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1. INTRODUCTION 

1.1. Cancer progression 

 Cancer remains as the second leading cause of death. Cancer incidence has 

been gradually declining amongst men but remained constant since 2011 (1). However, 

incidence in women has risen 23% since 1978 – according to the National Cancer 

Institute's (NCI's) Surveillance, Epidemiology, and End Results (SEER) by American 

Cancer Society (1). However, 5-year survival increased to 69% of all cancers combined 

in the 2010’s, and mortality dropped by 34% since the 1990’s (1). These data may look 

promising – yet cancer is still a public health issue.  

 The Cancer Genome Atlas (TCGA) has now provided an almost complete 

registry of cancer driver genes (2). However, these mutated genes are also widely found 

in normal tissues, indicating that their presence alone is not enough to trigger tumor 

formation (3). Malignant transformation results from the complex interplay of genetic 

alterations (including single nucleotide variants, mutations, copy number changes, and 

chromosomal abnormalities), epigenetic modifications (shifts in DNA methylation-

acetylation balance, dysfunctional chromatin topology, and epitranscriptome changes), 

and environmental factors (including chronic inflammation, chemical and oxidative 

stress, metabolic factors; diet, microbiome composition; viral or bacterial infections, and 

aging) (4). Several pathways are involved in cancer progression, as summarized by the 

Hallmarks of Cancer: sustaining proliferative signalling, evading growth suppressors, 

resisting cell death, enabling replicative immortality, inducing or accessing vasculature, 

activating invasion and metastasis, reprogramming cellular metabolism, and avoiding 

immune destruction (5).  

1.2. Immune checkpoint inhibitors 

Under physiological conditions, immune checkpoints play a vital role in 

preventing excessive inflammation, and act as "brakes" to protect against autoimmunity. 

However, cancer cells can exploit these checkpoints to suppress immune responses, 

allowing them to avoid detection and destruction by T-cell-mediated immune responses, 

both innate (via CD8+ cytotoxic T cells) and adaptive (via CD4+ helper T cells) (6). 

Cytotoxic T lymphocyte-associated protein 4 (CTLA-4, also known as CD152) 

was the first immune checkpoint targeted in clinical therapy as ipilimumab was accepted 
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in 2011 for the treatment of metastatic melanoma (7). Since then, the United States Food 

and Drug Administration (FDA) granted approval for the treatment of advanced renal cell 

carcinoma (8,9), microsatellite instability-high/mismatch repair deficient (MSI-

H/dMMR) metastatic colorectal carcinoma (10), hepatocellular carcinoma (11), 

advanced/ metastatic non-small cell lung cancer (NSCLC) or extensive-stage small cell 

lung cancer (12,13), and for unresectable malignant pleural mesothelioma (14). 

Tremelimumab anti-CTLA-4 monoclonal antibody (mAb) received an Orphan Drug 

Designation for malignant mesothelioma by the FDA for unresectable hepatocellular 

carcinoma and NSCLC as a combination therapy (15,16). CTLA-4 competes with CD28, 

a positive costimulatory receptor on T cells, for the recognition of ligands CD80 (B7-1) 

and CD86 (B7-2) (16). Upon binding, CTLA-4 delivers inhibitory signals, preventing 

CD4+ T cell activation,- proliferation,- trafficking, and  IL-2 production (16).  

Another critical immune checkpoint is the programmed cell death 1 (PD-1) 

receptor, which is expressed on a wide range of immune cells, and regulates T cell 

activation and tolerance, ultimately reducing inflammation (17). It has two ligands: 

programmed cell death ligand 1 (PD-L1, also called CD274) and programmed cell death 

ligand 2 (PD-L2, also called CD273) (17). PD-L1 is expressed on somatic and 

hematopoietic cells, but can be upregulated in tumor and stromal cells, too – such as on 

exhausted CD8+ T cells. PD-L2 is primarily found on dendritic cells, macrophages, and 

mast cells, but also on tumor and stromal cells (18). Their interaction with PD-1 

contributes to T cell exhaustion, immunosuppression, the induction of regulatory T cells 

(Tregs), and diminished cytotoxic T cell activity (17). Pembrolizumab was the first PD-

1-targeting mAb approved by the FDA for unresectable or metastatic melanoma (19) and 

NSCLC (20). Since then, pembrolizumab has been approved for most solid tumors (triple-

negative breast cancer (21), cervical cancer (22), urothelial cancer (23), head and neck 

squamous cell carcinoma (24), (gastro)esophageal carcinoma (25,26)) , as well as for any 

tumor with high tumor mutational burden (TMB-H) (27) or MSI-H/ dMMR (28). It has 

also been approved for hematologic malignancies, including primary mediastinal large 

B-cell lymphoma and classical Hodgkin lymphoma (29). The next approval was 

nivolumab for advanced melanoma (30), followed by the approval for many other tumors 

(e.g. colorectal cancer (10), esophageal carcinoma (31), pleural mesothelioma (32)), and 

tumor-agnostic indication with MSI-H/dMMR cancer (33), and Hodgkin lymphoma (29). 
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Cemiplimab-rwlc, another anti-PD1 mAb, was approved for cutaneous squamous cell 

carcinoma, basal cell carcinoma, and NSCLC (34,35).  

PD-L1 targeting antibodies are being used since 2016, the first approval of 

atezolizumab. Atezolizumab is approved for many solid tumors (e.g. urothelial carcinoma 

(36), melanoma, or NSCLC (33)),  including a rare pediatric cancer, alveolar soft part 

sarcoma (37). Avelumab was first approved for a rare skin cancer, Merkel cell carcinoma 

(38) and later for advanced urothelial and renal cell carcinoma (39). Durvalumab, the 

third PD-L1 inhibitor, is approved for hepatocellular carcinoma (40), lung cancer (41), 

biliary tract cancer (42), and endometrial cancer (43). 

In 2022, a new type of ICI has been accepted, an antibody targeting lymphocyte-

activation gene 3 (LAG-3 or CD223), which is primarly expressed on the surface of CD4+ 

and CD8+ T cells (44). Upon binding to major histocompatibility complex class II (MHC 

II), LAG-3 contributes to T cell exhaustion, and frequent co-expression with PD-1 further 

the limits of antitumoral responses (44). Thus relatlimab, an anti-LAG-3 antibody, when 

combined with nivolumab, can be more efficient for the treatment of metastatic melanoma 

(44). 

1.3. Immunologically “hot” and “cold” tumors 

The tumor microenvironment plays a crucial role in carcinogenesis, tumor 

invasion, and therapy responses. This complex environment is composed of immune cells 

(such as T and B cells, natural killer (NK) cells, macrophages, neutrophils, and dendritic 

cells), stromal cells (including endothelial cells, cancer-associated fibroblasts, and 

adipocytes), blood vessels, and extracellular matrix components (45). Based on the status 

of immune cell infiltration, tumors can be classified as either “hot” or “cold” (45). 

"Cold" tumors are typically associated with immune escape mechanisms, such as 

impaired T cell trafficking and infiltration and deficiencies in antigen presentation by 

tumor cells or dendritic cells (46). When naïve CD4+ T cells (Th0) fail to activate or 

differentiate properly, antigen presentation by antigen-presenting cells becomes either 

absent or defective (46). 

"Hot" tumors, on the other hand, are characterized by the presence, persistence 

(due to the absence of apoptotic signals), and functionality (co-stimulatory signals and 

diverse T cell subsets) of CD8+ T cells in proximity to tumor cells (46). However, the 

mere presence of CD8+ T cells is insufficient for tumor elimination. Immune-exhausted 
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and quiescent T cells often show overexpression of LAG-3, PD-1, TIM-3, and TIGIT (T 

cell immunoreceptor with immunoglobulin and ITIM domain) leading to tumor 

progression (46). In such cases, NK cell infiltration and its associated cytotoxicity can 

overcome immune exhaustion and contribute to favourable immune responses (46). 

1.4. Therapeutic resistance to immune checkpoint inhibitors 

The response rates of ICIs range between 15-60% in different cancers (47), 

showing 42-45% ORR (objective response rate) in melanoma. More than half of 

melanoma patients show innate resistance to anti-PD1 therapy, and 25% of treated 

patients acquire resistance in two years (48). This shows that more robust biomarkers are 

needed for more specific patient selection, and when needed, ICIs should be used as a 

combination therapy. The FDA approved three major strategies as companion diagnostic 

for immune checkpoint inhibitors. These are tumor mutational burden (TMB), 

microsatellite instability/ mismatch-repair deficiency, and PD-L1 expression (measured 

either as an immune cell score (IC), tumor proportion score (TPS) or combined proportion 

score (CPS)) (16). However, PD-L1 and TMB lack accuracy to predict an individual 

patient's treatment response (16).  

Enhancing ICI-responses are achieved in the clinic by combining them with 

chemotherapy (pemetrexed-platinum), radiotherapy, targeted therapy (atezolizumab plus 

vemurafenib/ cobimetinib), anti-angiogenic therapy (atezolizumab plus bevacizumab), or 

other ICI modalities (anti-PD1 plus anti-CTLA-4, anti-PD1 plus anti-LAG-3) (16). 

Resistance to ICIs is also a complex issue based on intrinsic and extrinsic factors. Tumor 

cells can have defects in antigen processing and presenting machinery (e.g. MHC-I 

downregulation), neoantigen loss by immunoediting, immunosuppressive tumor 

microenvironment such as increased PD-L1 expression, T cell exclusion, the abundance 

of myeloid-derived suppressor cells (MDSCs), M2-type tumor-associated macrophages, 

Tregs, cancer-associated fibroblasts (16,49). Changes in the JAK/STAT pathway 

(interferon signalling), WNT/ß-catenin pathway, or PI3K/AKT/mTOR pathway (e.g. 

PTEN loss), as well as mutations in RAS genes and cyclin-dependent kinases, also 

contribute to ICI resistance (16,49). Similarly to metabolic changes, factors such as gut 

dysbiosis (microbiome), epigenetic remodelling, and co-inhibitory signals (like LAG-3, 

TIM-3, VISTA, Siglec-15) also play a role (49). 
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1.5. Yes-associated protein 1 (YAP1) in cancer development 

Physiologically, the Hippo-signalling pathway acts as a mechanosensory 

regulator, integrating physical signals from the plasma membrane and extracellular 

matrix to cell proliferation, organogenesis, and tissue homeostasis. Thus, the importance 

of this pathway in cancer development has been widely confirmed, involving tumor 

suppressive upstream components such as the core serine/threonine kinases MST1/2 

(serine/threonine kinase 4/3, alternatively: STK3/4), and their binding partner SAV1, 

which phosphorylate and activate LATS1/2 (large tumor suppressor kinase 1/2) and its 

binding partners MOB1A/B (50,51). This activation leads to the phosphorylation and 

cytoplasmic sequestration of downstream oncogenic effector proteins, YAP1 (yes-

associated protein 1, also known as YAP), and its paralog TAZ (transcriptional coactivator 

with PDZ-binding motif, also known as WWTR1), by 14-3-3 protein, followed by their 

subsequent proteasomal degradation (50,51). When YAP/TAZ are dephosphorylated, 

they translocate to the nucleus and interact with the family of TEA domain transcription 

factors 1-4 (TEAD1, TEAD2, TEAD3, TEAD4) and drive the expression of tumor-

promoting genes (50,51). The YAP-TEAD complex interacts with multiple signalling 

pathways, including the FGFR,- PI3K,- and MAPK cascades. Notably, RAF-1 and 

MAP4K, both members of MAPK pathway, can interact with MST2, and LATS1/2, 

respectively (50,52). YAP1 activation can be caused by several reasons e.g. loss-of-

function mutations in NF2, MST1/2, LATS1/2 (however mutations in this pathway are 

rare), YAP/TAZ fusion protein, or mutations in the genes encoding other regulatory 

signals (e.g. G-protein coupled receptors; RhoA-mediated F-actin polymerization, RAS 

GTPases, MAPK pathway), and classical pro-oncogenic properties (Warburg-effect, 

epithelial-mesenchymal-transition) (50). 

There are several inhibitors that target YAP and components of the Hippo-YAP 

signalling pathway, for example CA3, CPD3.I, Super-TDU, flufenamic acid, statins, 

sitagliptin, verteporfin, and multitarget inhibitors (50,53,54). Verteporfin (VP), an FDA-

approved benzoporphyrin derivative, is being used for the treatment age-related macular 

degeneration (53,55). VP is used as a photosensitizer as it generates reactive oxygen 

species that leads to cell damage, apoptosis, and anti-angiogenesis. Thus, its antitumor 

effects were discussed more than ten years ago in a photoactivated manner (56), resulting 

in multiple clinical trials nowadays for most solid tumors (e.g. NCT03906643). However, 
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it has been found that VP exerts the same antitumoral effects without photoactivation 

because it disrupts the YAP/TEAD complex, preventing YAP1 from facilitating the 

expression of proliferative and survival genes (57–59). Currently, NCT04590664 clinical 

trial investigating the non-photoactivated form of VP in glioblastoma. Furthermore, VP 

can sensitize cancer cells to radiotherapy  (60), chemotherapy (61), targeted therapy (59), 

and even anti-PD1 (62).  

1.6. Malignant melanoma 

Due to environmental and lifestyle changes, incidence of melanoma has been 

growing gradually however the mortality rates have been declining (1). Notably, it is still 

one of the most lethal cancers. Malignant melanoma, which has great metastatic potential, 

is developed from melanoma in situ – from benign nevi, or de novo upon stress (e.g. UV 

radiation). Cumulative sun damage typically contributes to BRAF-mutant superficial 

spreading melanoma, lentigo maligna melanoma and desmoplastic melanoma (63). 

However, non-UV exposed skin, uvea, and mucosa can also transform to malignant 

melanoma (63,64). For primary melanoma (stage I-II), factors such as lymphovascular 

invasion, ulcerative tumor, higher Breslow thickness (or Clark’s level), higher tumor 

mitotic rate, melanoma subtype, sentinel lymph node positivity are correlated with worse 

outcomes. For metastatic melanoma (stage III-IV), pathological biomarkers (e.g. 

microsatellites, lymph nodes), BRAF/ NRAS/ NF1/ KIT mutations, HLA-A/ ROS1/ PRKC 

fusions, and overall TMB can influence prognosis and therapy response (63). For immune 

checkpoint inhibitors, evaluating PD-1, PD-L1, CTLA-4, or MHC-I/II levels; tumor-

infiltrating lymphocytes (TILs); IFN-γ-associated genes (IDO1); and newer biomarkers 

such as LAG-3, TIM-3, TIGIT, and ICOS is also being explored, with mixed results (63). 

It is important to note that factors such as age, diet, sex, treatment toxicity, site of tumor 

and metastases are also clinically useful – but too general – biomarkers (63). Higher 

YAP/TAZ expression is also associated with advanced TNM stage, increased tumor 

thickness, deeper invasion, lymph node involvement, (65) and BRAFi-resistance (66). 

1.7. High-throughput gene expression techniques – transcriptomics  

Global gene expression profiling provides massive, parallel, and quantitative 

information about the amount and types of RNA in cells and tissues (67). 
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Microarray technology (also known as a “gene chip” or “DNA chip”) marked the 

first milestone in the “omics” era, enabling the investigation of mutations, chromosomal 

alterations, or gene expression. These biological chips contain oligonucleotides fixed to 

a solid surface, which can be made from glass wafers (microscope slides), silicon wafers, 

or polymers. The oligonucleotides are either in situ synthesised or delivered onto the solid 

phase (68). Synthesis can be achieved by photolithography (69) (Affymetrix), while 

delivery can be done via mechanical microspotting (70) (Synteni) or inkjet printing 

(Incyte Pharmaceuticals, Protogene). The DNA (or cDNA) probes can be immobilized 1 

– 500 microns apart, ranging from ~105 – 107 amplicons/ chip. These fragments hybridize 

with the corresponding fluorescently labelled “reporter probes” and are scanned by a 

microscope (71). 

RNA sequencing (RNA-Seq) revolutionized transcriptomics by offering 

unprecedented depth and accuracy through next-generation sequencing. Total RNA or 

selected species (e.g. polyA-tailed mRNA) are fragmented and converted to cDNA. 

Adapters are added to the 3’ and/ or 5’ ends, followed by polymerase chain reaction 

(PCR) for library construction. After clustering, 30–400 bp reads are sequenced from one 

end (single-end) or both (paired-end) (72). Sequencing can be performed using various 

methods, including sequencing-by-synthesis (SBS) (e.g. Roche 454, Illumina), 

sequencing-by-ligation (SBL) (e.g. SOLiD) (73), single-molecule real-time sequencing 

(SMRT) (e.g. PacBio) (74), nanopore sequencing (e.g. Oxford Nanopore) (75), 

pyrosequencing (older Roche 454 platforms) (76), and ion semiconductor sequencing 

(e.g. Ion Torrent) (77). 

 The NanoString nCounter gene expression system directly measures individual 

mRNA transcripts without technical bias, ensuring high reproducibility. The process 

requires two probes: a capture probe with an affinity tag (e.g. biotin), and a reporter probe 

with a color-coded detection signal. The detection signal consists of uniquely coded, RNA 

segments with fluorophores. After both probes hybridize with the target mRNA, the 

tripartite complex undergoes affinity purification, washing, and electrophoresis. The 

structure is then immobilized in an elongated phase, imaged, and counted for each gene 

across all field-of-view (78). 
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2. OBJECTIVES 

1. Establishing a pan-cancer database for immune checkpoint inhibitors. 

My first objective was to identify publicly available gene expression datasets of 

cancer patients treated with anti-PD1, anti-PD-L1, or anti-CTLA-4 immune checkpoint 

inhibitors. Eligible datasets with corresponding clinical and survival data (response/ 

survival outcomes) were collected. 

2. Identifying predictive and pharmacologically targetable biomarkers of 

immune checkpoint inhibitors. 

By using the established database, the second objective was to find biomarkers of 

resistance to anti-PD1, anti-PD-L1, and anti-CTLA4 therapies, focusing on those with 

pharmacological applicability – biomarkers with either in silico predicted, in vitro or in 

vivo validated inhibitors, or inhibitors approved by health authorities. 

3. Characterization of a clinically relevant, targetable biomarker in a selected 

tumor. 

My third objective was to narrow down the identified biomarkers to a hit where FDA-

approved inhibitor is available – facilitating the rapid clinical translation of results.  

Followed by the characterization of a selected biomarker in a specified tumor type, where 

the target is the most robust and the well-supported by the literature. 

4. In vivo validation of the identified biomarker to potentiate immune 

checkpoint inhibitor responses. 

The next aim was to validate the database by testing the previously identified target – 

demonstrating the benefits of the selected combination therapy in mouse models. 

5. Molecular characterization of tumors following immune checkpoint 

inhibitor potentiation. 

Lastly, to investigate the molecular mechanisms observed in mice following treatment 

with an immune checkpoint inhibitor and inhibition of the selected target. 
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3. METHODS 

3.1. Database setup 

We searched for datasets using the National Center for Biotechnology Information 

Gene Expression Omnibus (NCBI GEO) repository (6,79) with the keywords “human 

[organism] AND (anti-PD1 OR anti-PD-1 OR anti-PD-L1 OR anti-CTLA-4 OR anti-

CTLA4)”, and “human [organism] AND (pembrolizumab OR nivolumab OR 

atezolizumab OR durvalumab OR avelumab OR cemiplimab OR ipilimumab OR 

camrelizumab OR cintilimab OR tislelizumab OR toripalimab)”. We also used data from 

the Cancer Research Institute (CRI) iAtlas (80), and conducted a literature search to find 

eligible studies. Our investigation only included datasets with simultaneously available 

clinical and bulk-tissue gene expression data (6). 

We excluded datasets if either was not available, or when not bulk mRNA 

expression profiling was performed (e.g. single-cell RNA sequencing, T or B cell receptor 

sequencing, whole-exome sequencing, non-coding RNA profiling, methylation profiling, 

protein array) (6,15). Studies using mice, cell lines, immune cells/ blood cells/ normal 

were also omitted, likewise GEO SuperSeries files. The collected clinical data were a) 

survival or response data (progression-free survival or interval (PFS/PFI), relapse-free 

survival (RFS), overall survival (OS), recurrence, and response determined by the 

Response Evaluation Criteria in Solid Tumors (RECIST)), b) treatment type c) treatment 

time d) sample characteristics (primary/ recurrence/ metastatic site), e) gender f) 

metastatic disease g) additional therapies (e.g. targeted or chemotherapy), h) tumor type 

and site (6,15). By using the published survival/ response time, we categorized patients 

as responders if they experienced PFS longer than 12 months or had a partial response 

(PR) or complete response (CR). Those who experienced less than 12 months of PFS or 

had progressive disease (PD) or stable disease (SD) were categorized as non-responders. 

Survival time was not used if the patient had no event, and the follow-up time was 

censored before 12 months (6,15). Tumor samples taken before start of the treatments 

were termed as “pre-treatment” samples, while tumors collected during or after the 

therapy were named as “on-treatment” samples (6). 
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3.2. Web platform integration and statistical analysis 

Gene expression data from eligible datasets were combined into a single table, 

quantile normalized and scaled to 1000 (6,15). To discover differentially expressed genes 

due to ICI administration, Mann-Whitney-test, ROC curve,- and survival analysis were 

used. To lower the risk of false discovery by multiple testing, Bonferroni-adjustment (p 

= 0.05) was used due to its stringency and strong control over false positive detection (6). 

The ROC plotter platform, running on Ubuntu 20.04.4 LTS server (Apache 

2.4.41), was extended to enable the investigation and validation of new biomarkers (6,15). 

The computations and statistical analyses were performed in R (https://www.r-

project.org/) with Bioconductor packages (https://www.bioconductor.org). The analysis 

platform can be reached at https://rocplot.com/immune. 

To associate survival benefits with gene expression patterns, we also integrated 

our immunotherapy database into the Kaplan-Meier Plotter web service 

https://kmplot.com/analysis/index.php?p=service&cancer=immunotherapy (6). 

3.3. Selection of druggable resistance biomarkers  

To discover the strongest candidate that might be eligible for further 

investigations, three separate analyses were performed using pre-treatment samples of 

anti-PD1, or anti-PD-L1, or anti-CTLA-4 therapies (6). After applying the Bonferroni 

correction, we screened the significant, protein-coding genes with a fold change over 1.5 

in the non-responder group for druggability. We used PubMed literature search, 

SelleckChem, GeneCards, and ClinicalTrials to assess druggability and looked for 1) in 

silico predicted drugs, 2) in vitro and in vivo tested drugs, 3) phase I-II clinical trials, and 

4) pharmaceuticals approved by the U.S. Food and Drug Administration (81). 

3.4. Cell culture and viability assay 

To prove the feasibility of the chosen drug candidate, we used CellTiter-Glo 

Luminescent Cell Viability assay (Promega, Madison, WI, USA, G7570) on B16-F10 

(CRL-6475, manufactured by ATCC (Manassas, VA, USA)), and YUMM1.7 melanoma 

cell lines (SCC191, Sigma-Aldrich (Burlington, MA, USA)) (81). The cell lines were 

cultured in DMEM (30-2002, ATCC) supplemented with 10% heat inactivated FBS (30-

2020, ATCC), 1% antibiotics/antimycotics (15240062, Thermo Fisher Scientific 

(Waltham, MA, USA, 10010023)) for B16-F10, and in DMEM/F12 (DF-042-B, Merck 

https://www.r-project.org/
https://www.r-project.org/
https://www.bioconductor.org/
https://rocplot.com/immune
https://kmplot.com/analysis/index.php?p=service&cancer=immunotherapy
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KGaA (Darmstadt, Germany)) with 10% FBS and 1% antibiotics/antimycotics 

supplemented with 1× non-essential amino acids (TMS-001-C, Merck KGaA) for 

YUMM1.7 and kept in an incubator at 37°C with 5% CO2 at 1 atm (81). We plated 

triplicates of 4000 cells/ well into 96-well plates for overnight adhering. Verteporfin 

(A12658, Adooq Bioscience (129497-78-5, Irvine, CA, USA)), was added to cell culture 

medium in light-limited conditions for 24- and 48 hours in 0.1 µM, 0.5 µM, 1 µM, 5 µM, 

and 10 µM concentrations (81). We used 0.1% DMSO (67-68-5, D2650, Merck KGaA) 

as a vehicle control, and 10 µM staurosporine (S6942, Merck KGaA) as a positive control. 

For luminescence measurement, Varioskan LUX plate reader equipped with SkanIt 

Software 6.0.1 for Microplate Readers RE 6.0.1.6 was used (81). The average relative 

luminescence units (RLUs) from triplicate measurements of untreated cells were 

determined, and the RLUs of treated samples were then compared to this baseline to 

calculate the percentage of viability as the following (81): 

 

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑅𝐿𝑈𝑠 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑅𝐿𝑈𝑠 𝑜𝑓 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠 
× 100 

 

To minimize interference from serum components, triplicates of medium controls 

were included for background subtraction in all calculations. Outlier analysis was 

conducted using the ROUT method (Q=1%), followed by a normality test to assess data 

distribution. Non-parametric Friedman test was performed with post hoc Dunn’s test on 

raw RLU values. All statistical computations were performed in GraphPad Prism (version 

8.0.1, GraphPad Software, San Diego, California USA, www.graphpad.com). 

Independent experiments were conducted for the final evaluation: YUMM1.7 24 h (n = 

6), YUMM1.7 48 h (n = 5), B16-F10 24 h (n = 5), and B16-F10 48 h (n = 7) (81). 

3.5. Mice 

The in vivo studies were conducted under the 3R-principles (replacement, 

reduction, refinement) Directive 2010/63/EU of the European Parliament, with a great 

emphasis placed on animal welfare and environmental enrichment (81). The mice were 

monitored daily, and their condition was recorded in a log, including the state of their fur, 

tail, back, and any wounds. If aggression was observed between the animals, they were 

separated into different cages to prevent further harm. Environmental enrichment (nesting 
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material, shelter, toys) was provided to promote their quality of life. Food and bedding 

(SAFE 132) was supplied by SAFE (Société d’Application et de Fabrication 

d’Ecosystèmes, SAFE Laboratory, France). The mice were moved to a new cage with 

clean bedding material every 2 to 3 days, maintaining a hygienic environment and 

reducing the risk of disease.  

C57BL/6JRj inbred male mice were obtained from Janvier Labs (France), 

acclimatized for seven days, and housed in 39.6 cm (l) × 21.5 cm (w) × 17.2 cm (h) cages 

with individual ventilation (1285L, Techniplast S.p.A.) (81). A maximum of four mice 

were housed per cage, and ear clipping was used for animal identification. The animals 

had free access to food and water, maintained on a 12-hour light/dark cycle at 22°C with 

40-60% humidity (81). 

The experimental procedures were approved by the National Scientific Ethical 

Committee on Animal Experimentation in Hungary (license no. PE/EA/01017-6/2022) 

(81). 

3.6. Tumor inoculation and treatments 

We chose B16-F10 and YUMM1.7 cell lines because of their immunologically 

“cold” tumor profiles (82,83) and their extensive characterization in the literature, 

providing a strong foundation for developing our experimental models and 

methodologies. 

Before tumor inoculation, cells were washed, counted using a hemocytometer and 

LUNA-FX7 Cell Counter (Logos Biosystems, Anyang-si, South Korea), ensuring 80–

90% confluency and >80% viability. 500,000 cells were resuspended in 100 µl sterile 

phosphate buffered saline (PBS) and kept in a syringe on a heated pad to maintain 

viability (81). Tumors were subcutaneously injected into the rear flank of 8-week-old 

mice using a 25Gx5/8” needle. Animals were anaesthetised before inoculation with 2% 

isoflurane (5% induction) (CP-Pharma Handelsgesellschaft mbH, Burgdorf, Germany) 

using Fluovac Anesthetizing System (Harvard Apparatus, Holliston, MA, USA) (81). 

Forty-two animals were inoculated with YUMM1.7 cells, while forty-three were 

inoculated with B16-F10 cells, and monitored daily.  

When tumors reached a mean volume of 300 mm3 (16th day post-inoculation for 

YUMM1.7, 11th day for B16-F10), the mice were randomly assigned into four groups 

using a simple random sampling method to minimize initial weight and tumor volume 
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differences (81). The treatments started on the subsequent days with the following setup: 

a) 200 µg (1 mg/ml) of IgG2a isotype control antibody (n = 10 for YUMM1.7, n = 9 for 

B16-F10) (2A3, BXC-BP0089, Bio X Cell) in a vehicle control (dH2O, DMSO, Tween80 

(Merck KGaA)), b) 200 µg (1 mg/ml) of anti-PD1 (n = 9 animals for YUMM1.7 and B16-

F10) (RMP1-14, BXC-BP0146, Bio X Cell, Lebanon, NH, USA), c) 50 mg/kg verteporfin 

(n = 9 for YUMM1.7 and B16-F10), d) a combination of verteporfin and anti-PD1 (n = 

10 for YUMM1.7, n = 8 for B16-F10) (81). Treatments were administered every 

subsequent day intraperitoneally (i.p.) in 200 µl with an insulin syringe. YUMM1.7 mice 

received seven doses, while B16-F10 mice received only five doses (emergency 

euthanization due to rapid tumor growth). 

Tumor length, tumor width, and body weight were measured on the following 

days of treatments. If the tumor exceeded 4000 mm³, reached more than 10% of body 

weight, caused painful necrotic lesions, or if animals lost over 20% of their weight, they 

were euthanized under deep anesthesia (90 mg/kg Pentobarbital) by exsanguination (81).  

3.7. Statistical analysis of tumor growth 

Tumor growth was monitored by calculating tumor volume using length and width 

measurements from a digital calliper using the ellipsoid formula (84): 

𝑉 =
𝜋

6
× 𝑙 × 𝑤 × ℎ, where h=height estimated from length as 𝐻 =

2

3
× 𝑙 

 

To estimate tumor weight from tumor volume, we used the following formula (81): 

 

𝑉 [𝑚𝑚3] =
𝑡𝑢𝑚𝑜𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 [𝑔]

1000 [
𝑔

𝑚𝑚3]
 

 

On the day of termination (22nd day for B16-F10, 30th day for YUMM1.7), after 

euthanasia and tumor dissection, we measured tumors in three dimensions (length, width, 

height) along with tumor weights. The volumes calculated from the dissected tumors were 

normalized to body weights and used for statistical computations (81).  

To compare treatment groups, an independent t-test was performed with p-value 

correction in SPSS (IBM Corp. Released 2023. Version 29.0.2.0 Armonk). We used 

Benjamini-Hochberg (p = 0.05) due to its balance between discovery power and false 
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discovery rate control, allowing for the detection of more true positives. The following 

animal numbers were used for statistical evaluation in YUMM1.7 group; a) isotype 

control (n = 9) b) anti-PD1 (n = 7), b) verteporfin (n = 8), c) verteporfin plus anti-PD1 (n 

= 9). Statistical evaluation was not conducted for the B16-F10 group (81). 

3.8. Histology and immunohistochemistry 

Formalin-fixed paraffin-embedded (FFPE) blocks from mice tumors were 

dissected with a Leica RM2245 microtome (Leica, Wetzlar, Germany); the 4 µm sections 

were placed onto Apex slides and heated at 60°C for 10 minutes (81). Slides were 

deparaffinized with xylol (2×10 minutes) and rehydrated in graded concentrations of 

alcohol: absolute ethanol (2×5 minutes), 96% ethanol (5 minutes), 80% ethanol 

(5 minutes), 70% ethanol (5 minutes), distilled water (5 minutes). 

For haematoxylin-eosin staining, nuclei were stained with Harris haematoxylin (5 

minutes), followed by differentiation in 1% acid alcohol (30 seconds). This was followed 

by counterstaining with eosin (30 seconds), dehydration in 96% ethanol (2×1 minute) and 

absolute ethanol (2×1 minute), and clearing in xylol (2×5 minutes) (81). 

If immunostaining was performed, rehydration was followed by antigen retrieval 

in Tris buffer (CD3ɛ staining), or preheated citrate buffer (PCNA staining) for 30 minutes 

(81). PCNA (proliferating cell nuclear antigen, 13110, D3H8P) and CD3ɛ (cluster of 

differentiation 3ɛ, 99940, D4V8L) rabbit IgG antibodies, were obtained from Cell 

Signalling Technology (Leiden, The Netherlands). After washing three times with PBS, 

3% H2O2 was used for peroxidase inactivation, followed by PBS wash for 3×5 minutes. 

For serum blocking, a mixture of 2.5% normal goat serum and milk powder in PBS was 

used for CD3ɛ antibody (1:600). For PCNA antibody dilution (1:4000), 5% normal goat 

serum in PBS was used. HRP-conjugated anti-rabbit IgG (8114, Cell Signalling 

Technology) was used as a secondary antibody. Then, slides were washed in gentle 

shaking with PBS for 3×10 minutes. DAB was used for chromogenic staining as 

suggested by the manufacturer (SK-4103, Vector Laboratories, Newark, CA, USA). 

Slides were dehydrated, cleared, and imaged using a Leica LMD6 microscope with a 

DFC7000 T camera. 
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3.9. RNA isolation and RT-qPCR 

Total RNA was extracted from ~30 mg mouse tumor samples using Qiazol 

(Qiagen, Venlo, The Netherlands) with chloroform/isopropanol precipitation, and 

homogenized via TissueLyser (Qiagen, The Netherlands) (81). After centrifugation (10 

min, 12,000×g, 4°C), chloroform was added to the supernatant, followed by another 

centrifugation to separate RNA from DNA and proteins (81). The aqueous phase was 

used for RNA precipitation with ≥99% isopropanol after centrifugation (15 min, 

12,000×g, 4°C). Pellets were washed four times with 75% ethanol, vacuum-dried using a 

VACUSAFE/VACUBOY system (INTEGRA Biosciences AG, Switzerland), 

resuspended in RNase-free water, and RNA concentrations were measured with an 

Implen NanoPhotometer N60 (München, Germany) (81). 

SensiFAST cDNA Synthesis Kit (BIO-65053, Bioline, London, UK) was used for 

cDNA synthesis from 1 µg total RNA with a protocol recommended by the manufacturer 

(81). The synthesis was carried out using a C1000 Touch Thermal Cycler (Bio-Rad 

Laboratories, Hercules, CA, USA) under the following conditions: annealing at 25°C for 

10 minutes, reverse transcription at 42°C for 15 minutes, and inactivation at 85°C for 5 

minutes. The cDNA samples were then diluted to 20× with RNase-free water. RT-qPCR 

was performed on a LightCycler 480 II instrument (Roche, Basel, Switzerland) using the 

SensiFAST SYBR No-ROX Kit (BIO-98005, Bioline, London, UK) (81). Initial 

activation was performed at 95°C for 2 minutes (ramp rate: 4.4°C/s). The amplification 

phase consisted of 45 cycles with the following conditions: denaturation at 95°C for 5 

seconds (ramp rate: 2.2°C/s), annealing at 57°C for 10 seconds (ramp rate: 1.1°C/s), and 

extension at 72°C for 20 seconds (ramp rate 1.6°C/s). Melting curve analysis was 

performed starting at 95°C for 1 minute, followed by cooling to 42°C for 2 minutes (ramp 

rate: 2°C/s), then increasing to 95°C (ramp rate: 0.11°C/s), and ending with cooling to 

37°C for 3 minutes (ramp rate: 2.2°C/s). Peptidylprolyl isomerase A (PPIA) and 

hypoxanthine guanine phosphoribosyl transferase (HPRT) served as the reference 

housekeeping genes (81). Relative gene expression was calculated using the 2−ΔΔCp 

method, where Cp represents the crossing point and the expression of the gene of interest 

is compared to PPIA, or HPRT and a calibrator sample (81). Primers were purchased 

from Integrated DNA Technologies (Coralville, IA, USA) (Table 1). 
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Table 1. List of primers used for mice studies. Source: (81). 

Gene Name Primer sequence 
Product 

size 

Tm 

(°C) 
GC% 

LY6G 

lymphocyte 

antigen 6 family 

member G 

TTGACAGCATTACCAGTGATCT 

121 

57.44 40.91 

GCGTTGCTCTGGAGATAGAAG 58.53 52.38 

CD86 CD86 antigen 
CAGCACGGACTTGAACAACC 

144 
59.69 55.00 

CTCCACGGAAACAGCATCTGA 60.34 52.38 

CD80 CD80 antigen 
TTTAGCATCTGCCGGGTGGA 

488 
61.56 55.00 

CCCCGGTCTGAAAGGACCAG 62.19 65.00 

CD3ε 

CD3 antigen, 

epsilon 

polypeptide 

GCGTCTGGTGCCTTCTTCAG 

108 

61.29 60.00 

CAGGATGCCCCAGAAAGTGT 59.96 55.00 

FOXP3 forkhead box P3 
TGGCGAAAGTGGCAGAGAG 

242 
60.00 57.89 

TTGTCAGAGGCAGGCTGGATA 60.90 52.38 

CD68 CD68 antigen 
TGCGGCTCCCTGTGTGT 

61 
61.27 64.71 

TCTTCCTCTGTTCCTTGGGCTAT 60.83 47.83 

PCNA 
proliferating cell 

nuclear antigen 

AGATGTGCCCCTTGTTGTAGAG 
148 

60.03 50.00 

TGGCATCTCAGGAGCAATCTT 59.44 47.62 

PDCD1 

(PD-1) 

programmed cell 

death 1 

CAAGGACGACACTCTGAAGGAG 
89 

60.35 54.55 

TCTTCTCTCGTCCCTGGAAGT 59.92 52.38 

CD274 

(PD-L1) 
CD274 antigen 

CAGCAACTTCAGGGGGAGAG 
176 

60.04 60.00 

TTTTGCGGTATGGGGCATTG 59.47 50.00 

CD45 

(PTPRC) 

protein tyrosine 

phosphatase 

receptor type C 

CCCAGTGATGAACTGAGCACAA 

246 

60.81 50.00 

GGGATTGTCAGCTTGGCTGC 61.94 60.00 

PPIA 
peptidylprolyl 

isomerase A 

TATCTGGACTGCCAAGACTGAGTG 
127 

61.89 50.00 

CTTCTTGCTGGTCTTGCCATTCC 62.23 52.17 

YAP1 
yes-associated 

protein 1 

CGGCAGGCAATACGGAATATCAA 
70 

61.36 47.83 

TGCGCAGAGCTAATTCCTGAC 60.74 52.38 

HPRT 

hypoxanthine 

guanine 

phosphoribosyl 

transferase 

GTCCCAGCGTCGTGATTAGC 

170 

61.15 60.00 

GTGATGGCCTCCCATCTCCT 61.06 60.00 

 

To quantify relative gene expression levels after RT-qPCR, first an outlier analysis 

(ROUT Q=1%) was performed that was followed by a lognormality test. Either one-way 



23 

 

ANOVA (post-hoc Tukey’s) or the Kruskal-Wallis (post-hoc Dunn’s) test was used for 

statistical comparison (81). Analyses were performed GraphPad Prism version 8.0.1 in 

isotype control (n = 8-9 animals), anti-PD1 (n = 7 animals), verteporfin (n = 6-8 animals), 

and verteporfin+anti-PD1 (n = 6-9 animals). 
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4. RESULTS 

4.1. In silico discovery 

4.1.1. Integrative database of immune-checkpoint inhibitor treated cancer 

patients  

225 series files were identified with the utilization of NCBI GEO and 6 datasets 

from the CRI iAtlas. Additionally, 5 extra cohorts were found by looking up the 

referenced literature (85–89), leading to 246 datasets with 3,823 samples to be screened. 

A detailed description of the complete screening process can be seen in Figure 1. 

After omitting datasets with unfitting or duplicated data, we manually screened 

1,502 samples. Of which, 68 samples were excluded due to (1) duplicated sample of a 

patient, (2) irrelevant treatment (not ICI), (3) no response or survival data, (4) no 

expression data, (5) ambiguous treatment time, (6) not available on iAtlas (if the rest of 

the dataset was used from iAtlas), (7) not primary tumor, (8) low sample size of a given 

tumor. The final database consists of 1,434 samples from 19 datasets (Figure 1). 
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Figure 1. PRISMA flowchart showing the database setup for immune checkpoint 

inhibitor-treated cancer patients. White boxes indicate included studies or samples, 

while grey boxes represent excluded ones. 

This database was integrated to www.rocplot.com/immune ROC Plotter 

Immunotherapy analysis platform (Figure 2) consisting of melanoma (n = 570), 

urothelial cancer (bladder/ureter/pelvis cancer) (n = 438), head and neck squamous cell 

carcinoma (n = 110), esophageal and gastroesophageal junction adenocarcinoma (n = 

103), lung cancer (small cell and non-small-cell lung cancer, or squamous and non-

squamous non-small cell lung cancer) (n = 60), gastric cancer (n = 45), renal cell 

carcinoma (n = 44), glioblastoma (n = 28), hepatocellular carcinoma (n = 22), breast 

cancer (triple-negative (n = 12), and ER+HER2- breast cancer (n = 2)) (Figure 3) (6). 

 

http://www.rocplot.com/immune
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Figure 2. Web platform design of www.rocplot.com/immune. Landing page of the 

ROC Plotter Immunotherapy platform with options to search for a gene or multiple 

genes simultaneously, select treatments and tumor types, and apply additional filters 

(sample acquisition, gender, primary tumor sample, metastatic disease). 

Patients either received anti-PD1 (nivolumab, or pembrolizumab) (all n = 877; 

pre-treatment n = 776; on-treatment n = 101), anti-PD-L1 (atezolizumab, or durvalumab) 

(all n = 488; pre-treatment n = 457; on-treatment n = 31), or anti-CTLA-4 (ipilimumab) 

(all n = 124; pre-treatment n = 98; on-treatment n = 26) treatments, or n = 55 combination 

therapy (Figure 3) (6). The description of the datasets was thoroughly discussed in our 

previous review article (15). 

http://www.rocplot.com/immune
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Figure 3. Final database structure and sample distribution (n = 1,434). Number of 

samples for each tumor type (above), overall distribution of samples collected before 

(pre-treatment) and after (on-treatment) ICI administration (bottom, left). Number of 

samples corresponding to different treatment regimens (anti-PD1, anti-PD-L1, anti-

CTLA-4, or combination of them) (bottom, right). 

4.1.2. Pan-cancer biomarkers of anti-PD1, anti-PD-L1, and anti-CTLA-4 

baseline resistance with pharmacological interventions 

The following nineteen datasets were included for 1) anti-PD1 pre-treatment 

group:  GSE78220, GSE91061, GSE93157, GSE115821, GSE121810, GSE136961, 

GSE140901, GSE165745, GSE176307, Cristescu2018 (90), Gide2019 (91), Kim2018 

(87), Miao2018 (88), Liu2019 (89); 2) anti-PD-L1 pre-treatment group: GSE165252, 

GSE176307, GSE183924, Mariathasan2018 (92), Miao2018; and 3) anti-CTLA-4 pre-

treatment group: GSE115821, GSE140901, GSE165278, Gide2019, Miao2018, 

VanAllen2015 (93). Different technological approaches were utilized in the involved 

studies such as RNA-sequencing (Illumina, or Ion Torrent platforms), and NanoString 

nCounter platforms, and the datasets were involved regardless of tumor type (Table 2) 

(6). 
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Table 2. Final database of immune checkpoint inhibitor-treated cancer patients with 

transcriptomic and clinical data. Source: (6). 

Dataset ID Sample Tumor Treatment 
Acquisiti

on 
Outcome Platform 

GSE78220 28 Melanoma Pembrolizumab 
Pre-

treatment 

OS and 

response by 

RECIST 

RNA-Seq 

(Illumina 

HiSeq 

2000) 

GSE91061 98 Melanoma Nivolumab 

Pre-

treatment 

or On-

treatment 

OS and 

response by 

RECIST 

RNA-Seq 

(Illumina 

Genome 

Analyzer) 

GSE93157 

5 

Head and 

Neck 

Squamous 

Cell 

Carcinoma 

Nivolumab 
Pre-

treatment 

PFS and 

response by 

RECIST 

NanoString 

nCounter 

PanCancer 

Immune 

Profiling 

Panel 

22 

Non-

Squamous 

Non-Small 

Cell Lung 

Cancer 

Nivolumab or 

Pembrolizumab 

Pre-

treatment 

PFS and 

response by 

RECIST 

25 

Skin 

Cutaneous 

Melanoma 

Nivolumab or 

Pembrolizumab 

Pre-

treatment 

PFS and 

response by 

RECIST 

13 

Squamous 

Non-Small 

Cell Lung 

Cancer 

Nivolumab or 

Pembrolizumab 

Pre-

treatment 

PFS and 

response by 

RECIST 

GSE115821 37 Melanoma 
Anti-PD1 and/ or 

Anti-CTLA-4 

Pre-

treatment 

or On-

treatment 

Response 

RNA-Seq 

(Illumina 

HiSeq 2000 

and 

Illumina 

NextSeq 

500) 

GSE121810 28 
Glioblasto

ma 
Pembrolizumab 

Pre-

treatment 

or On-

treatment 

PFI, OS, 

response by 

RECIST 

RNA-Seq 

(Illumina 

HiSeq 

3000) 
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GSE136961 21 

Non-

Small-Cell 

Lung 

Cancer 

Anti-PD1 
Pre-

treatment 
PFS, OS 

RNA-Seq 

(Ion Torrent 

S5 XL) 

GSE140901 22 

Hepatocell

ular 

Carcinoma 

Nivolumab and/ 

or Ipilimumab 

Pre-

treatment 

PFS, OS, 

response by 

RECIST 

NanoString 

nCounter 

PanCancer 

Immune 

Profiling 

Panel 

GSE165252 66 

Esophageal 

Adenocarci

noma 

Atezolizumab 

Pre-

treatment 

or On-

treatment 

PFS, OS, 

and 

response 

RNA-Seq 

(Illumina 

HiSeq 

4000) 

GSE165278 21 Melanoma Ipilimumab 

Pre-

treatment 

or On-

treatment 

OS 

RNA-Seq 

(Illumina 

HiSeq 

2500) 

GSE165745 24 Melanoma 
Pembrolizumab 

or Nivolumab 

Pre-

treatment 
Response 

NanoString 

nCounter 

Vantage 3D 

Human Wnt 

Pathways 

Panel 

GSE176307 84 

Bladder/ 

Ureter/ 

Pelvis 

Cancer 

Pembrolizumab/ 

Nivolumab, or 

Atezolizumab/ 

Durvalumab 

Pre-

treatment 

PFS and 

response by 

RECIST 

RNA-Seq 

(Ion Torrent 

S5 XL) 

GSE183924 37 

Esophageal 

and 

Gastroesop

hageal 

Junction 

Adenocarci

noma 

Durvalumab 
Pre-

treatment 
RFS 

RNA-Seq 

(Illumina 

NovaSeq 

6000) 

Cristescu2018 

17 
Bladder 

Cancer 
Pembrolizumab 

Pre-

treatment 
Response 

NanoString 

nCounter 
12 

Triple 

Negative 

Breast 

Cancer 

Pembrolizumab 
Pre-

treatment 
Response 
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2 

ER+HER2- 

Breast 

Cancer 

Pembrolizumab 
Pre-

treatment 
Response 

105 

Head and 

Neck 

Squamous 

Cell 

Carcinoma 

Pembrolizumab 
Pre-

treatment 
Response 

86 Melanoma Pembrolizumab 
Pre-

treatment 
Response 

4 

Small Cell 

Lung 

Cancer 

Pembrolizumab 
Pre-

treatment 
Response 

Gide2019 88 Melanoma 

Pembrolizumab 

and/ or 

Nivolumab and/ 

or Ipilimumab 

Pre-

treatment 

PFI, OS, 

response by 

RECIST 

RNA-Seq 

(Illumina 

HiSeq 

2500) 

Kim2018 45 
Gastric 

Cancer 
Pembrolizumab 

Pre-

treatment 

Response 

by RECIST 

RNA-Seq 

(Illumina 

NextSeq 

550) 

Liu2019 121 Melanoma 
Nivolumab or 

Pembrolizumab 

Pre-

treatment 

PFS, OS, 

response by 

RECIST 

RNA-Seq 

(Illumina 

HiSeq 2000 

v3, HiSeq 

2500) 

Mariathasan2018 348 
Urothelial 

Cancer 
Atezolizumab 

Pre-

treatment 

OS and 

response by 

RECIST 

RNA-Seq 

(Illumina 

TruSeq 

RNA 

Access) 

Miao2018 33 
Renal Cell 

Carcinoma 

Nivolumab and/ 

or Ipilimumab, 

or Atezolizumab 

Pre-

treatment 

PFS, OS, 

and 

response by 

RECIST 

RNA-Seq 

(Illumina 

HiSeq 2000 

v3, HiSeq 

2500) 

VanAllen2015 42 Melanoma Ipilimumab 
Pre-

treatment 

PFS, OS, 

and 

response by 

RECIST 

RNA-Seq 

(Illumina 

HiSeq 

2500) 



31 

 

In the anti-PD1 pre-treatment group, ROC AUC and p-values of 29,755 genes 

were analyzed (6). After applying Bonferroni correction (p < 1.6E-06) to mitigate false 

discoveries, 912 genes remained significant. We investigated only those genes that 

showed FC > 1.5 in non-responding patients, including STK35 (FC = 1.7, AUC = 0.651, 

p = 1.4E-08), SPIN1 (FC = 1.6, AUC = 0.682, p = 9.1E-12), SRC (FC = 1.6, AUC = 

0.667, p = 5.9E-10), SETD7 (FC = 1.7, AUC = 0.663, p = 1.0E-09), TEAD3 (FC = 1.7, 

AUC = 0.649, p = 4.1E-08), FGFR3 (FC = 2.1, AUC = 0.657, p = 3.7E-09), YAP1 (FC = 

1.6, AUC = 0.655, p = 6.0E-09), and BCL2 (FC = 2.2, AUC = 0.634, p = 9.7E-08) (6). 

Interestingly, most of these genes were connected to YAP1 regulation, particularly SRC 

(94,95), SETD7 (96), BCL2 (97), STK35 (98), FGFR3, and TEAD3. 

In the anti-PD-L1 pre-treatment group, 26,819 genes were analyzed, and 38 hits 

were significant (p < 1.8E-06). We found no tumor-agnostic, upregulated, druggable 

genes of resistance (6). 

In the anti-CTLA-4 pre-treatment group, 22,561 genes were analyzed, yielding 80 

significant genes. Among them, only BLCAP (FC = 1.7, AUC = 0.735, p = 2.1E-06) was 

identified as a druggable gene overexpressed in the pan-cancer cohort of non-responding 

patients (6). 

4.1.3. Predictive biomarkers of anti-PD1 resistance in melanoma  

To identify a suitable target for validation, we first examined which tumor type 

and treatment were the most frequently represented in the database, which was the 

melanoma anti-PD1 pre-treatment (n = 415) (Figure 3). Since immune checkpoint 

inhibitors are primarily utilized as adjuvant therapies in melanoma, analyzing pre-

treatment cohorts provides a more accurate representation of their clinical relevance. 

We then re-ran ROC and Mann-Whitney tests and performed a survival analysis 

using the following datasets: GSE91061, GSE93157, GSE78220, GSE165745, 

GSE115821, CRISTESCU2018, GIDE2019, LIU2019. After Bonferroni-correction, 

twenty-one genes showed significant overexpression in the anti-PD1 resistant melanoma 

group (Table 3). Among these, we found available inhibitors for six targets: YAP1, 

spindlin 1 (SPIN1), eukaryotic translation initiation factor 4H (EIF4H), solute carrier 

family 25 member 36 (SLC25A36), lysophospholipase 1 (LYPLA1), and GID complex 

subunit 4 homolog (GID4) (81). 
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Table 3. Twenty-one genes with overexpression in anti-PD1 non-responding melanoma 

patients (FC = fold change, MW=Mann-Whitney). Source: (81). 

gene 

symbol 

FC in non-

responders 

MW  

p-value 

ROC 

AUC 

ROC 

AUC 

p-value 

inhibitor 

SPIN1 1.57 3.22E-07 0.678 1.30E-08 compound 3 (MS31) 

GID4 1.50 4.37E-07 0.676 3.30E-08 
Compounds 16, 67, and 

88 

LYPLA1 1.60 8.99E-07 0.671 5.80E-08 
ML211 and acyl 

piperidine 21 

EIF4H 1.54 1.17E-06 0.669 1.10E-07 pateamine 

SLC25A36 1.64 1.73E-08 0.696 2.50E-10 

tannic acid and 4,7-

diphenyl-1,10-

phenanthroline 

YAP1 1.85 1.07E-08 0.699 7.50E-11 
verteporfin, CA3, statins, 

or A35 

EPN2 2.52 2.28E-07 0.680 1.00E-08 N/A 

LEPROT 1.87 1.38E-07 0.683 4.30E-09 N/A 

PRRG1 1.86 5.54E-08 0.689 1.20E-09 N/A 

TMEM263 1.85 2.42E-07 0.68 8.40E-09 N/A 

C5orf24 1.85 2.43E-09 0.707 8.10E-12 N/A 

HACD3 1.73 1.50E-07 0.693 2.80E-09 N/A 

KCTD15 1.73 4.45E-07 0.676 2.80E-08 N/A 

MPZL1 1.70 8.72E-07 0.671 5.10E-08 N/A 

PCMTD2 1.68 1.89E-07 0.681 7.00E-09 N/A 

VMA21 1.67 7.49E-07 0.672 5.30E-08 N/A 

CLDN12 1.62 5.38E-07 0.674 5.10E-08 N/A 

PLS3 1.58 2.90E-07 0.678 1.90E-08 N/A 

MTURN 1.55 2.08E-07 0.681 9.90E-09 N/A 

GZF1 1.53 7.40E-07 0.672 5.20E-08 N/A 

TIGD7 1.52 3.53E-07 0.677 2.60E-08 N/A 
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4.1.4. Yes-associated protein 1 (YAP1) as a druggable, predictive, and 

prognostic biomarker of anti-PD1 resistance in melanoma  

In the anti-PD1 pre-treated melanoma cohort, YAP1 emerged as the most 

promising target (FC = 1.85, Mann-Whitney p-value = 1.07E-08, AUC = 0.699, ROC 

AUC p-value = 7.50E-11) (Table 3, Figure 4C, 4D) as other potential druggable 

candidates were either less studied in malignant tumors, faced concerns about off-target 

effects, or were still in early drug development (81). In contrast, YAP1 is a well-

established oncogene, particularly in skin cutaneous melanoma, and has a clinically 

approved inhibitor, verteporfin (81). The advantage of using drugs already utilized in 

clinical practice is that there is no need to navigate the long and quite unsuccessful path 

of drug development. In oncology, the probability of a drug progressing from Phase 1 to 

approval is only 3.4% (99). Additionally, YAP1 inhibitors are currently being evaluated 

for antitumor effects in several clinical trials.  

We validated YAP1 in this cohort as a prognostic biomarker using KM-plotter 

service. Survival analysis showed that higher YAP1 expression correlates with poorer 

progression-free survival (HR = 2.51, p = 1.2E-06), and overall survival (HR = 2.15, p = 

1.2E-05) (Figure 4A, 4B) (81). Based on the robust predictive and prognostic capabilities 

of YAP1, we chose this target for in vitro and in vivo validation using verteporfin inhibitor 

(81). 
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Figure 4. Evaluation of YAP1 as a predictive and prognostic biomarker in the anti-PD1 

pre-treatment melanoma cohort. YAP1 overexpression correlation with worse 

progression free survival (A), and overall survival (B), and therapy resistance (C) with 

corresponding ROC curve (D). Source: (81). 

4.2. In vitro and in vivo validation 

4.2.1. Yes-associated protein 1 (YAP1) inhibition with verteporfin in melanoma 

cells 

We assessed the effects of verteporfin (VP) on YUMM1.7 and B16-F10 

melanoma cell viability using a luminescent assay. Only the highest VP concentration (10 

µM) showed a significant reduction in viability after 24 hours, compared to both untreated 

cells (p = 0.0378) and the vehicle control (p = 0.0019) in B16-F10 (Figure 5A, 5B, 5D, 

5E) (81). Conversely, in YUMM1.7 cells, 5 µM VP was also effective, significantly 

decreasing viability compared to untreated (p = 0.0305) and vehicle control cells (p = 
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0.0001) (Figure 5A, 5C, 5F, 5G). Extending the incubation period to 48 hours enhanced 

the treatment in both cell lines. Notably, 1 µM VP significantly reduced cell viability in 

B16-F10 (p = 0.0210) and YUMM1.7 (p = 0.0030) cells (81). These findings indicate that 

verteporfin treatment effectively decreases cell viability in our tumor models and 

YUMM1.7 showing greater susceptibility to VP. 
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Figure 5. Plate layout of viability assay (A) and representative microscopic photos 

taken after 24 hours of treatment in a selected well of B16-F10 cells (B) or YUMM1.7 

cells (C). Effects of verteporfin on B16-F10 cells after 24 h (D) or 48 h (E), and on 

YUMM1.7 cells after 24 h (F) or 48 h (G) incubation. Independent experiments used 

for Friedman test: B16-F10 24 hours (n = 5), B16-F10 48 hours (n = 7), YUMM1.7 24 

hours (n = 6), YUMM1.7 48 hours (n = 5). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P 

≤ 0.0001. Source: (81). 
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4.2.2. Verteporfin potentiates anti-PD1 therapy in mice bearing BRAFV600E 

mutations in melanoma  

To investigate whether YAP1 inhibition could enhance the efficacy of anti-PD1 

therapy in melanoma, we treated C57BL/6J mice bearing YUMM1.7, and B16-F10 

tumors with the following regimens: 200 µg isotype control, 200 µg anti-PD1, 50 mg/kg 

verteporfin, and a combination of verteporfin+anti-PD1 (81). Tumor volumes in the 

YUMM1.7-inoculated verteporfin+anti-PD1 group were significantly smaller compared 

to the isotype control (p = 0.021, adjusted p = 0.063) and the anti-PD1 monotherapy group 

(p = 0.008, adjusted p = 0.048) (Figure 6A) (81). However, neither verteporfin alone (p 

= 0.425) nor anti-PD1 alone (p = 0.971) showed a significant advantage over the control 

group (81). While verteporfin monotherapy appeared more effective than anti-PD1, the 

difference was not statistically significant (p = 0.363 vs. anti-PD1; p = 0.083 vs. 

combination therapy) (Figure 6A) (81). The combination therapy led to the most 

substantial decrease in tumor weight (mean ± SD: 1.738 g ± 0.73) compared to anti-PD1 

(2.609 g ± 0.78) (p = 0.038) (81). We did not find significant differences between 

verteporfin (2.238 g ± 0.95), or the isotype control groups (2.630 g ± 1.36) in YUMM1.7 

tumor mass (Figure 6A) (81). 

Mice inoculated with B16-F10 melanoma tumors exhibited rapid tumor 

progression, rendering them unresponsive to all treatments thus early euthanasia was 

required, leading to small sample size at the end of the study (n = 3 isotype control, n = 3 

anti-PD1, n = 1 verteporfin, n = 2 verteporfin+anti-PD1) (Figure 6B). Thus, data was not 

evaluated in the B16-F10 group. 
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Figure 6. Tumor growth in YUMM1.7 (A), and B16-F10 (B). Upper plots show body 

weight-normalized tumor volume growth. Individual dots show the mean values of 

treatment groups with ±SEM. Tumor weights before treatments were predicted from 

tumor volumes as: V[mm3]=weight[g]/1000[g/mm3]. Each dot represents an individual 

animal with mean values as lines (bottom plots). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, 

****P ≤ 0.0001. Source: (81). 

 

Given the strong contrast in treatment responses between the YUMM1.7 and B16-

F10 models, we examined YAP1 expression in these tumors. YUMM1.7 tumors exhibited 

significantly higher YAP1 expression compared to B16-F10 tumors, with significant 

differences observed in both the isotype control groups (p = 0.003) and the anti-PD1-

treated groups (p = 0.001) (Figure 7) (81). However, anti-PD1 monotherapy did not 

directly affect YAP1 expression in either tumor model. 

 

Figure 7. YAP1 expression after anti-PD1 treatment (left) in YUMM1.7 and B16-F10 

mice with corresponding, representative pictures of dissected tumors (right). RT-qPCR 

data are visualized as normalized 2−ΔΔCp values, and Kruskal-Wallis (post hoc Dunn’s) 

was used for the calculation.  *P ≤ 0.05, **P ≤ 0.01. Source: (81). 
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These results suggest that the presence of BRAF mutations in YUMM1.7 tumors 

contribute to higher YAP1 expression, enhancing their response to verteporfin while 

simultaneously driving resistance to anti-PD1 therapy. In contrast, B16-F10 tumors, 

which are wild-type for BRAF, remain unresponsive to the mentioned treatments. 

4.2.3. Verteporfin plus anti-PD1 combination therapy shifts immunologically 

“cold” tumors to “hot” 

Next, we analyzed dissected tumor samples from YUMM1.7-inoculated mice to 

evaluate proliferative and immune infiltrative characteristics. Hematoxylin & eosin 

staining, along with the proliferation marker PCNA, confirmed a high density of tumor 

cells across all treatment groups, with no discernible effect on proliferation (Figure 8A). 

Representative images of CD3ε immunostaining (Figure 8B) and RT-qPCR (Figure 9), 

which showed significantly increased CD3ε expression in the verteporfin+anti-PD1 

group compared to the isotype control (p = 0.047), suggest that the combination therapy 

promotes an immunologically active tumor microenvironment (81).  
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Figure 8. Hematoxylin and eosin staining (A), PCNA (A) and CD3ɛ (B) 

immunohistochemical staining of YUMM1.7 mice tumor samples. Black scale bars on 

PCNA and CD3ɛ staining indicate 1000 µm length (10x magnification), and the yellow 

scale bar on CD3ɛ staining shows 100 µm (40x magnification). Negative controls did 

not contain primary antibodies. Source: (81). 
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Further investigation of tumor-associated immune cell types revealed 

overexpression of PTPRC (CD45, leukocyte common antigen) in the verteporfin+anti-

PD1 group (p = 0.045), a pan-leukocyte marker essential for lymphocyte activation. 

Additionally, verteporfin monotherapy downregulated FOXP3 (forkhead box protein 3) 

expression compared to anti-PD1 treatment (p = 0.031), with a similar but non-significant 

trend observed after combination therapy, suggesting that VP may help to counteract 

immune-suppressive, tumor-promoting signals. In the combination therapy group, CD68 

was elevated (p = 0.009 vs. isotype control, p = 0.029 vs. anti-PD1), along with CD86 (p 

= 0.026 vs. isotype control, p = 0.048 vs. VP) and CD80 (p = 0.030 vs. anti-PD1), markers 

typically expressed on pro-inflammatory, tumor-eliminating M1 macrophages (Figure 9) 

(81). PDCD1 (PD-1) expression increased after anti-PD1 monotherapy and combination 

therapy compared to VP monotherapy (p = 0.013, p = 0.024, respectively), while CD274 

(PD-L1) showed no differences across groups (81). Similarly, no significant differences 

were detected in the immunosuppressive neutrophil marker, LY6G (lymphocyte antigen 

6 family member G) (81). 

These findings indicate that anti-PD1 monotherapy is entirely ineffective in 

immunologically cold, exhausted tumors like B16-F10 and YUMM17. Despite optimal 

conditions following anti-PD1 therapy in YUMM.17 tumor – such as the presence of 

immune cells and high expression of PD-1 and PD-L1 – the therapeutic efficacy was 

hindered, likely due to YAP1 overactivation (81). Adding verteporfin to checkpoint-

arrested, immune-infiltrated, YAP1-overexpressed tumors enhance anti-PD1 therapy by 

improving immune recognition. 
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Figure 9. RT-qPCR data of YUMM1.7 tumors are visualized as 2−ΔΔCp values. One-way 

ANOVA (Tukey’s), or Kruskal–Wallis (Dunn’s) tests were used for the calculation. The 

animal numbers used measurements were as follows: isotype control (n = 8-9), anti-PD1 

(n = 7), verteporfin (VP) (n = 6-8), VP+anti-PD1 (n = 6-9). *P ≤ 0.05, **P ≤ 0.01. 

Source: (81). 
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5. DISCUSSION 

Our first aim was to set up a transcriptomic and clinical database of cancer patients 

treated with anti-PD1, anti-PD-L1, and anti-CTLA4 inhibitors. The strength of the 

integrated platform lies in its use of real-world, high-number patient data. While 

individual studies often have a limited sample size, our cohort contains 1,434 samples 

from 19 studies of several tumor types that enhances statistical power and biomarker 

discovery (6). We integrated our database to ROC Plotter Immunotherapy 

(www.rocplot.com/immune) and Kaplan-Meier Plotter Immunotherapy 

(https://www.kmplot.com/analysis/index.php?p=service&cancer=immunotherapy) web 

services (81). Because of the small sample sizes, we could not identify any druggable 

biomarkers of anti-PD-L1 resistance. However, it is worth to mention that granzyme H 

(GZMH, AUC = 0.625, p = 1.2E-06, FC = 1.8), and granulysin (GNLY, AUC = 0.624, p 

= 1.4E-06, FC = 1.25) were overexpressed in the responding patients – indicating the 

activation of NK cells and CD8+ T lymphocytes. In the anti-CTLA-4 resistant cohort 

though, BLCAP – a potential prognostic biomarker (100) – might be worth for further 

investigations in urothelial and bladder cancer, as aristolochic acid I has been found to 

interfere with BLCAP expression (101). 

In the pan-cancer anti-PD1 cohort, there were many promising targets that showed 

overexpression besides YAP1. For example, activation of FGFR3 has already been 

connected to low ICI responses in bladder and urothelial cancer (102–104), and many 

small-molecule inhibitors are available (e.g., anlotinib, infigratinib, pemigatinib) 

(105,106). SRC is another important oncogene with FDA-approved inhibitors (e.g. 

bosutinib, dasatinib, ponatinib). SRC plays a central role in regulating cell proliferation, 

survival and immune recognition (107). Venetoclax is currently the only FDA-approved 

small-molecule inhibitor targeting BCL2 – a key regulator of apoptosis and cell survival 

(108,109). SETD7 contributes to tumorigenesis in a multiple way e.g. promoting 

proliferation, activating stem-cell properties, and supporting an immunosuppressive 

milieu (96). SETD7-targeting drugs, such as DC-S100, cyproheptadine, and (R)-PFI-2, 

have been investigated with promising results (110–113). SPIN1 plays a role in the 

epigenetic regulation of oncogenic pathways and is frequently overexpressed in various 

cancers, with many favourable inhibitors e.g. A366,VinSpinIn (114).  

http://www.rocplot.com/immune
https://www.kmplot.com/analysis/index.php?p=service&cancer=immunotherapy
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Strangely enough, majority of the mentioned biomarkers has been linked to YAP1 

activation. TEAD3 is one of the four transcription factors that upon binding to, YAP1 

regulates oncogenic pathways (50). SRC was found to enhance YAP/TAZ activation 

through LATS repression in an integrin/ actin cytoskeletal manner in melanoma (94). 

Methylation of YAP1 at K494 by SETD7 drives oncogenic and immunosuppressive 

Wnt/β-catenin pathway by disrupting the Hippo-signalling (96,115). YAP1 regulates the 

co-expression of FGFR1 and PD-L1 in lung cancer (116), and controls BCL-2 expression 

in colorectal cancer (97). STK35, closely related to Hippo pathway participants STK3/4, 

can enhance chemoresistance through AKT signalling pathways  (98)– which is a known 

activator of YAP1. These results show that YAP1 is a key player in anti-PD1 resistance 

and warrant further investigations.  

The second aim was to investigate YAP1 inhibition to potentiate anti-PD1 

efficacy using B16-F10 and YUMM1.7 melanoma cell lines. Verteporfin, a YAP1 

inhibitor, reduced cell viability after 24 hours incubation at 5 µM in YUMM1.7, and 10 

µM in B16-F10. Longer incubation period (48 hours) enhanced sensitivity to verteporfin, 

as 1 µM concentration was enough to decrease cell survival in both cell lines. 

The combination therapy of verteporfin and anti-PD1 demonstrated the highest 

efficacy in YUMM1.7-inoculated mice for tumor growth blockade in C57BL/6J mice. 

However, neither verteporfin, anti-PD1, nor their combination showed therapeutic 

benefits in B16-F10-inoculated mice. Notably, YUMM1.7 tumors showed more 

ulceration, aligning with previous findings that melanomas with increased nuclear YAP1 

expression are more ulcerative, which is associated with tumor progression, higher 

invasiveness, and recurrence (117). We observed that the combination of verteporfin and 

anti-PD1 increased T-cell infiltration, as indicated by the upregulation of CD3ε and 

PTPRC (CD45) markers in YUMM1.7 tumors – overcoming the otherwise immune-

exhausted profile, which is characterized by impaired lymphocyte infiltration and 

activation (82). This suggests that verteporfin may help reverse immune-poor conditions 

by promoting lymphocyte infiltration. These positive effects are likely due to the higher 

YAP1 expression in YUMM1.7 tumors compared to B16-F10, making them more 

susceptible to verteporfin. Genetic differences between the two cell lines influenced 

treatment responses as YUMM1.7 carries BRAFV600E, PTEN, and CDKN2A mutations 

(118), whereas B16-F10 is wild-type for BRAF (83, 119). Given the interplay between 
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the RAS/MAPK,- and Hippo-pathways, BRAF-mutated tumors like YUMM1.7 can be 

more dependent on YAP1 activation for immune evasion, whereas B16-F10 tumors are 

likely less reliant on YAP1 for survival. Despite YAP1 expression is not directly affected 

by anti-PD1 therapy in our tumor models, studies show that YAP1 contributes to anti-PD1 

resistance by promoting an immunosuppressive tumor microenvironment (120,121) and 

immune evasion in melanoma (122). 

Our findings suggest that YUMM1.7 tumors, due to their activated MAPK-

pathway, might be more dependent on immune regulation, since verteporfin primarily 

increased T-cell and macrophage markers without significantly reducing tumor 

proliferation. The antitumor activity of Verteporfin seems to be driven more by immune 

modulation than by direct cytotoxicity, which, while observable, does not appear to be 

the dominant mechanism – highlighting its potential as an effective combination partner 

for anti-PD1 therapy. In contrast, B16-F10 tumors may rely more on unchecked 

proliferation rather than immune evasion, rendering them resistant to immune-based 

treatments.  

Verteporfin has been shown to reduce PD-L1 expression by targeting YAP1 in 

melanoma (87). Consistently, our findings demonstrated the greatest reduction in PDCD1 

(PD-1) and CD274 (PD-L1) expression in the VP-treated group (81). Apart from 

regulating the PD-1/PD-L1 axis, YAP1 also influences immune cell recruitment, as seen 

by the increased expression of CD68, CD80, and CD86, indicating enhanced M1 

macrophage infiltration after combination therapy. As shown by others, YUMM1.7 

tumors exhibit lower intratumoral IFN-γ levels, which is notable since these cytokines 

play a key role in macrophage differentiation and activation (123). Furthermore, by using 

the established ICI database, we identified IFN-γ-related gene expression signatures 

associated with anti-PD1 therapy responses in melanoma (124). Eleven differentially 

expressed genes associated with in vitro-acquired IFN resistance were also altered in our 

in silico cohort of patients treated with immune checkpoint inhibitors (124). Among these, 

the following were interferon-regulated genes: SOX4 (FC = 2.23 in non-responders, p = 

1.57E-11), DEK (FC = 1.41 in non-responders, p = 1.66E-06), and HSPA1B (FC = 1.75 

in responders, p = 2.96E-04). Additionally, we found that in vivo-identified IFN-

resistance genes CDCA4 (FC = 2.05, p = 5.90E-09) and AQP1 (FC = 2.06, p = 2.13E-06), 

were also overexpressed in ICI-resistant samples, reinforcing their potential role in 
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therapy resistance. Interestingly, IFN-resistance genes were also differentially expressed 

in melanoma brain and lung metastases and were linked to reduced anti-PD1 efficacy 

(125). The relationship between IFN and ICI treatment efficacy has also been highlighted 

by others, as IFN-γ has been associated with increased PD-L1 expression, YAP1 

activation, and anti-PD1 resistance (126,127). 

 

Figure 10. Summary of the interplay between MAPK-pathway (RAS, BRAF, CRAF, 

MAP4K), Hippo-pathway (YAP1), and PD-1-pathway. 

 

In summary, verteporfin plus anti-PD1 promotes a pro-inflammatory tumor 

microenvironment by enhancing T-cell and M1 macrophage infiltration, highlighting the 

potential of this combination therapy in (BRAF-mutant) melanoma (Figure 10). 
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6. CONCLUSIONS 

1. Robust database of immune checkpoint inhibitor-treated cancer patients 

a. We set up a comprehensive database by compiling datasets from the NCBI 

GEO, Cancer Research Institute iAtlas, and literature sources. 

b. Nineteen datasets from solid tumors, collected before or after treatment 

with nivolumab, pembrolizumab, atezolizumab, durvalumab, or 

ipilimumab, were included in the final version.  

c. A total of 1,434 tumor tissue samples from 1,323 patients, along with 

corresponding clinical characteristics, survival data, and transcriptomic 

data, were integrated into ROC Plotter Immunotherapy and Kaplan-Meier 

Plotter Immunotherapy web platforms. 

2. Predictive, tumor-agnostic biomarkers of immune checkpoint inhibitor 

resistance 

a. We identified predictive markers of baseline resistance to immune 

checkpoint inhibitors in  the following cohorts: 

b. Anti-PD1 pre-treatment group: 29,755 genes screened, 912 remained 

significant after multiple hypothesis testing. YAP1, and its regulator 

molecules, TEAD3, SRC, SETD7, FGFR3, BCL2, STK35 were 

overexpressed in non-responder patients. 

c. Anti-PD-L1 pre-treatment group: 26,819 genes analyzed, 38 significant, 

but no upregulated, druggable resistance marker was found. 

d. Anti-CTLA-4 pre-treatment group: 22,561 genes analyzed, 80 significant 

markers, with BLCAP emerging as a potential druggable target. 

3. YAP1 as a druggable biomarker of anti-PD1 resistance in melanoma 

a. Since melanoma was the most represented cancer type in the database, we 

focused on the anti-PD1 pre-treatment group (n = 415) only. We identified 

YAP1 as the strongest predictive and prognostic biomarker, associated 

with therapy resistance (ROC AUC = 0.699, FC = 1.8, p = 1.1E-08), and 

poorer survival outcomes (PFS: HR =  2.51, p = 1.2E-06, FDR = 1%, and 

OS: HR =  2.15, p = 1.2E-05, FDR = 1%). 

b. We chose YAP1 for in vivo validation with the utilization of a clinically 

available inhibitor, verteporfin. 
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4. Targeting YAP1 with verteporfin to overcome anti-PD1 resistance 

a. We demonstrated that verteporfin significantly reduced tumor cell 

viability in a dose,- and time-dependent manner in B16-F10 and 

YUMM1.7 melanoma cell lines. YUMM1.7 cells were more sensitive to 

VP treatment than B16-F10 cells.  

b. In C57BL/6J mice with BRAFV600E YUMM1.7 tumors, the combination of 

verteporfin and anti-PD1 therapy resulted in the greatest reduction in 

tumor size and weight, significantly outperforming anti-PD1 

monotherapy. Wild-type B16-F10 tumors, which exhibited lower YAP1 

expression both before and after treatment, remained unresponsive to all 

treatments. 

c. Tumors with BRAFV600E might be linked to increased YAP1 expression, 

making them more susceptible to verteporfin. 

d. B16-F10 tumors, lacking YAP1 overexpression and high mutational 

frequency, were unresponsive to anti-PD1 or verteporfin, underscoring the 

specificity of YAP1-driven resistance. 

e. We confirmed that YAP1 overexpression is a major driver of anti-PD1 

resistance in melanoma. 

5.  Immune modulation by verteporfin: from cold tumors to hot tumors 

a. RT-qPCR and immunostaining of YUMM1.7 tumors showed that 

verteporfin+anti-PD1 therapy enhanced immune infiltration, shifting 

tumors from an immune-excluded ("cold") phenotype to a more infiltrated 

state. 

b. The combination therapy increased CD3ε, PTPRC (CD45) levels, 

showing activation of lymphocytes. 

c. It decreased FOXP3 levels, suggesting reduced activation of 

immunosuppressive regulatory T cells. 

d. CD68, CD80, and CD86 – pro-inflammatory M1 macrophage markers –

were increased following verteporfin+anti-PD1 treatment, suggesting 

activation anti-tumoral immune response. 

e. No significant differences were observed in CD274 (PD-L1) or LY6G 

expression. 
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7. SUMMARY 

We established a comprehensive and integrative database of cancer patients treated with 

anti-PD1, anti-PD-L1, and anti-CTLA-4 immune checkpoint inhibitors. The final version 

includes 1,434 tumor tissue samples collected before or after treatment, along with 

clinical survival data and transcriptomic profiles, all integrated into a web platform 

(www.rocplot.com/immune). This database has proven to be a valuable tool for 

identifying novel biomarkers of ICI resistance and potential therapeutic targets.   

Through an extensive analysis, we found that YAP1 and its regulatory partners – TEAD3, 

SRC, SETD7, FGFR3, BCL2, and STK35 – were overexpressed in the anti-PD1 resistant 

patients. Further analysis provided strong evidence that YAP1 is a key biomarker and a 

potential therapeutic target in anti-PD1-resistant melanoma. Consequently, we selected 

YAP1 for in vitro, and in vivo validation using verteporfin, a clinically available inhibitor. 

Experiments in melanoma cell lines demonstrated that verteporfin significantly reduced 

tumor cell viability, with YUMM1.7 cells exhibiting slightly higher sensitivity than B16-

F10 cells. This trend was also observed in vivo, where YUMM1.7-bearing mice showed 

the greatest tumor reduction when treated with the combination of verteporfin and anti-

PD1, outperforming both monotherapies. In contrast, B16-F10 tumors remained 

unresponsive to all treatments, correlating with their lower YAP1 expression. These 

findings underscore the specificity of YAP1-driven ICI resistance, particularly in 

BRAFV600E tumors.  By investigation of the dissected tumors, verteporfin was found to 

modulate the immune landscape, shifting immune-excluded ("cold") tumors into a more 

immune-infiltrated ("hot") phenotype. This was evidenced by increased CD3ε and 

PTPRC (CD45) expression (indicating enhanced lymphocyte activation), by reduced 

FOXP3 levels (suggesting lower immunosuppressive signals by regulatory T cells), and 

by elevated CD68, CD80, and CD86 expression (showing pro-inflammatory M1 

macrophage-driven anti-tumoral responses). Notably, CD274 (PD-L1) and LY6G 

expression remained unchanged across treatment groups. Our findings highlight YAP1 

inhibition as a promising strategy for overcoming anti-PD1 resistance, particularly in 

BRAF-mutant, YAP1-overexpressing melanomas.  

Our validated database serves as a high-quality resource for ongoing and future research, 

facilitating discoveries that can refine therapeutic approaches and improve patient 

outcomes. 

http://www.rocplot.com/immune
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