classified based on the anatomical location into intrahepatic (iCCA), perihilar (pCCA); also 

known as Klatskin tumor, and distal (dCCA) (Razumilava and Gores, 2012). Briefly, iCCA 

occurs in the intrahepatic bile ducts excluding the right and left hepatic ducts, pCCA arises 

from the right and left hepatic ducts and the common hepatic duct, while dCCA occurs in 

the common bile duct (choledochus) marked by the insertion of the cystic duct (Brindley 

et al., 2021; Kendall et al., 2019; Komuta, 2024). Extrahepatic CCA (eCCA) comprises 

both pCCA and dCCA. iCCA has been reclassified by the 5th WHO classification (2019) of 

tumors of the digestive system based on the histology of the affected bile ducts into large 

and small duct subtypes (Nagtegaal et al., 2019).  

2.2  BTC incidence and prognosis  

Although BTC is considered to be one of the rare cancer types, accounting for 1% of all 

human cancers, incidence and mortality have been on the rise worldwide in the last 

decade, especially for the intrahepatic subtypes. Notably, the age-standardized incidence 

of CCA varies greatly across the globe due to differences in endemic and local risk factors. 

For example, the age-standardized incidence is about 85 per 100,000 in Thailand and 

about 3 per 100,000 in Germany (Banales et al., 2020; Khan et al., 2019). CCA is the 

second most common primary liver cancer after hepatocellular carcinoma (HCC), 

comprising around 15% of all primary liver cancers (Banales et al., 2020; Vogel et al., 

2023). Patient prognosis remains dismal which is mainly due to 1. high tumor recurrence 

rates after surgical resection, and 2. disease is diagnosed at already advanced, tumor 

unresectable stages, in more than 70% of the patients (Banales et al., 2020). The current 

5-year survival rate for CCA patients ranges between 2-23% depending on the tumor 
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stage; however, this estimate is expected to increase given the new advances in 

therapeutic approaches (Banales et al., 2020; Kang et al., 2022; Wang et al., 2024).   

2.3 BTC Risk factors 

About half of CCA cases in the Western world are attributed to one or more risk factors, 

while the remaining cases are completely sporadic without any identifiable etiologies 

(Khan et al., 2019). Some known risk factors are shared for all subtypes of CCAs, while 

others are more specific to a subtype or a geographical location. Notably, chronic 

inflammation of the liver and/or biliary system is a characteristic that is shared by most of 

those risk factors (Banales et al., 2020; Brindley et al., 2021; Khan et al., 2019). In Western 

countries, primary sclerosing cholangitis (PSC), a chronic inflammation of the intrahepatic 

and extrahepatic bile ducts, is the most well-known risk factor for all anatomic subtypes of 

CCA. (Brindley et al., 2021; Khan et al., 2019; Vogel et al., 2023). The risk of gall bladder 

cancer generally increases with age; and cholelithiasis and cholecystitis represent the 

main predisposing factors (Vogel et al., 2023).   

2.4 Therapeutic strategies and current guidelines for BTC 

2.4.1 management of early-stage BTC  

Surgery is currently the only curative approach, aiming to achieve resection with no tumor 

at the margin (R0). However, this aim is in some cases impossible leading to high rates of 

R1 resections. Additionally, the recurrence rate after curative-intent resection remains very 

high (around 80% in the first 3 years after surgery). Accordingly, adjuvant chemotherapy 

with capecitabine with or without adjuvant radiotherapy is recommended for BTC patients 

following surgical tumor resection (Vogel et al., 2023). 

2.4.2 management of locally-advanced BTC  

For locally-advanced unresectable tumors without metastasis, treatment options include 

locoregional or systemic therapy (Alvaro et al., 2023; Vogel et al., 2023). Currently, the 

first-line systemic therapy for BTC is a combination of gemcitabine and cisplatin with 

immune checkpoint inhibitors like durvalumab or pembrolizumab, which target PD-L1 and 

PD-1, respectively (Zanuso et al., 2024). Locoregional therapy includes tumor ablation, a 

procedure in which chemical or energy-based cytotoxic sources are locally applied to a 

tumor, as well as intra-arterial therapies, such as hepatic arterial chemotherapy infusion, 
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transarterial chemoembolization (TACE), and selective internal radiotherapy (Ahmed et 

al., 2014; Edeline et al., 2021; Pang et al., 2024; Vogel et al., 2023). Patients who respond 

well to locoregional or systemic therapy should be re-considered for eligibility for surgical 

resection.  

2.4.3 management of advanced and metastatic BTC  

The current standard of care for first-line treatment of advanced or metastatic BTC is a 

combinatorial chemo-immunotherapy regimen consisting of gemcitabine and cisplatin 

plus durvalumab or pembrolizumab, and is associated with a median overall survival of 

12.9 and 12.7 months; respectively  (Kelley et al., 2023; Oh et al., 2024; Zanuso et al., 

2024). The second-line treatment options include chemotherapy (5-fluorouracil-

leucovorine-oxaliplatin (FOLFOX)); immunotherapy (permbrolizumab for mismatch repair 

deficient (dMMR) or microsatellite instability-high (MSI-H) tumors); and targeted therapy 

for patients with tumors harboring specific genetic alterations, as detailed in the following 

section (Vogel et al., 2023).  

2.4.4 targeted therapy  

It is estimated that nearly 40% of BTCs harbor genetic alterations that are potentially 

druggable. It is therefore recommended to perform mutational profiling for advanced BTC 

tumors as early as possible to assess eligibility for targeted therapies as second-line 

treatment options (Lamarca et al., 2020; Vogel et al., 2023; Zanuso et al., 2024). Currently, 

available targeted therapy is directed towards tumors harboring isocitrate dehydrogenase 

1 (IDH1) mutations, fibroblast growth factor receptor 2 (FGFR2) fusions, human epidermal 

growth factor receptor 2 (HER2) overexpression, and proto-oncogene B-Raf (BRAF) 

mutations (Vogel et al., 2023; Zanuso et al., 2024).  

2.5  Antibody-drug conjugates (ADCs) 

Antibody-drug conjugates (ADCs) are a promising class of cancer therapeutics generally 

aiming at selective antibody-mediated delivery of chemotherapeutic drugs to tumor cells, 

thereby enhancing efficacy and simultaneously reducing toxicity. An ADC is made up of 

three main components; namely, a monoclonal antibody, a chemotherapeutic drug 

payload, and a linker which conjugates the antibody to the drug payload. ADCs do not 

represent a novel treatment modality per se; the first ADC clinical trial for the treatment of 
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cancer in humans dates back to the 1980s; however, recent improvements in the 

molecular design of ADCs, especially in the choice of linkers and the conjugation 

chemistry, have led to remarkable enhancements in drug activity and responses 

(Tarantino et al., 2022). Initial ADC approvals were in the context of hematological 

malignancies. Gemtuzumab ozogamicin was the very first ADC to receive FDA approval 

in 2000 for the treatment of CD33-positive acute myeloid leukemia (Baron and Wang, 

2018; Tarantino et al., 2022). Later, in 2013, ado-trastuzumab emtansine (T-DM1) was the 

first ADC to receive FDA approval for the treatment of solid tumors (HER2-positive 

metastatic breast cancer) (Amiri-Kordestani et al., 2014; Tarantino et al., 2022). Currently, 

there are a total of 13 ADCs approved for the treatment of solid tumors (Jian et al., 2025).   

2.6  Biomarkers  

A biomarker is defined as a biological molecule found in body fluids or tissue that indicates 

the presence of a normal physiological condition or a disease state (Henry and Hayes, 

2012; Passaro et al., 2024). In the field of oncology, cancer biomarkers identify 

characteristics of the disease and currently represent indispensable tools for the 

screening, diagnosis, prognosis, as well as in the prediction of how a specific cancer is 

likely to respond to a given treatment (prognostic/predictive biomarkers). Accordingly, 

biomarkers facilitate the personalized medicine approaches by guiding physicians in the 

choice of the therapeutic option based on the cancer’s unique molecular profile (Passaro 

et al., 2024).  

2.7  Melanoma  

Melanoma is a malignant tumor arising from melanocytes, which are intraepithelial cells 

originating from neural crests and specialized in melanin production. Melanoma occurring 

in the skin, also known as cutaneous melanoma, represents the most common type of 

melanoma (>90%). Less common types include mucosal and uveal melanomas which 

occur on mucosal membranes and in the uvea of the eyes; respectively (Long et al., 2023).  

2.8  Melanoma incidence and risk factors 

The incidence of cutaneous melanoma has been rising steadily in fair skin populations, 

such as in the USA, Europe, and Australia, which may be due to the increased ultraviolet 

(UV) radiation exposure as well as to the increased skin screening programs resulting in 
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enhanced disease detection. On the contrary, melanoma-associated deaths have 

decreased since 2013 which is likely due to the implementation of more effective therapy 

regimens for advanced melanoma (Berk-Krauss et al., 2020; Long et al., 2023). In addition 

to genetic predisposition, UV exposure has been identified as a major risk factor as well 

as a major carcinogen in melanomagenesis. UV radiation has been shown to induce DNA 

mutations in proto-oncogenes; namely, BRAF, NRAS, and KIT, which are identified as 

driver mutations in over 75% of cutaneous melanoma cases (Amaral et al., 2025; Conforti 

and Zalaudek, 2021; Ghissassi et al., 2009; Long et al., 2023).  

2.9  Melanoma treatment and prognosis  

Patients with localized cutaneous melanoma generally have a very good prognosis and 

are treated with wide local excision of the primary tumor (Amaral et al., 2025; Waseh and 

Lee, 2023). Advanced melanoma (stages 3 and 4), that is not eligible for surgical 

resection, is currently treated using immune checkpoint blockade targeting PD-1 

(nivolumab, pembrolizumab) alone or in combination with CTLA-4 blockade (ipilimumab), 

or in combination with LAG-3 blockade (relatlimab) (Amaral et al., 2025). Melanomas with 

the BRAF-V600 mutation are treated with BRAF inhibitors (dabrafenib) combined with 

MEK inhibitors (trametinib) (Amaral et al., 2025). Despite the advances in the therapeutic 

strategies for the treatment of metastatic melanoma, patients still have a poor prognosis 

(around 30% 5-year survival rate) (Waseh and Lee, 2023). Importantly, stage 4 melanoma 

is one of the most common cancer types causing brain metastases which are particularly 

challenging to manage (Tawbi et al., 2018).  

2.10 Patient-derived organoid models (PDOs) 

The discovery and implementation of novel drugs for the treatment of human cancer 

diseases continues to be a critical need. However, the success rate of transitioning 

preclinical drug candidates into clinical use, often referred to as “bench-to-bedside 

translation”, has been very low (around 10%) which is likely attributed to drawbacks in the 

standard models commonly used in preclinical cancer research, namely 2D cell lines and 

mice models (Hay et al., 2014; Kamb, 2005; Porter et al., 2020). Cancers’ heterogeneity 

and complexity represent the main challenges in efficiently modelling these diseases in 

vitro and in vivo (Kamb, 2005; Porter et al., 2020). Consequently, several innovative 
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models addressing these challenges are being developed. One such model is patient-

derived tumor organoids (also known as PDOs), which are 3D cell cultures generated 

from a patient’s tumor resection specimen or biopsy. Organoids are self-assembling and 

self-organizing 3D multi-cell structures derived from adult tissue-resident stem cells, 

including cancer stem cells, as well as embryonic and induced pluripotent stem cells. 

Organoids are regarded as near-physiological models since they are shown to 

recapitulate the genetic, cellular, pathophysiological characteristics, as well as the 

heterogeneity of the tumor tissue they are derived from (Driehuis et al., 2020; Porter et 

al., 2020). As such, PDOs currently represent attractive models for preclinical cancer 

research, including drug screening studies. A multitude of published studies describe the 

use of PDOs as efficient in vitro models for cancer drug screening, and many provide 

evidence on their high potential to accurately predict patient responses, making them 

valuable tools for both drug screening and personalized medicine approaches (Driehuis 

et al., 2020; Tuveson and Clevers, 2019). For instance, a cutting-edge study published in 

2018 on pancreatic ductal adenocarcinoma (PDAC) has shown a high molecular 

concordance between the original tumor and the matched PDOs (Tiriac et al., 2018). 

Moreover, the study reports a retrospective analysis which shows that the in vitro 

chemotherapy sensitivity profiles of the generated PDAC PDOs recapitulates clinical 

patient responses (Tiriac et al., 2018).  

2.11 Aims  

The aim of this thesis was to investigate potential novel therapeutic targets and predictive 

biomarkers in solid malignant tumors, employing state-of-the-art in vitro cancer models. 

In the first publication, the expression of the protein targets of the recently-developed 

ADCs was evaluated in cholangiocarcinoma. Subsequently, based on the initial finding 

that TROP2 is frequently expressed at high levels in cholangiocarcinoma, the efficacy and 

mechanisms-of-action of sacituzumab govitecan, an ADC targeting TROP2, were tested 

in vitro using cholangiocarcinoma patient-derived tumor organoids as well as cancer cell 

lines. In the second publication, patient-derived organoids were established from 

melanoma-brain metastases, and their feasibility for predicting targeted-therapy 

responses, based on the mutational status of the original tumors, was evaluated. In the 

third publication, the expression of SLC7A5/LAT1, an amino acid transporter, was 
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evaluated on the protein and transcriptomic levels as a potential prognostic biomarker in 

cholangiocarcinoma.  
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Abstract: Background and aims: Brain metastases are prevalent in the late stages of malignant
melanoma. Multimodal therapy remains challenging. Patient-derived organoids (PDOs) represent a
valuable pre-clinical model, faithfully recapitulating key aspects of the original tumor, including the
heterogeneity and the mutational status. This study aimed to establish PDOs from melanoma brain
metastases (MBM-PDOs) and to test the feasibility of using them as a model for in vitro targeted-
therapy drug testing. Methods: Surgical resection samples from eight patients with melanoma
brain metastases were used to establish MBM-PDOs. The samples were enzymatically dissociated
followed by seeding into low-attachment plates to generate floating organoids. The MBM-PDOs were
characterized genetically, histologically, and immunohistologically and compared with the parental
tissue. The MBM-PDO cultures were exposed to dabrafenib (BRAF inhibitor) and trametinib (MEK
inhibitor) followed by a cell viability assessment. Results: Seven out of eight cases were successfully
cultivated, maintaining the histological, immunohistological phenotype, and the mutational status of
the parental tumors. Five out of seven cases harbored BRAF V600E mutations and were responsive to
BRAF and MEK inhibitors in vitro. Two out of seven cases were BRAF wild type: one case harboring
an NRAS mutation and the other harboring a KIT mutation, and both were resistant to BRAF and MEK
inhibitor therapy. Conclusions: We successfully established PDOs from melanoma brain metastases
surgical specimens, which exhibited a consistent histological and mutational profile with the parental
tissue. Using FDA-approved BRAF and MEK inhibitors, our data demonstrate the feasibility of
employing MBM-PDOs for targeted-therapy in vitro testing.

Keywords: melanoma; brain metastases; BRAF; organoids

1. Importance of This Study

The incidence of malignant melanoma is rising worldwide. Although the five-year
survival rate for early-stage melanoma is over 90%, in advanced metastatic stages it de-
creases to 10%. About 60% of patients with melanoma develop brain metastases; however,
those patients are excluded from clinical trials, which hinders the development of new
therapeutic approaches for this group of patients. Additionally, the biology of melanoma
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brain metastases is poorly understood due to the lack of representative research models;
hence, there is a critical need to develop novel faithful models. In this study, melanoma
brain metastases’ patient-derived organoid culture lines were established from surgical
specimens. The organoid cultures faithfully recapitulated the histological and mutational
profile of the parental tissue. Drug-sensitivity experiments using the FDA-approved BRAF
and MEK inhibitors, dabrafenib and trametinib, demonstrated the feasibility of employing
melanoma brain metastases patient-derived organoids as models for targeted-therapy
in vitro testing and for the discovery of novel therapeutic targets.

2. Introduction

Brain metastases are one of the most common and challenging neurologic complica-
tions of cancer. It is estimated that approximately 20% of individuals diagnosed with cancer
develop brain metastases [1]. Among these metastatic brain lesions, melanoma stands as
the third most frequent cause, accounting for 6–11% of all cases after lung cancer (41%) and
breast cancer (19%) [2,3]. Up to 60% of patients with melanoma develop brain metastasis
during disease progression. The management of advanced-stage cancer, especially after the
development of brain metastases, necessitates a comprehensive and multimodal treatment
approach, including surgery, radiotherapy, chemotherapy, immunotherapy, and targeted
therapy based on the mutational status [1]. BRAF is the gene most commonly affected by
point mutations in cutaneous melanoma, which in turn leads to the constitutive activation
of the MAPK pathway [4]. This promotes tumor progression, but, on the other hand, it
represents a molecular target for therapy using MAPK inhibitors, such as BRAF and MEK
inhibitors, which have shown response rates of up to 76% in patients with melanomas har-
boring BRAF mutations [5,6]. The development and the integration of immune checkpoint
inhibitors, specifically PD-1 inhibitors (nivolumab and pembrolizumab) and the CTLA-
4 blocking antibody (ipilimumab) as combination therapy have significantly improved
clinical outcomes for advanced and metastatic melanoma [7,8].

Although checkpoint inhibitors result in long-time survival in some patients with
metastatic malignant melanoma, regardless of the BRAF mutational status [9], only a
group of patients show this favorable response to therapy and these cannot be identified
beforehand so far. To understand and decipher the complex nature of melanoma-derived
brain metastases, it is essential to establish robust and representative models of melanoma
brain metastases that can be generated efficiently. Patient-derived organoid (PDO) models
recapitulate the original tumor in terms of tissue architecture and maintain the genetic and
histological characteristics of the primary tumor and the intratumoral heterogeneity [10,11].
Therefore, PDO models have emerged as a promising in vitro platform serving diverse
research purposes, such as biomarker discovery, personalized medicine, and drug screening,
providing enhanced insights into tumor biology and the evaluation of responses to novel
therapeutic agents [12]. In this study, we successfully established PDO cultures derived
from seven surgical samples of melanoma brain metastases (MBMs), which faithfully
retained the genetic and histological characteristics of the primary tumor. Furthermore,
the established MBM-PDO cultures were treated in vitro with targeted therapies, BRAF
and MEK inhibitors, to ascertain whether they can accurately predict targeted-therapy
responses based on their mutational profile.

3. Material and Methods
3.1. Human Specimens

Informed consent was obtained from patients undergoing craniotomies for brain
metastases between 2022 and 2023 in the Department of Neurosurgery, University Hospital
Bonn. The experiments were approved by the Ethics Committee of the Medical Faculty,
University Bonn (#417/17 with amendment from 2020; #169/23). The clinical–pathological
characteristics are given in Table 1. The median age at the surgery for brain metastases was
55 years. The primary diagnostic was conducted at the Institute for Neuropathology, Uni-
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versity Hospital Bonn. Two patients had brain metastases as the first tumor manifestation,
while the other six patients experienced brain metastases at an advanced stage (Table 1).

Table 1. Clinico-pathological characteristics of the patients included in this study.

Characteristics Number (%)

Sex
Male 5 (62.5%)

Female 3 (37.5%)

Localization

Frontal 4 (50%)

Parietal 3 (37.5%)

Occipital 1 (12.5%)

Number of brain metastases
Singular 6 (75%)

Multiple 2 (25%)

Extracranial metastases

0 5 (62.5%)

Pulmonary 1 (12.5%)

Osseous 2 (25%)

TNM *

T

pTx (first diagnosis) 2 (25%)

pT1 0 (0%)

pT2 1 (12.5%)

pT3 4 (50%)

pT4 1 (12.5%)

N

pN0 5 (62.5%)

pN1 2 (25%)

pN2 1 (12.5%)

M pM1 8 (100%)

Mutation
BRAF V600E 5 (62.5%)

BRAF wild type 3 (37.5%)

Therapy

Pre-neurosurgical
resection

Stereotactic radiotherapy 3 (37.5%)

Interferon therapy 2 (25%)

Combination immunotherapy 3 (37.5%)

Post-neurosurgical
resection

BRAF and MEK inhibitor (tafinlar, mekinist) 2 (25%)

Combination immunotherapy (nivolumab, ipilimumab) 3 (37.5%)

* TNM classification: T (tumor) represents the size and extent of the primary tumor; N (node) represents the
involvement of regional lymph nodes; M (metastasis) represents the presence of distant metastasis.

3.2. Human Tumor Collection

Tumor tissues were collected in basis medium ((Advanced DMEM/F12 supplemented
with 1× GlutaMax)), 10 mM HEPES solution (Carl Roth, Karlsruhe, Germany), 100 µg/mL
Normocin (InvivoGen, San Diego, CA, USA), and 2.5 µg/mL Amphotericin B (Biowest,
Nuaillé, France). The tumor samples were manually cut with scissors followed by fur-
ther mechanical dissociation using gentleMACS™ C Tubes and the gentleMACS™ Octo
Dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany). After filtering the tumor sam-
ples using a 1000 µm filter, red blood cell lysis was performed using RBC Lysing Buffer
Hybri-Max (Sigma-Aldrich, St. Louis, MO, USA). The resultant cell suspensions were
then cryopreserved at −80 ◦C using CryoStor CS10 media (Stemcell Technologies, Vancou-
ver, BC, Canada) until the completion of pathological evaluation and tumor mutational
analysis of the primary brain metastasis at the Institute for Neuropathology, University
Hospital Bonn.
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3.3. MBM-PDO Floating Culture

The cryopreserved dissociated tumor samples were thawed and digested in an en-
zyme mix (1 mg/mL collagenase IV (Rockland Immunochemicals, Limerick, PA, USA)),
15 µg/mL DNase (ThermoFisherScientific, Waltham, MA, USA), and 10 µM Y-27632-HCL
Rock inhibitor (Biogems, Westlake Village, CA, USA) in basis medium, at 37 ◦C for 1 h fol-
lowed by incubation with 3–5 mL TrypLE Express (Gibco, ThermoFisherScientific, Waltham,
MA, USA), and filtered through a 70 µm cell strainer (Avantor, Radnor Township, PA, USA).
The cells were seeded in ultra-low attachment (ULA) plates (Stemcell Technologies, Van-
couver, BC, Canada) in melanoma brain metastases patient-derived organoid (MBM-PDO)
culture media (Supplementary Table S1) and cultured in a humidified cell culture incubator
(37 ◦C, 5% CO2). The MBM-PDO culture media was refreshed every three days. MBM-
PDO cultures were observed daily, photographed every four days, and passaged every
3–4 weeks.

3.4. Splitting of PDO Cultures

The MBM-PDO cultures were gently transferred from the ULA plates using a pipette,
washed several times in basis medium, centrifuged, and resuspended in 3–5 mL of TrypLE
Express (Gibco, ThermoFisher Scientific, Waltham, MA, USA) and incubated at 37 ◦C for
10 min. After washing the organoids with basis medium supplemented with 10% FCS, the
cell pellet was resuspended in MBM-PDO culture medium, seeded in ultra-low attachment
(ULA) plates (Stemcell Technologies, Vancouver, BC, Canada), and incubated at 37 ◦C.

3.5. Embedding of PDO Cultures

The MBM-PDO cultures were fixed in 4% paraformaldehyde (PFA) overnight at 4 ◦C,
pelleted, and embedded using HistoGel (Richard-Allan Scientific, San Diego, CA, USA).
The samples were allowed to cool and solidify at 4 ◦C for one day and were then embedded
in paraffin following standard protocols.

3.6. Immunohistochemistry

For immunohistochemistry (IHC) staining, 2 µm thick sections were cut, deparaf-
finized, and pre-treated according to the standard protocols in the immunohistochemistry
laboratory of the Institute of Pathology. Immunohistochemistry was performed on the
Medac platform (Melan A: Agilent, clone A103, dilution 1:100; S100:Medac/Cell Marque,
clone 4C4.9, dilution 1:2000; HMB45: Agilent, clone HMB45, dilution 1:400; Ki67: Zytomed,
mouse anti-human, dilution 1:250, clone K-2; CD8: Agilent; clone C8/144B, dilution 1:50)
or on the Ventana platform (CD4: Roche, clone SP35, ready-to-use-antibody). Slides were
counterstained with hematoxylin and examined under the microscope (Olympus BX 50)
for the evaluation of reactivity.

3.7. Mutational Analysis

The mutational analysis for brain metastases was conducted either by next-generation
sequencing (NGS) (Institute of Pathology) or pyrosequencing (Institute of Neuropathol-
ogy). For primary tumors, DNA from the paraffin-embedded material was extracted
using the Maxwell RSC DNA FFPE Kit (Promega, Madison, WI, USA). DNA isolation
from the organoids was carried out using the DNeasy Blood and Tissue kit (Qiagen,
Hilden, Germany).

3.8. Next-Generation Sequencing (NGS)

DNA was eluted in 120 µL nuclease-free water, and the concentration was determined
on a Quantus™ fluorometer using the QuantiFluor® ONE ds DNA System (Promega).
Generation of the sequencing library was performed using a QIAseq™ targeted DNA
custom panel (Qiagen) with an input of 40 ng DNA. The amplification products were
subjected to next-generation sequencing on an Illumina MiSeq sequencer (Illumina, San
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Diego, CA, USA). The sequencing data were analyzed for genomic variants using the CLC
Genomics Workbench/Server 23 (Qiagen Bioinformatics).

3.9. Pyrosequencing of BRAF Codon 600

Pyrosequencing was used to determine the sequence at hotspot codon 600 of the BRAF
gene. A 122 bp fragment of BRAF-exon 15 was amplified using following primers BRAF-
forward 5′-GAAGACCTCACAGTAAAAATAG-3′ and BRAF-reverse 5′-Biotin-ATAGCCTC
AATTCTTACCATCC-3′. PCR was performed with the Pyromark PCR Kit (Qiagen) with
15 min at 95 ◦C, followed by 40 cycles of 94 ◦C, 60 ◦C, and 72 ◦C for 30 s each, and finally,
72 ◦C for 10 min. Single-stranded DNA templates were purified on Streptavidin Sepharose
High-Performance beads (GE Healthcare, Chicago, IL, USA) using the PSQ Vacuum Prep
Tool and Worktable (Biotage, Uppsala, Sweden). Pyrosequencing was performed using
PyroMark® Gold Reagents (Qiagen) on the Pyromark Q24 instrument (Biotage) with
the pyrosequencing primer 5′-AGGTGATTTTGGTCTAGCTA-3′. Positive and negative
controls were used to compare the results. The pyrograms were analyzed by PyroMark
Q24 software Method 003 (Version number 1.0.10, serial number 000019, Biotage) using the
allele quantification (AQ) module to determine the percentage of mutant versus wild-type
alleles according to percentage relative peak height.

3.10. Treatment with BRAF and MEK Inhibitors

To evaluate drug sensitivity, MBM-PDO cultures were seeded into a low attachment
96-well cell culture plate (SARSTEDT AG & CO. KG, Nümbrecht, Germany) with 50 µL
of MBM-PDO culture medium in each well. After 24 h of culture, 50 µL of the treatment
medium was added to the organoid cultures. These cultures were subjected to a combina-
tion therapy of BRAF and MEK inhibitors (dabrafenib (Cayman Chemical, Ann Arbor, MI,
USA) and trametinib (MCE MedChemExpress, Monmouth Junction, NJ, USA)), at various
concentrations (1 µM, 0.5 µM, 0.25 µM, and 0.125 µM).

3.11. Measurement of Intracellular ATP

After 72 h of drug treatment, the intracellular level of ATP was measured by a Cell
Titer-Glo 3D assay (Promega, G9682). Briefly, 100 µL of the Cell Titer-Glo reagent was
added to each well followed by incubation at room temperature on an orbital shaker for
one hour to ensure adequate cell lysis. After incubation, 100 µL samples were transferred to
a white Nunc MicroWell 96-Well, Nunclon Delta-Treated, Flat-Bottom Microplate (Thermo
Scientific, Waltham, MA, USA). Luminescence measurements were conducted using a
SPARK microplate reader (TECAN, Männedorf, Switzerland) with an integration time of
500 ms at the Institute of Experimental Oncology, University Hospital Bonn. The relative
viability was calculated as a percentage, normalized to the vehicle control.

4. Results
4.1. Establishment and Cultivation of MBM-PDOs

To establish PDOs from melanoma brain metastases, we developed a 3D culture
protocol that did not rely on tissue extracellular matrices such as Matrigel or collagen
(Figure 1A). The PDO cultures were successfully established from MBM samples in seven
out of eight cases (Figure 1B), resulting in an overall success rate of 87.5%. We could
cultivate metastases from previously untreated as well as from previously treated brain
melanoma metastases (Table 1).

The PDO cultures from different patients exhibited a range of distinct morphologies,
which were discernible by light microscopy examination of the histological hematoxylin
and eosin (H&E)-stained sections (Figure 1C). Some of these cultures displayed a spherical
structure with elongated well-defined borders, while others exhibited a rounded structure,
or less structured organoids positioned adjacent to each other (Figure 1C). The intra-culture
morphological variance of the PDOs was very low.
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5. Discussion

Patient-derived models, such as organoids and tumoroids, are important tools for
studying tumor biology and for testing newly developed treatment modalities [13–16]. Re-
cently, Sun et al. (2023) [17] described organoids derived from primary mucosal melanomas.
These organoids retained the histological and molecular features of the primary tumors
and could be utilized for assessing drug therapy responses. Currently, limited data about
organoid generation from primary skin melanoma are available [18,19].

To our knowledge, this is the first study establishing organoids from melanoma brain
metastases. We were able to successfully cultivate seven out of eight cases for up to
10 passages. The one case that failed to grow was a brain metastasis relapse, which recurred
following surgical resection of a melanoma brain metastasis, followed by stereotactic
radiotherapy and immune checkpoint inhibitor therapy. This may be due to the prior
therapy and the fact that we tried to cultivate tissue from a relapsed metastasis. The
MBM-PDO cultures were stable in culture for several passages, preserving the histological
phenotype of the parental tumors throughout the passages, which is in line with the
observations of Sun et al. in mucosal melanoma organoids (Sun et al., 2023) [17]. The
inter-patient variation in the morphology of the MBM-PDOs could be associated with
genetic heterogeneity, differences in the tumor microenvironment, and variations in cellular
composition among the patients’ tumors [20]. The MBM-PDO cultures exhibited varying
proliferative activities, as revealed by Ki-67 staining. Some MBM-PDO cultures were highly
proliferative (>40% positive nuclei), while others were lowly proliferative (<40%). The
proliferation rate was concordant between the MBM-PDOs and their parental tumors.
The absence of a tumor immune microenvironment in the generated MBM-PDO culture
limits the model’s ability to accurately recapitulate tumor–immune interactions. To address
this limitation, several strategies can be employed in the future such as autologous or
allogeneic immune cells and organoid co-culture systems [21]. Additionally, the inclusion
of specific cytokines and growth factors, such as interleukin-2 (IL-2), can enhance the
viability and proliferation of immune cells within the organoids, thereby improving the
recapitulation of the in vivo microenvironment [22]. We assessed the mutational status of
the parental brain metastasis tissue and the MBM-PDO cultures and observed that BRAF
mutations were conserved in culture. Five out of seven MBM-PDO cultures (71%) fully
recapitulated the mutational profile of their parental tumors. Notably, both MBM-PDO
cultures from BRAF wild-type melanomas also had TERT promoter mutations. TERT
mutations are common in melanoma (69%) and are associated with a poor prognosis [23].
The most frequent mutation in primary brain tumors as well as in metastasis is the C250T
mutation, corresponding to the mutation observed in our two cases. Interestingly, Blanco-
Garcia et al. [23] also noticed that the C250T TERT mutation was often associated with
NRAS mutations, which was detected in one of our two cases with a TERT mutation. To
demonstrate the close molecular similarity between the MBM-PDOs and their parental
tissue, transcriptomic profiles from the MBM-PDOs as well as their parental tissue could
be analyzed via bulk RNA sequencing. Melanoma brain metastases are the primary
cause of death in 60–70% of melanoma cases [24]. Since the introduction of tyrosine
kinase inhibitors and the MAPK inhibitors for the treatment of metastatic melanomas,
the overall survival of patients increased dramatically. Two clinical studies, COMBI-d
and COMBI-v, conducted on patients with metastasized melanoma and BRAF V600E and
V600K mutations, showed a 5-year overall survival rate of 34% and a median overall
survival time of 25.9 months with dabrafenib plus trametinib treatment [25]. For melanoma
brain metastases with BRAF V600 mutations, a combination therapy with dabrafenib and
trametinib is effective; however, the responses are less durable than those of extracranial
metastases with the same mutations [26]. The COMBI-r study reported a 10.8 months
overall survival for patients with melanoma brain metastases with BRAF V600E or V600K
mutations treated with dabrafenib/trametinib as the first-line therapy [27]. We aimed to
test the feasibility of utilizing MBM-PDO cultures as an in vitro platform to identify the
efficacy of targeted therapy. To that end, we treated four cultures with a combination of
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dabrafenib/trametinib. As expected and described by Sun et al., the treatment response
correlated with the mutational status of the tumors [17]. Two MBM-PDO cultures harboring
BRAF V600E mutations had a very good response to the combination therapy, as assessed
by cell viability, while the BRAF wild-type cultures were insensitive. Interestingly, the
MBM-PDOs harboring an NRAS mutation were also insensitive to therapy. Since we treated
the PDOs with MEK inhibitors, besides BRAF inhibitors, we expected a therapy response,
even if it was not as pronounced as for PDOs with BRAF mutations. This underlines the
individualized patients’ response to targeted therapy.

In conclusion, we successfully established patient-derived organoids from melanoma
brain metastases, which faithfully recapitulated the histological and mutational charac-
teristics in culture, over passages. In vitro drug testing demonstrated the capacity of
the MBM-PDOs to reveal targeted-therapy susceptibilities, which highlights their great
potential in preclinical research, drug discovery, and personalized medicine.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/pharmaceutics16081042/s1, Table S1: MBM-PDO culture media;
Table S2: Quantification of Ki67 staining.
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A B S T R A C T

Biliary tract cancers (BTC) are rare lethal malignancies arising along the biliary tree. Unfortunately, effective 
therapeutics are lacking and the prognosis remains dismal even for patients eligible for surgical resection. 
Therefore, novel therapeutic approaches along with early detection strategies and prognostic markers are ur-
gently needed. Primary sclerosing cholangitis (PSC) is a chronic disease of the bile ducts leading to fibrosis and 
ultimately cirrhosis. Patients with PSC have a 5–20% lifetime risk of developing BTC; yet the molecular mech-
anisms that underpin the development of PSC- associated biliary tract cancer (PSC-BTC) have not been fully 
elucidated. SLC7A5/LAT1, a large amino acid transporter, has been shown to modulate cell growth and pro-
liferation as well as other intracellular processes in solid tumors. In this study, we evaluated SLC7A5 expression 
in PSC-BTC and in sporadic BTC (sBTC) and its role as a prognostic factor. Analysis of the TGCA cohort showed a 
significantly higher expression of SLC7A5 in tumor tissue compared with adjacent normal tissue (p = 0.0002) in 
BTC. In our cohort (comprised of 69 BTC patients including 16 PSC-BTC), SLC7A5/LAT1 expression was 
observed in both tumor and intratumoral immune cells. A significantly higher percentage of SLC7A5/LAT1 
positive intratumoral immune cells was observed in PSC-BTC compared with sBTC (p = 0.004). Multiplex 
immunofluorescence co-detection by indexing (CODEX) analysis identified CD4+ regulatory T lymphocytes and 
CD68+ macrophages as the largest immune cell populations expressing LAT1.

SLC7A5/LAT1 expression as well as a higher intratumoral infiltration of SLC7A5/LAT1-positive immune cells 
(≥2%) were associated with a shorter overall survival in our cohort (LogRank test, p = 0.04 and p = 0.008; 
respectively). SLC7A5/LAT1 expressing tumors are higher staged tumors (pT3/4 versus pT1/2, p = 0.048).

Abbreviations: BTC, biliary tract cancer; sBTC, sporadic biliary tract cancer; PSC, primary sclerosing cholangitis; PSC-BTC, primary sclerosing cholangitis- 
associated biliary tract cancer; pCCA, perihilar cholangiocarcinoma; dCCA, distal cholangiocarcinoma; iCCA, intrahepatic cholangiocarcinoma; GBC, gallbladder 
cancer; OS, overall survival; DFS, disease-free survival; TMA, tissue microarray; TCGA, The Cancer Genome Atlas.
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These results underline the potential use of SLC7A5/LAT1 as a prognostic marker in BTC. Furthermore, the 
higher frequency of SLC7A5/LAT1 positive immune cells in PSC-BTC compared to sBTC may hint at the potential 
role of SLC7A5/LAT1 in inflammation-driven carcinogenesis.

1. Introduction

Biliary tract cancers (BTCs) are rare, aggressive tumors arising from
the epithelium of the biliary tract. BTCs include intrahepatic chol-
angiocarcinoma (iCCA) and extrahepatic cholangiocarcinoma, the latter 
comprising perihilar cholangiocarcinoma (pCCA) and distal chol-
agiocarcinoma (dCCA), as well as gallbladder cancers (GBCs).

Four histological subtypes associated with BTC localization and 
specific mutations have been described: small bile duct, large bile duct, 
mucinous, and papillary. Extrahepatic CCAs (pCCAs and dCCAs) are 
mostly conventional mucin-producing adenocarcinomas or papillary 
tumors [1].

iCCAs are further classified according to the affected bile ducts into 
small and large bile duct types. Small duct iCCAs are characterized by 
proliferations of small ducts, tubuli or acini with a nodular growth 
pattern, with sparse or no mucin production. Large duct iCCAs arise in 
large intrahepatic bile ducts and present a macroacinary or papillary 
architecture of mucin-producing columnar cells [2]. Interestingly, the 
histological phenotype seems to be driven by molecular heterogeneity. 
Small duct iCCAs often have IDH1 and IDH2 mutations, as well as FGFR2 
gene fusions, while large duct iCCA are similar to the extrahepatic CCA; 
often harboring TP53 and KRAS mutations [3–9]. The incidence of intra- 
and extrahepatic BTCs has been significantly increasing during the past 
few years, whereas GBC incidence has been decreasing over the past 
decades [10]. Most individuals with BTC receive diagnosis at an 
advanced, unresectable stage, primarily because symptoms are typically 
absent during the initial phases of the disease [11,12]. Therefore, only 
about 25% of patients with BTC can undergo a surgical resection. Even 
after surgical resection, the median overall survival (OS) ranges from 8 
to 16 months [13].

The standard treatment for advanced BTC (gemcitabine plus 
cisplatin) has remained consistent for over a decade. Durvalumab, a 
checkpoint inhibitor targeting PD-L1, was recently found to increase 
overall survival in this group of patients [14,15].

Risk factors for BTCs are related to chronic inflammation and include 
liver flukes, viral hepatitis, cholelithiasis, and primary sclerosing chol-
angitis (PSC) [16]. PSC is a rare disease with an unclear etiology and is 
often linked with inflammatory bowel diseases. PSC is a chronic con-
dition affecting the bile ducts characterized by periductal concentric 
fibrosis. These fibrotic changes lead to duct fibrotic strictures, chole-
stasis and liver cirrhosis [17]. Although the pathogenesis of 
PSC-associated BTC (PSC-BTC) has not been completely elucidated, it is 
believed that genetic, inflammatory, immunological, and physical fac-
tors play an important role. PSC patients have an increased production 
and excretion of biliary IL-6 and increased expression of senescence 
markers like p16 and γH2A.x [18]. Sustained increased IL-6-STAT3 
signaling leads to MCL1 (myeloid leukemia 1) upregulation, increased 
mitogenesis, as well as activation of nitric oxide synthase leading to 
excess of nitric oxide and subsequent DNA damage [19,20]. PSC-BTCs 
harbor genomic alterations typical for extrahepatic sBTC, namely mu-
tations in TP53, KRAS, CDKN2A, PIK3CA, GNAS1 or SMAD4 [21,22]. 
DNA copy number variations seem to be an early event in 
PSC-associated carcinogenesis, whereas gene mutations occur later in 
the development of PSC-BTC [22].

SLC7A5 encodes a large amino-acid transporter, which is responsible 
for the cellular uptake of amino acids, especially large neutral amino 
acids, such as L-leucine [23]. SLC7A5 (also known as LAT1) modulates 
cell growth, cell proliferation as well as other intracellular processes in 
tumors such as glioblastoma, and plays an important role in the meta-
static pathways of several solid tumors including colorectal carcinomas 

[24]. Recently published research on BTC demonstrated that a high 
expression of SLC7A5/LAT1 in tumor cells is correlated with poor 
prognosis, and inhibition of SLC7A5/LAT1 improves the response to 
chemotherapy in vitro [25–27]. A high SLC7A5/LAT1 expression was 
associated with poor survival and increased expression of proliferation 
and hypoxia-related genes in estrogen receptor-positive breast cancer 
[28,29]. In addition, SLC7A5/LAT1 regulates the activation status of 
several immune cells in the peripheral immune system and a high 
expression was also associated with intratumoral T-helper cells and NK 
cells in breast cancer [28,30]. SLC7A5/LAT1 is highly abundant in 
primary central nervous system tumors as well as at the blood-brain 
barrier, making it a reliable target for drug delivery in the central ner-
vous system tumors [31]. In solid cancers, a first phase I trial has re-
ported disease control or partial response in two of five treated biliary 
tract cancer patients [32]. This provides a rationale for testing combi-
nation therapies of LAT1/SLC7A5 inhibitors with standard chemo-
therapy, which may potentially lead to prolonged patients’ survival.

The objective of this study was to compare the expression of 
SLC7A5/LAT1 between PSC-BTC and sBTC, with a particular focus on 
evaluating its expression within the immune microenvironment and its 
potential as a prognostic factor in BTC.

2. Material and methods

2.1. Patients and samples

For immunohistochemical analysis, tumor samples from a cohort of 
patients who underwent surgical resection for malignant tumors of the 
biliary tract between 2013 and 2017 at the Department of Surgery, 
University Hospital Bonn were analyzed. Patients’ data including 
pathological stage, grading, sex, age and adjuvant therapy were 
collected (Table 1). Four patients presented with inoperable stage and 
received only intraoperative biopsies, here no tumor stage or grading 
could be stated. Survival data were retrieved from the patients’ records. 
Overall survival (OS) was calculated from the date of surgery to the last 
follow-up or death. Disease-free survival (DFS) was defined from the 
date of surgery to the date of tumor relapse or last follow-up. All tumors 
were classified according to the TNM 2020 classification. Gallbladder 
mucosa from patients who underwent cholecystectomy for cholelithiasis 
was used as control. Additional tumor samples of PSC-BTC were pro-
vided by the Institute of Pathology, University Hospital Essen, Germany 
for immunohistochemical analysis. Clinical data from this small subset 
of samples were not available. Therefore, a survival analysis on this 
cohort was not performed. This study was approved by the ethics 
committee, University Hospital Bonn (Nr. 417/17, Nr. 27/18, Nr. 233/ 
20). The study was carried out in compliance with the Helsinki 
declaration.

2.2. TMA construction

A tissue microarray (TMA) was constructed manually. Standard 
Hematoxylin-Eosin stained 3 μm slides were obtained to identify regions 
with a high amount of tumor infiltration. For each sample, 4 represen-
tative tumor cores of 1 mm diameter were transferred from original 
FFPE blocks to the TMA blocks. If non-neoplastic tissue was available, 
also two cores tissue/case were included in the TMA.

2.3. Immunohistochemistry

Immunohistochemistry (IHC) was performed on TMA sections 
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according to standardized protocols using a monoclonal antibody 
against SLC7A5 (clone ab20877, Abcam, UK). Briefly, 3 μm sections 
from TMA blocks were mounted on Tomo® Adhesion Microscope Slides, 
(Matsunami Glass Ind. LTD, Osaka, Japan). The TMA sections were 
deparaffinized with xylene (2 × 15 min, VWR International, Fontenay- 
sous-Bois, France) and rehydrated using decreasing concentrations of 
graded ethanol (Berkel AHK, Ludwigshafen, Germany) to water (Braun, 
Melsungen, Germany).

Antigen retrieval was achieved by boiling the slides at 99 ◦C in citrate 
buffer at pH 6.0 for 20 min. Immunohistochemistry was performed using 
the semi-automated platform Autostainer 480 S (Medac, Wedel, Ger-
many). All supplementary reagents were provided by Medac.

2.4. Evaluation of immunoreactivity

SLC7A5/LAT1 positivity was evaluated separately in immune and 
tumor cells. The staining was considered positive in immune cells if a 
membranous or cytoplasmic staining was present. Expression in tumor 
cells was predominantly membranous. Expression in tumor cells was 
evaluated as the percentage of positive cells. Mean values were calcu-
lated for each tumor. For survival analysis, we separated the cases into 
SLC7A5/LAT1 positive and negative. The percentage of positive im-
mune cells was calculated as the number of stained cells divided by the 
total number of immune cells. Evaluation of immune reactivity was 
double-checked by an expert pathologist. The best cut-off value for the 
survival analysis, segregating BTC cases with good versus poor overall 
survival, was identified as 2% of positive immune cells. The same 
criteria was used for analyses using the multivariate Cox proportional- 
hazard model.

2.5. CODEX acquisition and analysis

A BTC case with high expression of SLC7A5 in tumor cells was 
assessed for CODEX analysis. Briefly, a formalin-fixed paraffin 

embedded (FFPE) sample was sectioned into 5 μm thick sections onto a 
poly-L-lysine-coated coverslips. Heat-mediated antigen retrieval was 
performed on sections in citrate (pH 6.0) buffer. Sections were then 
stained using antibodies against SLC7A5/LAT1, CD31, CD4, CD103, 
pan-CK, Vimentin, CD8, CD68, CD15, CD20, CD15, CD11b, CD14, FAPa, 
CD11c, CD3e, Foxp3 (Inv), CD45 (details in Suppl. Table 4, using the 
protocol outlined in Ref. [33]. All antibodies were conjugated in-house 
to oligonucleotide sequences synthesized by biomers.net GmbH. Stained 
sections were acquired on a PhenoCycler-Fusion (formerly CODEX; 
Akoya Biosciences) coupled to a ZEISS Axio Observer 7 inverted mi-
croscope through the CODEX Instrument Manager (CIM; Akoya Bio-
sciences) and ZEN (ZEISS) softwares. Sequential cycles each involved 
the acquisition of DAPI, Atto550, DY-647P1, and DY-747P1.

Images were processed using a combination of existing tools [34–37] 
and in-house code. Cells were segmented with Cellpose v2 [38] using the 
cyto2 model fine-tuned with dataset-specific manual annotations. 
Single-cell fluorescence intensity based features were extracted from the 
segmented images using in-house code, then high-dimensional embed-
ding and clustering was performed in Scanpy [39] using the Umap and 
Leiden algorithms respectively. Subsequently, rank markers were 
calculated for each cluster using Scanpy and algorithmically compared 
to pre-defined cell type signatures, using a Wilcoxon rank-sum test with 
cutoff 0 for both test score and log-fold change, and 0.01 for the p-value. 
Cells belonging to SCL7A5/LAT1 positive immune clusters were 
analyzed in two representative regions of the tumor (region 1 represents 
the tumor center and region 2 represents the tumor periphery). Details 
on cell classification are given in the supplementary tables 1, 2 and 3.

2.6. TCGA analysis

Publicly available TCGA data was accessed through Xena, a cancer 
genomics data analysis platform [40]. Briefly, the expression of SLC7A5 
was analyzed in TCGA Bile Duct Cancer (CHOL) data set consisting of 45 
samples (36 primary tumor and 9 solid tissue normal). Data was 
downloaded and analyzed with GraphPad Prism (Version 8.0.2; 
GraphPad Software Inc., Boston, MA, USA).

2.7. Statistical analysis

Statistical analysis was performed with SPSS Statistic version 27 
(IBM, Armonk, New York, USA). The primary statistical objective of this 
study was to evaluate the prognostic value of SCL7A5/LAT1 in sBTC and 
PSC-BTC by the mean of IHC expression. The Kaplan-Meier method was 
applied to estimate the event-time distributions for overall survival (OS) 
and disease-free survival (DFS). Kaplan-Meier curves were compared 
using the log-rank method. Parameters comparison between groups was 
made with Mann-Whitney test or ANOVA as appropriate. For correlation 
analysis, Spearman Rho test and Pearson test were used. For the 
multivariate analysis we applied the Cox-proportional hazard model.

3. Results

3.1. SLC7A5 is overexpressed in BTC tumors

To assess whether the gene expression of SLC7A5 is enhanced in BTC 
tumors, expression was analyzed in TCGA Bile Duct Cancer (CHOL) data 
set (n = 45; 36 primary tumor and 9 normal adjacent samples). SLC7A5 
gene expression was significantly higher in primary tumor versus adja-
cent non-neoplastic tissue samples (p = 0.0002; Fig. 1A). However, 
expression did not correlate with overall or progression-free survival. 
SLC7A5 encodes an amino acid transporter which could be upregulated 
by tumor cells to meet the increased biomass demands due to enhanced 
cellular proliferation. Accordingly, we sought to investigate whether 
increased expression is associated with upregulation of glucose trans-
porters. Interestingly, the expression of the glucose transporter SLC2A1 
is positively correlated with SLC7A5 expression (Fig. 1A; Spearman 
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Table 1 
Clinical and pathological data of the patients from UK Bonn included in the 
study.

Characteristic Group No. of patients (%)

Sex (%) Male 34 (53.1%)
Female 30 (46.9%)

Age median 67
range 38–81

pT (%) T1 15 (23.4%)
T2 15 (23.4%)
T3 28 (43.8%)
T4 2 (3.1%)
Tx 4 (6.3%)

pN/cN (%) N0 34 (53.1%)
N+ 30 (46.9%)

M (%) M0 50 (78.1%)
M+ 10 (15.6%)
Mx 4 (6.3%)

G (%) G1 4 (6.3%)
G2 35 (54.7%)
G3 19 (29.7%)
G4 1 (1.6%)
Gx 5 (7.8%)

Adjuvant Chemotherapy No 32 (50%)
Yes 26 (40.6%)
Unknown 6 (9.4%)

Tumor localization iCCA 23 (35.9%)
pCCA 16 (25%)
dCCA 15 (23.5%)
GBC 7 (10.9%)
Unknown 3 (4.7%)

Histological subtype Small duct type 36 (55.3%)
Large duct type 26 (40%)
mixed 2 (3 %)

Total 64
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correlation; r = 0.58). 3.2. Tumoral SLC7A5/LAT1 expression correlates with stage and has 
prognostic significance in biliary tract cancer

No positivity for SLC7A5/LAT1 was observed in the epithelial cells of 
non-neoplastic samples. SLC7A5/LAT1 expression was detected mostly 

Fig. 1. SLC7A5 in cholangiocarcinoma. A; SLC7A5 gene expression was analyzed in TCGA Bile Duct Cancer (CHOL) data set (n = 45; 36 primary tumor and 9 normal 
adjacent samples) via the Xena platform (https://xenabrowser.net/). Left; violin plot depicting the gene expression in tumor versus normal tissue (unpaired t-test 
with Welch’s correction p = 0.0002). Right; Spearman correlation between the gene expression of SLC2A1 and SLC7A5 in primary tumor samples (n = 36). Gene 
expression RNAseq data is displayed as log2 (norm_count+1). B; scatter bar plots showing the percentage of SLC7A5 positive tumor-infiltrating immune cells (left) 
and tumor cells (right) in s-BTC versus PSC-BTC. Mann Whitney test p = 0.0411 and p = 0.5783; respectively. C; representative images of SLC7A5 immunoreactivity 
in BTC. Tumor cell images were taken at a 20× magnification (scale bar represents 200 μm). Immune cell images were taken at a 40× magnification (scale bar 
represents 60 μm). D; Kaplan Meier plot depicting the overall survival based on SLC7A5 expression in tumor cells in BTC samples (Log Rank-test, p = 0.04). E; Kaplan 
Meier plot depicting the overall survival time based on the percentage of intratumoral SLC7A5 positive immune cells in BTC (<2 % positive immune cells versus ≥2% 
positive immune cells; Log Rank-test, p = 0.008).
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3.4. Intratumoral infiltration with SLC7A5/LAT1 positive immune cells is 
a late event in BTC

Since a higher percentage of SLC7A5/LAT1 positive immune cells 
was observed in PSC-BTC compared to sBTC, we asked whether this is an 
early event in carcinogenesis or it is related to the late stages.

We analyzed the SLC7A5/LAT1 expression in immune cells adjacent 
to biliary intraepithelial neoplasia (BilIN) in seven cases included in the 
study. Here, five cases showed no or less than 2% SLC7A5/LAT1 positive 
immune cells and two cases had >2% positive immune cells (Suppl. 
Fig. 1).

3.5. SLC7A5/LAT1 positive immune cells are predominantly CD4+

lymphocytes and macrophages

Next, we asked which immune cell types predominantly express 
SLC7A5/LAT1 at high levels. To this end, we performed CODEX multi-
plexed fluorescence microscopy, which allowed us to analyze histolog-
ical tissue sections by staining multiple fluorescent markers in parallel. 
Here, we chose a BTC case with high SLC7A5/LAT1 expression in both 
tumor and immune cells. CODEX fluorescence images showed less 
immune-cell infiltration in the intratumoral region (Fig. 2A) compared 
to the peritumoral region (Fig. 2B). CODEX imaging revealed a rich 
landscape of lymphocyte and myeloid cell populations in both regions 
(Fig. 2C–E, and Fig. 2F, top), overall accounting for at least 61% of cells 
(another 19% could not be definitely classified). SLC7A5/LAT1 positive 
cells were detected in most immune cell compartments, and accounted 
for 26% of the total immune cell population, which is lower but in a 
comparable range to the tumor cell compartment (36%). More detailed 
quantitative analysis revealed that CD4+ T-lymphocytes followed by 
CD68+ macrophages and CD8+ T-lymphocytes accounted for the largest 
proportion of SLC7A5/LAT1 positive immune cells (36.6%, 23.1%, and 
15.6% of LAT1 positive/Pan-CK negative cells; respectively. Fig. 2F, 
bottom), while the B-cells detected in the tumor periphery were a minor 
proportion in the SLC7A5/LAT1 positive population (accounting for 
1.2% of LAT1 positive/Pan-CK negative cells). Interestingly, analyzing 
the percentage of LAT1 expressing cells within each immune cell type 
showed that CD8+ FOXP3+ regulatory cytotoxic T-lymphocytes (regu-
latory CTLs) had the highest density (>50%) of SLC7A5/LAT1 positive 
cells in both analyzed regions (Fig. 2F, middle). Overall, CODEX mul-
tiplexed imaging allowed for detailed cartography of SLC7A5/LAT1 
positive immune cell compartments in the tumor microenvironment.

4. Discussions

Biliary tract cancers are a heterogeneous group of malignancies
characterized by late diagnosis, dismal prognosis, and scarce therapeutic 
options. Therefore, there is an urgent demand for novel treatment 
strategies. In the case of PSC-BTC, chronic inflammation with sub-
sequential damage to the epithelium are believed to trigger the pro-
gression from low-grade to high-grade dysplasia, and ultimately to 
invasive carcinoma. However, the exact underlying mechanisms of how 
inflammation in PSC contributes to PSC-BTC carcinogenesis remain 
unknown. The lifetime incidence of BTC is reported to be up to 20% in 
patients with PSC; and PSC-associated BTC patients are significantly 
younger than patients with sBTC [41–43]. Thus, PSC-BTC patients have 
a different spectrum of comorbidities that may require distinct thera-
peutic strategies. The aim of this study was to explore differences in 
SLC7A5/LAT1 expression between PSC-BTC and sBTC. Analysis of TCGA 
data showed significantly upregulated SLC7A5/LAT1 expression in 
primary tumor versus adjacent non-neoplastic tissue samples. Immu-
nohistochemistry analyses showed no statistical differences in the per-
centage of SLC7A5/LAT1 expressing-tumor cells in PSC-BTC versus 
sBTC. Nonetheless, the percentage of SLC7A5/LAT1-positive immune 
cells was significantly higher in PSC-BTC compared to sBTC, which may 
be a reflection of the inflammatory nature of the predisposing disease in 
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on the cell membrane in tumor cells; on the other hand, membranous 
and cytoplasmic expression was detected in tumor-infiltrating immune 
cells with variable intensities (Fig. 1C). Nuclear staining was absent. 30 
BTC cases showed SLC7A5/LAT1 positive tumor cells and 39 BTC cases 
showed SLC7A5/LAT1 negative tumor cells (Table 2). The percentage of 
SLC7A5/LAT1 positive tumor cells was higher in tumors in advanced 
stages (T3 and T4) compared with earlier tumor stages (T1 and T2) 
(Mann-Whitney test, p = 0.048). In addition, patients with SLC7A5/ 
LAT1 positive tumors had a significantly shorter OS compared with 
patients with SLC7A5/LAT1 negative tumors ((LogRank Test, p = 0.04) 
Fig. 1D). The multivariate Cox proportional-hazard model for OS 
showed no association of SLC7A5/LAT1 positivity on tumor cells and 
survival (Suppl. Table 5). No statistically significant associations be-
tween the percentage of SLC7A5/LAT1 positive tumor cells and tumor 
localization, tumor grading, lymph node metastasis or distant metasta-
ses were noticed. Likewise, Pearson correlation test showed no corre-
lation between the percentage of SLC7A5/LAT1 positive tumor cells and 
blood parameters, such as neutrophil, lymphocyte, and thrombocyte 
counts, as well as neutrophil/lymphocyte or lymphocyte/platelet ratios, 
bilirubin or CRP levels in peripheral blood.

3.3. SLC7A5/LAT1+ tumor-infiltrating immune cells are predominantly 
found in PSC-BTC

Data regarding SLC7A5/LAT1 expression in PSC-BTC are scarce. To 
investigate whether SLC7A5/LAT1 could be used as a potential 
biomarker for PSC-BTC, we compared its expression in PSC-BTC, sBTC, 
and non-neoplastic tissue in tumor and immune cells. 59 tumor and 9 
non-neoplastic samples on TMA and 10 whole slides of PSC-BTC were 
evaluated for SLC7A5/LAT1 expression. SLC7A5/LAT1 expression was 
observed in immune cells (4% and 5% respectively) in two non- 
neoplastic samples. PSC-BTC showed a higher percentage of SLC7A5/ 
LAT1 positive immune cells than sBTC (Mann-Whitney Test, p = 0.04, 
Table 2; Fig. 1B). However, the percentage of SLC7A5/LAT1 -positive 
tumor cells was not statistically-different between sBTC and PSC-BTC 
(Fig. 1B).

A significantly higher percentage of SLC7A5/LAT1 + immune cells 
was noticed in dCCA compared with iCCA (Mann-Whitney test; p =
0.013). In addition, a high percentage of SLC7A5/LAT1 positive intra-
tumoral immune cells was associated with a higher concentration of 
circulating lymphocytes (Spearman Rho; p = 0.021) and a low neutro-
phil/lymphocyte ratio (Spearman Rho; p = 0.023). A higher percentage 
of SLC7A5/LAT1 positive intratumoral immune cells (≥2%) was asso-
ciated with a significantly shorter overall survival in BTC (Log Rank; p =
0.008; Fig. 1E). The multivariate Cox proportional-hazard model for OS 
did not confirm the higher percentage of SLC7A5 positive intratumoral 
immune cells as an independent prognostic factor (Suppl. Table 5). No 
significant association between the percentage of SLC7A5/LAT1 posi-
tive tumor-infiltrating immune cells and clinicopathological parameters 
and disease-free survival time was noticed. Other peripheral blood pa-
rameters showed no correlation with the percentage of SLC7A5/LAT1 
positive intratumoral immune cells (Pearson correlation test).

Table 2 
SLC7A5 positive tumor and immune cells in PSC-BTC and sBTC (UK Bonn and 
UK Essen).

PSC-BTC (%) sBTC (%) Total

N N N

Tumor cells
negative 9 (56.2 %) 30 (56.6 %) 39
positive 7 (43.7 %) 23 (43.4 %) 30

Immune cells
negative 3 (18.7 %) 15 (28.3 %) 18
<2% positive 6 (37.5 %) 31 (58.5 %) 37
≥2% positive 7 (43.7 %) 7 (13.2 %) 14
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PSC-BTC. Furthermore, SLC7A5/LAT1 expression was 
positively-correlated with expression of the glucose transporter SLC2A1 
in the TCGA dataset. Along these lines, deregulating cellular metabolism 
is a well-known hallmark of cancer [44]. Due to the rapid proliferation 
rate and the subsequent increase in nutrient and biomass demands, 
tumor cells must upregulate one or more amino acid and glucose 
transporters [45,46]. Similarly, increased amino acid and glucose up-
take has been shown to be required by activated T cells for biomass 
synthesis [47,48]. To this end, the association of SLC7A5/LAT1-positive 
immune cells with a shorter overall survival could imply that immune 
cells upregulate the amino acid transporter SLC7A5/LAT1 as a response 
to a more metabolically-competitive microenvironment.

As revealed by CODEX multiplex immunofluorescence, CD4+ T 
lymphocytes comprised the largest proportion of SLC7A5/LAT1 positive 
immune cells, followed by macrophages and CD8+ T-lymphocytes. B- 
lymphocytes accounted for a minor population of SLC7A5/LAT1 

positive immune cells while CD103+ tissue resident T-lymphocytes 
were totally negative. This is in line with the findings on immune cells 
revealed by the studies of Yan et al. in breast cancer [28]. SLC7A5/LAT1 
positive intratumoral immune cells were associated with a higher con-
centration of lymphocytes in the peripheral blood, a low neu-
trophils/lymphocytes ratio, as well as a significantly shorter overall 
survival. The multivariate Cox proportional-hazard model did not 
confirm SLC7A5/LAT1 positive intratumoral immune cells as an inde-
pendent prognostic factor for overall survival. However, this could be 
due to the relatively small size of our cohort and the challenges that this 
model can present with when dealing with small sample sizes. The role 
of SLC7A5/LAT1 in biliary tract cancer was recently highlighted by 
Kaira et al. and Selenge et al. [25,26], who found that a high expression 
of SLC7A5/LAT1 on tumor cells was correlated with a shorter 
disease-free and overall survival. This is in line with our data, showing 
that patients exhibiting SLC7A5/LAT1 positive tumors had significantly 

Fig. 2. Codex multiplexed analysis of two representative regions of a cholangiocarcinoma tumor. A; overview of the tumor core sample (slide region 1). B; overview 
of the tumor periphery sample (slide region 2). C-D; magnified fluorescence images of an immune-cell dense region selected from the tumor periphery (cf. panel B). 
Shown are (C) the T-cell subpanel with SLC7A5/LAT1 positive lymphocytes indicated by colored makers, and (D) CD68 and SLC7A5/LAT1 signal intensities with 
SLC7A5/LAT1+ macrophages indicated by colored markers. (E) UMAP embedding showing (left) cell-type annotation, (middle) SLC7A5/LAT1+ immune cells, and 
(right) the local SLC7A5/LAT1 signal intensity (log fold-change). (F) Distribution of immune cell types in the tumor central and peripheral slide regions, as (top) 
percentage of all detected cells and (bottom) percentage of all SLC7A5/LAT1+Pan-CK- cells; further (middle), the fraction of SLC7A5/LAT1+ cells within each cell 
type is shown.
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more advanced stage tumors (T3 and T4) and a shorter overall survival 
compared with patients with SLC7A5/LAT1 negative tumors. In contrast 
to the work of Kaira K et al. [25], which found that 64% of biliary tract 
adenocarcinomas exhibit high SLC7A5/LAT1 expression, in our cohort 
only 43.5% of cases were positive. This discrepancy could be explained 
by the different distribution of tumor localization in our cohort.

In conclusion, SLC7A5/LAT1 expression is higher in immune cells 
infiltrating PSC-BTC compared to sBTC. Moreover, expression of 
SLC7A5/LAT1 on tumor and immune cells is associated with a shorter 
overall survival among BTC patients.
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4. Discussion with references  

 

As cancer continues to be a disease of high morbidity and mortality, the search for more 

effective cancer therapeutics and biomarkers remains a critical medical need (Bray et al., 

2024). Indeed, there is a tremendous number of newly developed preclinical drug 

candidates every year; however, few of those candidates successfully pass clinical trials 

and get implemented into clinical use, which raises questions about the efficacy of the 

commonly used preclinical models (Kamb, 2005; Sun et al., 2022). This thesis focused on 

establishing patient-derived organoid models (PDOs) and employing them for 

investigating potential novel therapeutic targets in cholangiocarcinoma. In addition, 

patient-derived organoid cultures were established from melanoma brain metastases and 

were evaluated for predicting targeted-therapy responses based on the mutational profile 

of the parental tumor. Moreover, the expression of SLC7A5/LAT1, an amino acid 

transporter that has been shown to correlate to poor prognosis in some cancer entities 

(Kahlhofer and Teis, 2023), was investigated in cholangiocarcinoma as a potential 

prognostic biomarker.  

4.1 The efficacy of sacituzumab govitecan in cholangiocarcinoma 

Novel therapeutic strategies are urgently needed to improve the prognosis of 

cholangiocarcinoma patients. ADCs have shown enhanced efficacy compared to standard 

chemotherapeutics in a number of solid tumor entities (Fu et al., 2022; Liu et al., 2024). In 

my first-author publication (Hosni et al., 2025), we sought to evaluate the expression of 

the common protein targets of the recently developed ADCs, in cholangiocarcinoma. We 

assessed the expression of TROP2, NECTIN4, folate receptor 1, HER2, and HER3 in a 

cholangiocarcinoma cohort (n=113). We demonstrated that the TROP2 protein is 

frequently expressed (91%) in cholangiocarcinoma at moderate to high levels. The other 

proteins were expressed less commonly (folate receptor 1 (51%), NECTIN4 (49%), HER3 

(20%), and HER2 (7%)) and at low levels. Trop2 overexpression has been identified in 

several solid tumor entities, such as breast, urothelial, lung, gastric, and colorectal cancers 

(Liu et al., 2022; Loriot et al., 2024). Moreover, we successfully generated PDOs from six 

cholangiocarcinoma patients and demonstrated their high susceptibility to the cytotoxic 
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effect of sacituzumab govitecan, in vitro. In addition, using two cholangiocarcinoma cell 

lines, EGI-1 and RBE, we demonstrated induction of apoptosis and cell cycle arrest in 

response to sacituzumab govitecan and its payload, SN-38, and provided evidence for the 

dual mechanisms of action of sacituzumab govitecan, the target-dependent and target-

independent mechanisms, which highlights the remarkable bystander effect exerted by 

this ADC. Sacituzumab govitecan (hRS7-CL2A-SN-38; IMMU-132) is a next generation 

ADC composed of a humanized monoclonal antibody specific to TROP2 (sacituzumab; 

hRS7) covalently linked to the cytotoxic small-molecule drug payload SN-38 (the active 

metabolite of irinotecan) via a hydrolyzable linker (CL2A) (Tolaney et al., 2025a). SN-38 

works by inhibiting the topoisomerase I enzyme, a central enzyme responsible for 

maintaining DNA’s integrity during DNA replication, and thereby introduces irreversible 

double-stranded DNA breaks, which leads to cell cycle arrest and apoptosis (Bao et al., 

2019; Liu et al., 2000). The SN-38 drug on its own is unsuitable for intravenous infusion, 

due to its poor solubility and physiological pH-dependent hydrolysis, which led to multiple 

drug delivery development efforts to overcome these challenges (Chen et al., 2017; Yang 

et al., 2023). One of the first ADCs that were developed to utilize SN-38’s potency and 

overcome the challenges faced with systemic administration is sacituzumab govitecan 

(Tolaney et al., 2025a). The SN-38 derivative used in sacituzumab govitecan has 

improved solubility due to the addition of a polyethylene glycol (PEG) moiety (Goldenberg 

et al., 2015). Moreover, the linker used binds SN-38 at its active cytotoxic lactone ring 

which protects it from inactivation. Thus, SN-38 in sacituzumab govitecan is maintained 

in its active form until released, which enhances its potency and stability (Goldenberg et 

al., 2015). In line with our data showing the target-dependent and target-independent 

mechanisms of action, as well as the known systemic release of SN-38, sacituzumab 

govitecan has been considered as both a prodrug of SN-38 as well as an ADC 

(Goldenberg et al., 2015; Ocean et al., 2017; Santi et al., 2024, 2021).  

This ADC is currently used to treat metastatic triple-negative breast cancer (mTNBC) and 

HR+/HER2- breast cancer (Tolaney et al., 2025a). Moreover, it is under clinical 

investigation for the treatment of other cancer entities, such as glioblastoma 

(NCT04559230), thyroid cancer (NCT06235216), and metastatic colorectal cancer 

(NCT06243393). Few studies investigating ADCs in cholangiocarcinoma have been 

published (Kuwatani and Sakamoto, 2023; Yokota et al., 2021; Zhu et al., 2023). 
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Interestingly, an ongoing non-randomized, open-label, single-arm, phase II clinical trial 

(NCT06178588), which began in early 2024, is evaluating the anti-tumor activity of 

sacituzumab govitecan in patients with locally advanced, recurrent, or metastatic 

cholangiocarcinoma (Kasi et al., 2025). If such initial trials yield positive treatment 

outcomes, it would be worth evaluating combination therapies with sacituzumab govitecan 

to assess potential synergistic effects. Combination therapeutic approaches of 

sacituzumab govitecan with talazoparib, a poly ADP-ribose polymerase (PARP) inhibitor 

(PARPi), or with pembrolizumab, an immune checkpoint inhibitor targeting PD-1, are 

under investigation for the treatment of mTNBC (Abelman et al., 2024) (NCT04468061). 

Due to the single-arm design of the clinical trial assessing the combination of sacituzumab 

govitecan and talazoparib (Abelman et al., 2024), available data is insufficient to conclude 

superiority/enhanced efficacy of this combination therapy. NCT04468061 is an ongoing 

randomized phase II study of sacituzumab govitecan with or without pembrolizumab in 

PD-L1-negative mTNBC. Interestingly, the ASCENT-04 study, a randomized phase 3 trial 

testing the combination of sacituzumab govitecan and pembrolizumab versus 

chemotherapy of physician’s choice (gemcitabine + carboplatin, paclitaxel, nab-paclitaxel) 

and pembrolizumab in PD-L1–positive, advanced unresectable or metastatic TNBC, has 

reported statistically significant improvement in progression-free survival (PFS) with the 

combination of sacituzumab govitecan and pembrolizumab (Tolaney et al., 2025b). These 

results emphasize the enhanced effectiveness of sacituzumab govitecan over standard 

chemotherapeutics.  

Taken together, our data provides preclinical evidence for the potential of using 

sacituzumab govitecan as a novel therapeutic approach in treating patients with 

cholangiocarcinoma.  

4.2 Modelling targeted therapy responses using PDOs of melanoma brain metastases  

In my second publication (Abedellatif et al., 2024), we established a protocol for culturing 

melanoma brain metastases organoids in vitro and demonstrated that the generated 

organoids preserved the mutational profile of the parental tumor sample. We also showed 

that the response of the PDOs to treatment with BRAF and MEK inhibitors matched their 

mutational profile; cultures with a BRAF V600E mutation were sensitive, while cultures 

with a wildtype BRAF were resistant. Given the dismal prognosis of patients with 
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melanoma brain metastases and the scarcity of representative in vitro models available 

for this disease, this study provides an efficient in vitro model for testing targeted therapies, 

as well as for the discovery of novel therapeutic targets. In line with our data, several 

studies have used PDOs as an in vitro platform to model personalized patient responses; 

however, no studies using melanoma brain metastases were published at the beginning 

of our study (Kim et al., 2021; Tan et al., 2023; Wensink et al., 2021). A recently published 

study demonstrates similar data, albeit using a different culture protocol, and with tumor 

material from only two 2 patients (Hicks et al., 2024).  

4.3 Expression of SLC7A5/LAT1 in BTC 

In my third publication (Branchi et al., 2024), the expression of the amino acid transporter 

SLC7A5/LAT1 was evaluated in sporadic and primary sclerosing cholangitis (PSC)-

associated BTC. We found that the gene expression of SLC7A5/LAT1 is upregulated in 

tumor versus non-neoplastic tissue samples in a cholangiocarcinoma TCGA cohort. 

Additionally, through analysis of SLC7A5/LAT1 expression via immunohistochemistry in a 

BTC cohort (69 patients including 16 PSC-associated BTC cases), we observed 

SLC7A5/LAT1 expression on tumor and intratumoral immune cells in both, sporadic and 

PSC-associated BTC. Moreover, SLC7A5/LAT1 expression was associated with shorter 

overall survival and higher tumor stages. This is in line with several published studies 

showing that SLC7A5/LAT1 is upregulated in several cancer entities and its expression 

correlates with poor prognosis in some entities (Ichinoe et al., 2011; Kaira et al., 2012, 

2008; Sakata et al., 2009). Although the percentage of cases with SLC7A5/LAT1 -positive 

tumor cells was similar between sporadic and PSC-associated BTC, our analysis showed 

that the percentage of cases with SLC7A5/LAT1- positive intratumoral immune cells was 

higher in PSC-associated BTC than in sporadic BTC. The enhanced expression of 

SLC7A5/LAT1 in intratumoral immune cells in PSC-associated BTC may be a reflection 

of inflammation and immune activation due to PSC. Indeed, it has been shown that this 

amino acid transporter is expressed upon activation of human T cells and 

monocytes/macrophages (Fernández-Gallego et al., 2025; Yoon et al., 2018). Additionally, 

its central role in the activation of immune cells has been demonstrated by genetic deletion 

and pharmacologic inhibition in T cells and monocytes/macrophages; respectively, where 

blocking SLC7A5-mediated amino acid uptake led to a marked reduction in immune 
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activation (Fernández-Gallego et al., 2025; Yoon et al., 2018). Along these lines, our 

multiplexed fluorescence microscopy analysis of a BTC sample with high SLC7A5/LAT1 

expression, in both tumor and immune cells, revealed that CD4+ T-lymphocytes, followed 

by CD68+ macrophages and CD8+ T-lymphocytes, accounted for the largest proportion 

of SLC7A5/LAT1 positive immune cells. Taken together, the data from this study proposes 

that SLC7A5/LAT1 could represent a prognostic biomarker in BTC, and demonstrates 

differences in the immune cells’ phenotype between sporadic and PSC-associated BTC.  
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