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SUMMARY 
 

Recent research indicates that cancer development is influenced not only by the 

malignant cells themselves but also by interactions with surrounding stromal cells and immune 

infiltrates. The progression of cancer is facilitated by an immunosuppressive tumor 

microenvironment (TME), which enables immune escape. The concept of tumor "hotness," 

which describes the presence of an intra-tumoral T cell signature, is useful in predicting 

responsiveness to immunotherapies. "Hot" tumors, characterized by high immune cell 

infiltration, demonstrate a better prognosis when treated with immunotherapies compared to 

"cold" tumors that have minimal immune cell infiltration and/or exhausted/dysfunctional T cells. 

Enhancing tumor hotness involves modulating the TME to boost antigen presentation and T 

cell activation, which can be achieved by manipulating immune checkpoints, cytokine 

production, and immunogenic cell death pathways.  

This doctoral thesis encompasses the biology and recent progress in understanding and 

boosting functions of dysfunctional T cells in cancer treatment. Many compounds including 

chemotherapeutics are now recognized for their immunomodulatory effects, warranting a 

reevaluation of their potential in combination therapies to improve anti-cancer immunity and 

tumor hotness. The immunomodulatory effects of 5-Nonyloxytryptamine (5-NL), a serotonin 

receptor agonist, were identified through drug screening. Initially developed for targeting 

serotonin receptors, 5-NL was found to enhance MHC class I expression on tumor cells, crucial 

for T cell recognition and elimination of tumor cells. This effect was linked to the modulation of 

several signaling pathways independent of classical serotonin signaling. 5-NL treatment led to 

activation of the AMPK pathway and subsequent phosphorylation of CREB, influencing the 

antigen-presenting machinery. In vivo settings indicate that combining 5-NL with anti-PD1 

antibodies enhanced efficacy, suggesting its potential to convert "cold" tumors to "hot" tumors.  

Another approach for increasing tumor hotness is the induction of immunogenic cell death 

(ICD) that transforms the TME from immunosuppressive to immune-activating. Ferroptosis, a 

form of regulated cell death characterized by lipid peroxide accumulation, has emerged as a 

promising strategy to enhance cancer therapy by inducing ICD. Using a deep-learning 

screening-based approach, volasertib, a chemotherapeutic agent, was revealed to have novel 

ferroptosis-inducing functions in several B-ALL cell lines, patient-derived xenograft samples 

and in an in vivo leukemia model. Volasertib treatment led to iron ion accumulation, glutathione 

depletion and membrane lipids peroxidation. Recent studies indicate that induction of 

ferroptosis has the potential to not only increase tumor immunogenicity but to also overcome 

chemoresistance. Combining ferroptosis inducers such as volasertib with immune checkpoint 
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inhibitors or other immunotherapies could improve overall treatment efficacy, particularly in 

immunologically cold and apoptosis-resistant cancers.  
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ZUSAMMENFASSUNG 

Jüngste Forschungsergebnisse zeigen, dass Krebs durch ein Zusammenspiel maligner 

Zellen und deren Interaktion mit den umliegenden Stromazellen und infiltrierenden 

Immunzellen entsteht. Das Fortschreiten der Erkrankung wird durch ein immunsuppressives 

Tumormikromilieu (TME) begünstigt, welches eine Immunevasion des Tumors ermöglicht. 

"Heiße" Tumore, die durch eine hohe Immunzellinfiltration gekennzeichnet sind, zeigen bei der 

Behandlung mit Immuntherapien eine bessere Prognose im Vergleich zu "kalten" Tumoren, 

die eine minimale Immunzellinfiltration und/oder erschöpfte/dysfunktionale T-Zellen 

aufweisen. Die Tumorinfiltration kann durch Modulation des TME erhöht werden. Dies kann 

über eine Steigerung der Antigenpräsentation und T-Zell-Aktivierung durch Manipulation von 

Immuncheckpoints, Zytokinproduktion und immunogenen Zelltod erreicht werden. 

Diese Doktorarbeit befasst sich mit der Biologie und den Fortschritten, die in den letzten Jahren 

zum Verständnis und der Aktivierung dysfunktionaler T-Zellen in der Krebsbehandlung 

beigetragen haben. Eine Vielzahl von Substanzen, unter anderem Chemotherapeutika, 

besitzen immunmodulatorische Effekte. Dies macht eine Neubewertung ihres Potenzials in 

Kombinationstherapien zur Verbesserung der Anti-Tumor-Immunität und der Tumorinfiltration 

erforderlich. In dieser Dissertation wurden die immunmodulatorischen Effekte von 5-

Nonyloxytryptamin (5-NL), einem Serotoninrezeptor-Agonisten, durch ein Wirkstoff-Screening 

identifiziert. Ursprünglich wurde 5-NL zur Bindung von Serotoninrezeptoren entwickelt, erhöht 

jedoch auch die Expression von MHC-Klasse-I-Proteinen auf Tumorzellen, was für die T-Zell-

Erkennung und Eliminierung von Tumorzellen entscheidend ist. 5-NL moduliert mehrere 

Signalwege, die unabhängig von der klassischen Signaltransduktion durch Serotonin sind. Die 

Behandlung mit 5-NL führte zur Aktivierung des AMPK-Signalwegs und zur anschließenden 

Phosphorylierung von CREB, welches die antigenpräsentierende Maschinerie beeinflusst. In-

vivo-Studien zeigten, dass die Kombination von 5-NL mit Anti-PD1-Antikörpern deren 

Wirksamkeit erhöht. Dies deutet darauf hin, dass durch die Kombination beider Wirkstoffe 

„kalte“ zu „heißen“ Tumoren umgewandelt werden können. 

Ein weiterer Ansatz zur Erhöhung der Tumorinfiltration ist die Induktion des immunogenen 

Zelltods (ICD), um ein immunsuppressives TME zu einem immunaktivierenden TME 

umzuwandeln. Ferroptose, eine Form des regulierten Zelltods, die durch die Ansammlung von 

Lipidperoxiden gekennzeichnet ist, hat sich als vielversprechende Strategie zur Verbesserung 

der Krebstherapie durch Induktion von ICD erwiesen. Mithilfe eines Deep-Learning-basierten 

Screenings wurde Volasertib, ein Polo-like-Kinase 1 Inhibitor, als neuer Ferroptose-

induzierender Wirkstoff in mehreren B-ALL-Zelllinien, Patientenproben und in einem In-vivo-

Leukämiemodell identifiziert. Die Behandlung mit Volasertib führte zur Akkumulation von 

Eisenionen, zur Depletion von Glutathion sowie Lipidperoxidation der Zellmembran. Studien 
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weisen darauf hin, dass die Induktion von Ferroptose nicht nur die Tumorimmunogenität 

erhöht, sondern auch Chemoresistenz überwinden kann. Die Kombination von Ferroptose-

Induktoren, wie etwa Volasertib, mit Immuncheckpoint-Inhibitoren oder anderen 

Immuntherapien könnte daher die Krebsbehandlung verbessern, insbesondere bei 

immunologisch „kalten“ und Apoptose-resistenten Tumoren. 
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INTRODUCTION  
 

Cancer remains one of the most challenging diseases of our times in the context 

of cure and treatment. According to The Global Burden of Diseases, Injuries, and Risk 

Factors Study (GBD) in 2019 23.6 million new cancer cases were reported and globally 

10 million deaths occurred due to cancer (1). Cancer is in part a disease of aging, as 

mutations accumulate through a lifetime and 90% of diagnosed cases are in an age 

group above 50 (2). Therefore, as many people are living longer, there is a growing 

burden of cancer. In addition, cancer is also a leading cause of death in children and 

adolescents with leukemia being the most commonly diagnosed form (3). 

Improvements in early tumor detection, surgical techniques, research in biomarkers 

and targeted therapy, and many other factors have increased the survival rate of many 

types of cancer (4). Unfortunately, the treatment progress has not been equal in all 

tumor types leading to a visible disproportion in the survival. For example, the five-year 

cancer survival rate for prostate or breast cancer is over 90%, whereas for patients 

with liver or lung cancer only around 18% (5). Modern and effective anti-cancer 

therapies, for example, cell transfer or immune checkpoint blockade immunotherapies 

are not affordable for many patients or even not available in many countries (6). Not 

surprisingly, the number of deaths caused by cancer is the highest in low- and middle-

income countries, whereas the highest rate of five year-survival in high-income 

countries, according to the International Agency for Research on Cancer, WHO 

(statistics for 2020).  

Molecularly, cancer cells are characterized by intrinsically complex biological attributes 

that differentiate them from healthy cells. In the seminal Hanahan and Weinberg 

recently updated “Hallmarks of cancer” paper, a cancer cell was classically described 

as resisting cell death, sustaining proliferative signaling, evading growth suppressors, 

activating invasion and metastasis, enabling replicative immortality, inducing 

angiogenesis, deregulating cell metabolism, avoiding immune destruction, inducing 

tumor-promoting inflammation and genome instability (7). Cancer hallmarks including 

avoiding immune destruction and tumor-promoting inflammation led to a further 

important way of tumor classification according to inflammatory status, also known as 

“hotness”. 
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1. Cold and hot tumors 
 

Tumor hotness describes the immune phenotype, which depends on high immune 

cell abundance, especially T- and NK cells in hot tumors and mechanisms of immune 

evasion in cold tumors (8). Tumors are divided into four immunoscores: hot, cold, 

altered immunosuppressed and altered excluded (Figure 1) (9). Hot tumors are 

characterized by high degree lymphocytes infiltration, measured with CD3+ or CD8+, 

but also targetable immune checkpoint activation markers PD1, LAG3, Tim3, and 

CTLA-4 (10). Altered immunosuppressed tumors are defined by poor T cells infiltration, 

but also a high immunosuppressive environment with TGF-β, IL-10, VEGF and the 

presence of myeloid-derived immunosuppressive and T regulatory cells (Treg) that 

limit recruitment and expansion of CD8+ T cells (10, 11). Altered excluded tumors 

experience hypoxia, abnormal vasculature and epigenetic reprogramming of the tumor 

microenvironment (TME) to create a barrier that leads to the accumulation of T cells 

on the tumor border (invasive margin), enabling the penetration (9, 10). Lastly, cold 

tumors are characterized by the absence of infiltrating T cells within and around 

resulting in part from failed CD8+ T cells priming due to low tumor mutational burden, 

poor antigen presentation, or intrinsic insensitivity to T cell killing (9). The differences 

in tumor immunoscores are crucial for patient treatment and adjusting therapy to the 

predicted responsiveness, especially in treatment with immune checkpoint blockade 

(ICB) (12). For example, in the case of colon cancer immunoscore has a greater 

prognostic value than any other clinically used system like pathologic T stage, 

pathologic N stage, lymphovascular invasion, tumour differentiation or microsatellite 

instability status (13). 

In this chapter differences between cold and hot immune phenotypes of solid 

tumors, namely the importance of antigen presentation and its mechanism, but also 

the role of immune components in tumor control and stages of CD8+ T cells will be 

described. Finally, the TME components and their interplay influencing tumor hotness 

will be explored.  
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Figure 1. Schematic representation of hot, altered immunosuppressed, altered 
excluded and cold tumors. Tumor hotness describes CD8+ T cells infiltration of the 
tumor, with hot tumors being highly inflamed, altered immunosuppressed with little 
infiltration, altered excluded with CD8+ T cells on the border of the tumor and cold 
without infiltration. Tumor hotness correlates with responsiveness to immune 
checkpoint therapies. Figure created with Biorender, adapted from (14) 

  

 

1.1. Tumor antigen presentation 
 

The current classification of tumor immune phenotype is highly dependent on 

tumor infiltrating lymphocytes (TIL), especially CD8+ T cells. High CD8+ T cell infiltration 

is generally attributed to hot tumors (8). Cytotoxic CD8+ T cells are the main players in 

anti-tumor immunity. Primed by antigen-presenting cells (APC), they have the ability to 

selectively attack cancer cells by production of cytotoxic cytokines (15). Specific CD8+ 

anti-tumor responses can be achieved by antigen recognition presented by major 

histocompatibility complex class I (MHC-I) molecules on the cancer cell surface (16). 

MHC-I is expressed by all nucleated cells and contains beta-2 microglobulin (β2m) in 

complex with HLA- A, B and C protein in humans or H2-Db and –Kb in mice (17). MHC-

I assembly takes place in the endoplasmic reticulum (ER) where presented peptides 

are also delivered by the transporter associated with antigen processing (TAP) (18). 

Next, Tapsin bridges the interaction between MHC-I and TAP but also facilitates the 

loading of high affinity peptides on MHC-I. The created peptide-MHC-I complex is 

transported through the Golgi apparatus to the cell membrane (19). Important for 

cancer cell recognition, peptides loaded on MHC-I are derived from proteasomally 

degraded proteins, which failed in de novo ribosomal translation, and not from pre-
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existing proteins. This allows for the presentation of newly synthetized proteins, 

potentially tumor antigens, for immediate recognition by CTLs (19). A few types of 

tumor antigens exist: tumor specific antigens (TSA), tumor associated antigens (TAA) 

and cancer-germlines antigens (CGA). TSAs are expressed in cancer cells, but not in 

healthy tissue as the result of mutations in DNA or virus-derived tumors, such as HPV 

positive tumors (20). TAA are expressed on healthy tissue but at a lower level than on 

cancer cells. Therefore, there is incomplete immune tolerance towards these antigens. 

Examples of TAA can be melanocyte differentiation antigens presented in melanomas 

(21) or HER-2 in ovarian tumors (22). Another class of antigens are CGA which are 

derived from proteins that can be expressed in germline cells, but also cancer cells 

with dysregulated methylation of their promoter (23).  

Another important aspect of tumor hotness is tumor mutation burden (TMB). TMB is a 

factor representing the increased prevalence of somatic mutations that can be induced 

by microsatellite instability (MSI) or mismatch repair (MMR) deficiency. Genome 

instability with DNA repair insufficiency accumulates mutations that lead to neoantigen 

formation and therefore trigger immune surveillance (24). Cancers with high TMB are 

genetically unstable and commonly induced by carcinogens or UV light, for example, 

melanoma or non-small cell lung cancer (NSCLC) (25). However, a high mutational 

burden does not always reflect high tumor infiltration. For example, colorectal cancer 

and metastatic melanoma tumors are characterized by microsatellite instability but may 

not respond to ICB therapies due to low T-cells inflamed phenotype (26). Neoantigens 

and the level of antigen presentation are not the only factors important for specific anti-

tumor killing. Priming and activation of CD8+ T cells capable of eliciting specific anti-

tumor response is also crucial and this process requires antigen cross-presentation 

with APCs. Cancer cells undergoing immunogenic cell death release Pathogen-

Associated Molecular Patterns (PAMPs) or Damage Associated Molecular Patterns 

(DAMPs), which in turn can activate APCs, specifically dendritic cells (DC) (27). 

Activated antigen presenting cells not only produce cytokines but through 

overexpressed Pattern Recognition Receptors (PRRs) promote MHC-I dependent 

antigen cross-presentation with T cell receptor (TCR) of CD8+ T cells. By expressing 

co-stimulatory molecules CD80 and CD86, DCs can activate the CD28 receptor of 

CD8+ T cells (28) (Figure 2). Batf3 is a transcription factor, crucial for dendritic cells 

development and functional cross-presentation (29). The study by Hildner proved the 

essential role of DC priming CD8+ T cells. The authors generated Batf3 knockout mice 
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and demonstrated impaired antigen cross-presentation towards CD8+ T cells and no 

tumor control in highly immunogenic tumors in vivo (29). Taking into consideration the 

importance of APCs, especially DCs in cytotoxic lymphocyte priming and activation, 

there are several works reporting that impaired recruitment of antigen presenting cells 

leads to a cold tumor phenotype (Figure 2). Spranger et al. analyzed patient metastatic 

melanoma samples and discovered that among those who expressed similar levels of 

antigens, a group of non-inflamed tumors lacked Batf-3 dendritic cell markers, pointing 

to a decreased number of DC in the tumor microenvironment (30). In another study 

Spranger showed that activated Batf-3 positive dendritic cells infiltrating tumor produce 

chemokine CXCL9 and CXCL10 (CXCL11 in humans), ligands of CXCR3 expressed 

on CD8+ T cells, and therefore are responsible for recruiting effector T cells to tumor 

side, increasing their hotness (31).  

 

Figure 2. Dendritic cells in the lymph node present cancer antigens on MHC-I to naïve 
CD8+ T cells and activate them with CD80 and CD86, ligands of CD28. CD8+ T cells 
become activated, proliferate and migrate to the tumor bed, where, after TCR 
recognition release perforin (PFN), granzyme B (GzmB), interferon gamma (IFNγ) and 
tumor necrosis factor alfa (TNFα), inducing cancer cell death. Figure created with 
Biorender, adapted from (32).   
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Taken together, the classification of a tumor’s immunoscore depends largely on the 

presence of TILs, particularly CD8+ T cells, which play a critical role in attacking cancer 

cells through the recognition of antigens presented by MHC-I molecules. However, 

effective anti-tumor immunity also relies on the activation and priming of CD8+ T cells 

by antigen-presenting cells, especially dendritic cells. Therefore, the importance of 

increasing tumor antigen presentation by modulating MHC-I expression can influence 

the tumor's immune phenotype and its responsiveness to immunotherapies. 

 

1.2. Role of CD8+ T cells in tumor control  
 

Cytotoxic CD8+ T cells represent the most important immune population in tumor 

detection and elimination. As described above, CD8+ T cells function relies on the 

delicate interplay of innate and adaptive immune components, from priming with tumor 

antigen to activation of T cells. Firstly, CD8+ and TCR acting as co-receptors interact 

with MHC-I on the surface of antigen presenting or cancer cells and get activated 

usually by simultaneous activation of CD28 by CD80 or CD86 ligand expressed by 

APC, macrophages, or activated B-cells (28). T cells can be activated by self-antigens, 

which could lead to autoimmune disease, but without the co-activation of the CD28 

receptor, they undergo apoptosis (33). Activation of CD28 initiates recruitment of 

phosphatidylinositol 3-kinase (PI3K) and nuclear factor-κB (NF-κB) leading to 

proliferation of activated CD8+ T cells, production of IL-2 and accumulation of Bcl-xL, 

protecting from apoptotic death (33, 34). Target cell killing by activated CD8+ T cells is 

achieved, after recognition of antigen, by secreting IFNγ and death inducing granules, 

namely granzymes, PFN, cathepsin C and granulysin, which can fuse with the cancer 

cell membrane (35, 36) (Figure 2). Additionally, effector T cells by interacting with 

target cells can induce their cell death through expressed Fas ligand (FASL), which 

activates Fas-associated protein with death domains (FADD), leading to Caspase-

dependent cell death (34, 37). Nevertheless, during cancer progression infiltrating 

CD8+ T cell become dysfunctional by acquiring anti-tumor tolerance and differentiating 

from active effector into exhausted phenotype due to persistent exposure to tumor 

antigen (38). During T cells activation cells express immune-checkpoints molecules, 

which are inhibitory receptors on their surface, and which accumulate during antigen 

exposure (34). Immune-checkpoints molecules include: programmed cell death 
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receptor 1 (PD-1 or CD279) with the ligands PD-L1 and PD-L2; cytotoxic T-

lymphocyte-associated protein (CTLA-4) with the ligands CD80 and CD86; 

lymphocyte-activation gene 3 (LAG-3), T-cell immunoglobulin and mucin domain-3 

(TIM-3) and T-cell immunoreceptor with Ig and ITIM domains (TIGIT) (34). Other than 

exhaustion CD8+ T cells can undergo a senescent state upon repetitive antigen 

stimulation, stress signals induced by anti-cancer therapy and aging (39). CD8+ T cell 

exhaustion and senescence are broadly described in the article “Senescent Tumor 
CD8+ T Cells: Mechanisms of Induction and Challenges to Immunotherapy” which 

is part of this cumulative dissertation.  

 

1.3. Tumor microenvironment  
 

The tumor microenvironment section outlines the interplay between cancer cells and 

immune components important in influencing a tumor’s immunoscore. Within the TME, 

there are many tumor or immune derived pro- and anti-inflammatory factors. In the 

above “tumor antigen presentation” subchapter, antigen presentation, which is a 

crucial part of TME in the generation of specific anti-tumor CD8+ T cells, 

immunosurveillance was described. Cancer cells can escape recognition by 

downregulation of MHC-I expression. Natural killer (NK) cells represent the main 

effector population of the innate system in anti-cancer immunity and express on their 

surface immunoreceptor tyrosine-based inhibitory motifs (ITIMs), which inhibit NK cells 

activity when coming in contact with MHC-I molecules. Subsequently, cancer cells with 

lower antigen presentation become a target for NK cells (40). Stimulation and natural 

killer cell activation lead to their high proliferation and conventional effector response, 

which is high production of cytokines IFNγ, perforin and granzymes in the tumor 

microenvironment (41). Additionally, tumor infiltration with NK cells was recognized to 

elevate inflammation by producing chemokine CCL5, CXCL1, and CXCL2 responsible 

for recruiting dendritic cells to the tumor bed, which increased level was correlated with 

increased hotness and better patient survival (42). APCs express MHC class II, 

through which antigen can be also presented to CD4 helper T cells, recruiting them to 

the tumor side (43). Primed and activated CD4+ T cells can directly target cancer cells, 

although only these expressing MHC-II, hematological malignancies, and lymphomas 

(44). In the case of solid tumors, CD4+ helper T cells cytotoxicity was correlated with 
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expressing cytokines, including interferon gamma (IFNƴ) and GranzymeB (GZMB) 

(45). Most importantly CD4+ T cells play a role in CD8+ T cell priming by enhancing 

activation of dendritic cells by CD40/CD40L interaction, but also by directly boosting 

CD8+ T cell activity through the release of interleukine-2 (IL-2) within the tumor 

microenvironment (46).  

Another subgroup of T cells are the regulatory T cells (Treg). This population is 

important in tumor hotness due to its highly immunosuppressive properties and is 

characterized by the expression of forkhead box protein p3 (Foxp3) (47). Tregs repress 

the immune response, especially CD8+, CD4+ T cells and DCs by the production of 

inhibitory cytokines including IL-10, TGF-β, and IL-35. Additionally they can repress 

the function and proliferation of effector and helper T cells in direct cell to cell contact 

by surface expressed TGF-β, PD-L1 and CTLA-4 molecules (48). Not only T cells, but 

Tregs cells can mediate suppression of natural killer cells by downregulation of TIM-3 

and upregulation of the NK inhibitory receptors PD-1 and the IL-1R, therefore lowering 

proliferation and degranulation of NK cells (49). Regulatory T cells are highly attracted 

to IL-2 and consume high levels of that cytokine, competing with CD8+ T cells, therefore 

blocking the IL-2 signal was proven to be beneficial in anti-cancer therapy (50). 

Additionally, Tregs express on their surface nucleases CD39 and CD73 which can 

break extracellular ATP and ADP to AMP and produce adenosine, which is a known 

inhibitory molecule of receptors: A1, A2A, A2B, and A3 expressed by variety effector 

cells (51).  

In addition to the above-mentioned lymphocytes, myeloid cells such as dendritic cells, 

granulocytes, monocytes and macrophages also play a role in tumor control. The 

important role of DCs was described in the chapter above “tumor antigen presentation”.  

An important subgroup in cancer development are neutrophils which are the most 

abundant granulocyte population in human blood and have pro- and anti-tumoral traits 

(52). Neutrophils have a direct ability to promote oncogenesis by releasing ROS and 

additionally oxidating DNA in the inflamed tissue (53), which was additionally proven 

in the cancirogen induced lung cancer model, where neutrophils producing ROS were 

accelerating mutagenesis (54). Neutrophiles were also shown to promote tumor growth 

by secreting IL-1β cytokine in glioblastoma of female mice (55) or prostaglandin E2 in 

RAS-driven neoplasia in the zebra fish model (56). Importantly, neutrophils can 

suppress other immune cells by mediators, like ROS, inducible nitric oxide synthase 
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and arginase 1, but also express PDL1 on their surface (57). Nevertheless, neutrophils' 

role in cancer development is context-specific. In two studies of spontaneous skin and 

intestinal tumorigenesis depletion of cxcr2 inhibited neutrophils recruitment to the 

tumor bed and resulted in decreased tumor growth, supporting their 

immunosuppressive role (58, 59). On the other hand, depleting neutrophils through 

deletion of neutrophils survival factor Mcl1 led to increased colon cancer with high 

intratumoral bacterial burden and increased inflammatory IL-17 cytokine (60), proving 

the important role in tumor control. Neutrophils can also directly attack cancer cells 

expressing TNF-related apoptosis-inducing ligand (TRAIL) inducing apoptosis (61), but 

also through release of the nitric oxide (62).  

Monocytes represent a highly heterogenic and plastic subgroup of myeloid cells that 

react to changes in the tumor microenvironment that influence the phenotype, 

differentiation, and distribution of monocytes (63). Monocytes are attracted to the 

inflammatory side during tumorigenesis and their main functions are phagocytosis, 

antigen presentation, and cytokine production, but also responding to TME stimuli can 

differentiate into dendritic cells or macrophages (63) or directly kill cancer cells by 

expressing TRAIL (64). Monocytes can display anti- or pro-tumoral activities which 

once again is context specific. In studies of patients with breast and colorectal cancer, 

there was a specific CD66b+ population of monocytes which was characterized by high 

phagocytic activity but also provided co-stimulation for T cells resulting in proliferation 

and IFN-γ secretion (65). Also, monocyte-derived tumor associated macrophages 

(TAMs) were shown to express high levels of Cxcl9 chemokine that were responsible 

for the migration of Cdxr3 positive T cells to the tumor bed (66). On the other hand, 

analysis of monocytes from patient breast cancer revealed an auto-stimulatory loop of 

tumor and TAMs whereby expression of CCL8 chemokine recruited more monocytes 

and by expression of TNFα induced pro-tumorgenic differentiation of these monocytes 

(67). Another study identified intratumoral monocytes with high expression of c-Rel of 

the NF-κB family that were expressing proinflammatory cytokine IL-1β together with a 

low level of suppressive molecule arginase 1. These c-Rel monocytes remarkably 

suppressed T-cell proliferation and function maintaining immunosuppressive TME 

(68), but also monocytes producing CCL5 were responsible for Treg tumor infiltration 

that greatly expressed CCR5 receptor (69). Monocytes have a clear antigen presenting 

role in case of infection or homeostasis (70), but in tumors they rather differentiate into 

monocyte-derived DC (moDC) and can successfully cross-present antigens in lymph 



26 
 

nodes, priming CD8+ T cells (71). Nevertheless, moDC represents a minor population 

of monocyte origin. In a study on primary breast cancer, it was noticed that only within 

5 days from tumor infiltration CCR5+ classical monocytes upregulated F4/80, CD11c, 

MHCII, and V-CAM1 markers characteristic for TAMs (72). Tumor associated 

macrophages, which can be polarized into anti-tumoral phenotype (M1) or pro-

tumorigenic subgroup (M2) and are differentiated between their function into host 

defense, wound healing and immune regulation (73). Macrophages become M1 

polarized by stimulation with interferons (IFNβ or IFNγ) and TNFα, typically expressed 

by innate or adaptive immune cells in the first line of anti-tumor response. In turn, 

activated M1 macrophages express highly pro-inflammatory cytokines like IL-1, IL-6 

and IL-23 (73). Additionally, macrophages possess the ability for phagocytosis and 

therefore both play a central role in helper and cytotoxic T cells activation by antigen 

cross-presentation of processed cancer epitopes (74). On the other hand, M2 type 

macrophages are recruited to the tumor side by transforming growth factor-β (TGFβ), 

macrophage colony-stimulating factor 1 (CSF1), CCL2, IL-4 and IL-1 produced by 

cancer cells, stromal fibroblasts, macrophages and B-cells (75). These macrophages 

are highly immunosuppressive by expressing PD-L1 and PD-L2 checkpoint inhibitory 

molecules on their surface but also secrete IL-10 and TGFβ promoting expansion of 

regulatory T cells within tumor microenvironment. Additionally, wound healing 

properties of M2 macrophages lead to the production of IL-1 and TGFβ that lead to 

tumor angiogenesis and therefore accelerated tumor growth (75). 

Taken together, the tumor microenvironment is an extremely complex and dynamic 

system balancing between anti-tumoral and immunosuppressive cells and signaling 

interactions. The composition of the TME highly varies between tumor types and 

mostly depends on the infiltration of innate and adaptive immune cells and interaction 

with cancer cells therefore modulation of TME represents a great therapeutic 

opportunity.  
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2. Anti-cancer therapies  
 

Conventional anti-cancer treatments include radiotherapy, chemotherapy and 

surgical resection in the case of solid tumors (76). Surgical removal of the tumor is the 

most promising treatment as it allows for the elimination of the cancer mass and it can 

be combined with radiation, which further destroys the unremoved cancer cells (76, 

77). However, tumor resection has obvious limitations when the location of the tumor 

is difficult  (78). Radiotherapy destroys cancer cells by the induction of DNA damage 

and leads to subsequent “abscopal response”, which is responsible for additional 

immune cells recruitment and increased adaptive immune responses (79). On the 

other hand, radiotherapy creates high levels of damaging reactive oxygen species 

(ROS) not only within the tumor but also in the tissue around it. Paradoxically, that 

promotes cancer metastasis by promoting the epithelial-mesenchymal transition (79, 

80). Pharmacological therapies (Table 1) with classical chemotherapy targeting rapidly 

proliferating cells and molecularly targeted therapy that allows more precise effects on 

cancer cells remain a primary approach for most of the cancer types. On the other 

hand, there is an increasing trend in immunotherapies that boost the patient’s immune 

system in combating cancer. That can be achieved by increasing tumor hotness by 

modulating the tumor microenvironment, pharmacological induction of immunogenic 

cell death, targeting checkpoint inhibitors, delivering cancer antigens with vaccines, 

increasing inflammation with virus-based therapies, and modulating the patient’s 

immune cells (Figure 3) (81). Additionally, revolutionary cell-based therapy based on 

chimeric antigen receptor (CAR)-T cell has excellent therapeutic outcomes, especially 

with certain subsets of B cell leukemia or lymphoma (82). Taken together, tremendous 

progress has been made in advancing cancer treatment and there is a wide repertoire 

of treatment options including surgical techniques, chemotherapeutics, targeted 

agents and immunotherapies. In this chapter, anti-cancer therapies will be discussed 

including chemotherapies, targeted and immunotherapies, as well as different modes 

of cell death induction related to specific anti-cancer therapies with a focus on 

immunogenic ferroptosis. Lastly, this introductory chapter will specifically focus on the 

two emergent compounds from screening strategies, 5-Nonyloxytryptamine and 

volasertib that are subject of the two appended publications that comprise the main 

findings from the body of this thesis. 



28 
 

 

 

2.1. Chemotherapy  
 

Chemotherapy remains the primary approach for treating cancer, and it can be 

categorized into various classes, such as antimetabolites, alkylating agents, mitotic 

spindle inhibitors, topoisomerase inhibitors, and other classes, depending on their 

mechanism of action (83). Chemotherapies target rapidly proliferating, including 

healthy cells that possess the ability for fast division, for example, digestive tract 

epithelium, and bone marrow stem cells (79). Antimetabolites inhibit DNA or RNA 

Type of the therapy Drug Name Mechanism of action
5-fluorouracil, fludarabine,

 6-mercaptopurine, azathioprine
Purine, pyrimidine antagonists, purine 

analogs
 l-asparaginase Depleting l-asparagine

Cyclophosphamide, busulfan, chlorambucil Alkylating agents 

Platinum-based agents: cisplatin, 
carboplatin, and oxaliplatin Alkylating agents 

Irinotecan, topotecan Topoisomerase I inhibitors
Etoposide, teniposide, daunorubicin, Topoisomerase II inhibitors

Taxanes Mitotic spindle inhibitor
gefitinib, erlotinib, afatinib and dacomitinib EGFR tyrosine kinase inhibitors 

Crizotinib, ceritinib, lorlatinib Anaplastic lymphoma kinase (ALK) inhibitors
Sorafenib, sunitinib, pazopanib, 

regorafenib, vandetanib, cabozantinib Growth factor receptor (GFR) inhibitors

Imatinib BCR-ABL tyrosine kinase inhibitor
Ibrutinib, acalabrutinib, and zanubrutinib Bruton's tyrosine kinase (BTK) inhibitors

Ruxolitinib, fedratinib Janus kinase (JAK) inhibitors
Sotorasib KRAS inhibitor

Vemurafenib, cobimetinib, dabrafenib, 
trametinib, binimetinib MEK inhibitor

Sirolimus, temsirolimus, and everolimus mTOR inhibitor
Idelalisib, duvelisib, copanlisib, and PI3K inhibitor

Palbociclib, ribociclib, and abemaciclib CDK4/6 inhibitor
Volasertib PLK1 inhibitor

Thalidomide, lenalidomide, and 
pomalidomide Cereblon (CRBN) inhibitor

Azacitidine, decitabine Hypomethylating agents

Statins: GGTI-298 
Hydroxymethylglutaryl (HMG) CoA reductase 

inhibitor; upregulates CD80, CD86 and 
MHC-I on cancer cells

Lowering blood glucose: metformin Ubiquinone oxidoreductase; decreses PD-L1 
on cancer cells, anti-metastatic

Candesartan, losartan, olmesartan, 
valsartan

Angiotensin receptor blockers (ARB); 
decreases levels of IL-6, IL-10, VEGF and 

5-nonyloxytryptamine HTR1D serotonin receptor agonist, 
upregulates MHC-I on cancer cells

Doxorubicin, cyclophosphamide Induces ferroptosis
Anthracyclines, oxaliplatin Induces immunogenic apoptosis

Volasertib Induces ferroptosis
Table 1. Summary of compounds used in anti-cancer therapy, segregated for the type of therapy, drug name and 
their mechanism of action. Listed drugs are examples mentioned in this dissertation. Highlighted on red compounds 
which are the subject of this work.

Chemotherapy

Molecularly targeted 
therapy

Chemotherapeutic 
modulator

Repurposed 
immunomodulators

Immunogenic cell death 
inducer



29 
 

synthesis. For example, hydroxyurea inhibits ribonucleotide reductase and therefore 

decreases the production of deoxyribonucleotides (84). Purine and pyrimidine 

antagonists, as well as purine analogs, are structurally similar to naturally occurring 

nucleotides and therefore are used as a substrate for DNA or RNA synthesis thereby 

blocking it. Examples of commonly used chemotherapeutics from this group are 5-

fluorouracil, fludarabine, 6-mercaptopurine or azathioprine (83, 85). In contrast, l-

asparaginase is an enzyme that cleaves the amino acid l-asparagine, which is 

essential for normal cell metabolism. By depleting this amino acid, l-asparaginase 

interferes with the metabolic processes of cancer cells, causing cell death (83). 

Alkylating agents engage in reactions with the nitrogen and oxygen atoms found within 

DNA bases, resulting in the creation of covalent alkyl bindings. These agents possess 

significant cytotoxicity due to their ability to inhibit most DNA polymerases, and 

therefore DNA synthesis or cross-linking DNA strands. Depending on their location 

within DNA, the various base modifications introduced by alkylating agents can alter 

the integrity of the genome (86). This can occur through the induction of mutagenesis, 

thereby increasing the likelihood of cancer development, or by blocking vital biological 

processes like DNA replication and transcription, potentially leading to cell death. 

Furthermore, specific agents can also undergo transformation into cytotoxic 

substances, which may activate alternate DNA repair mechanisms or trigger 

programmed cell death (86). Alkylating agents currently used in the clinic are 

cyclophosphamide, busulfan, chlorambucil or platinum-based agents, like cisplatin, 

carboplatin, and oxaliplatin (83). Topoisomerase I inhibitors, such as irinotecan and 

topotecan, along with topoisomerase II inhibitors, including etoposide, teniposide, 

daunorubicin, and doxorubicin, exert their anticancer effects by disrupting the activities 

of topoisomerases that are crucial for DNA replication. This disruption results in the 

formation of DNA strand breaks, which can impede the proliferation of cancerous cells 

(83, 87). Mitotic spindle inhibitors including taxanes, cause alterations in the function 

and formation of spindle microtubules. These alterations lead to the inhibition of 

nuclear division, causing mitotic arrest during the metaphase stage of cell division. This 

ultimately leads to cell death, making taxanes valuable agents in cancer treatment (83, 

87). Another approach using bleomycin, which functions as an antibiotic, initiates the 

formation of free radicals within cancer cells. These free radicals induce DNA damage 

and inhibit the cell cycle in the G2 phase, thereby preventing further cell division and 

promoting cell death (83). Lastly, actinomycin D, an anticancer agent, intercalates itself 
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into DNA molecules, disrupting the transcription process. By interfering with DNA 

transcription, actinomycin D interferes with the synthesis of essential cellular 

components, ultimately leading to cell death (83). These diverse mechanisms illustrate 

the multifaceted approaches employed by commonly used chemotherapeutics to 

combat malignancies and improve patient outcomes. Despite the collateral damage 

induced by chemotherapies in generally targeting rapidly proliferating healthy cells, 

they are still the mainstay of many standard of care regimens.  

 

2.2 Molecularly targeted therapies 
 

Molecularly targeted therapies represent a groundbreaking advancement in cancer 

treatment strategies, aimed at enhancing the precision of targeting cancer cells while 

minimizing harm to healthy tissues. In stark contrast to conventional chemotherapy, 

targeted therapy offers a superior level of accuracy thereby reducing side effects and 

toxicity on actively dividing normal cells (88). This innovative approach encompasses 

the use of small molecule inhibitors and antibodies. These agents are designed to 

selectively hinder signal transduction pathways critical for the growth, proliferation, and 

survival of cancer cells. Additionally, hormonal agents have demonstrated efficacy in 

treating hormone receptor-dependent breast cancer and various reproductive cancers 

in both men and women (89, 90). Selection of the therapeutic is a result of 

diagnostically confirmed mutations in cancer and represents a major step in 

personalized medicine. Depending on the mutation or aberration in cancer, small 

molecules targeted therapy can be divided according to the target, like receptor 

tyrosine kinase inhibitors, nonreceptor tyrosine kinase inhibitors, RAS inhibitors and 

serine/threonine kinase inhibitors and other targeted anticancer agents (88). Receptor 

tyrosine kinase inhibitor targets involve epidermal growth factor receptor (EGFR) with 

ligands EGF, epiregulin, TGF-α, and neuregulins (91). Human EGFR is composed of 

subfamily proteins (ErbB1/EGFR, ErbB2/HER2, ErbB3/HER3, and ErbB4/HER4) (91) 

and especially HER2 component is highly overexpressed in around 25% of overall 

breast cancer patients (92), reported mutations in lung cancer (93)  as well in 

glioblastoma (94) making it suitable target for therapy. Mutations in EGFR occur in the 

cytoplasmic domain, abnormally activating receptors without ligand-receptor 

interaction, whereas other cancers show overexpression of the receptor leading to high 
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sensitivity to the ligands (94). EGFR tyrosine kinase inhibitors (TKIs), that block EGFR’ 

ATP-binding pocket, have been in clinical use for decades and these include gefitinib, 

erlotinib, afatinib and dacomitinib (90). However, approximately half of lung cancer 

patients develop TKI resistance (95), which led to the development of novel inhibitors 

targeting EGFR, for example, the orally available erlotinib (96), and monoclonal 

antibodies cetuximab and panitumumab approved for use in therapy of metastatic 

colorectal cancer (97, 98) and trastuzumab for HER2-positive breast cancer (99).  

Another receptor tyrosine kinase inhibitor target is the anaplastic lymphoma kinase 

(ALK) that results from a chromosomal rearrangement creating a fusion protein with 

other oncogenes in multiple combinations, including echinoderm, microtubule-

associated protein-like 4 (EML4), nucleophosmin (NPM), tropomyosin 3 (TPM3), and 

tropomyosin 4 (TPM4) (100). Additionally, ALK gene amplification or ALK mutations 

lead to overexpression of a constitutively activated ALK protein (100). Crizotinib, 

ceritinib and lorlatinib are clinically available ATP-cassette inhibitors of ALK used in the 

treatment of patients with lung cancer (101).  

Other receptor tyrosine kinase inhibitors target tropomyosin receptor kinase (TRK) and 

fms like tyrosine kinase 3 (FLT3), but also the growth factor receptor (GFR) family 

receptors.  Examples of clinically used GFR family inhibitors are sorafenib, sunitinib, 

pazopanib, regorafenib, vandetanib, cabozantinib, axitinib, tivozanib, avapritinib, 

erdafitinib, pemigatinib, infigratinib, derazantinib, selpercatinib, and pralsetinib. 

Moreover, monoclonal antibodies targeting TRK (bevacizumab and ramucirumab) or 

recombinant proteins (aflibercept) have been used clinically (102).  

Nonreceptor tyrosine kinase inhibitors include BCR-ABL and SFK inhibitors. 

Oncogenic alterations in ABLs, including fusion protein formation caused by 

chromosome translocations in leukemia (BCR::ABL1 in Philadelphia chromosome-

positive) or chronic myeloid leukemia (CML), amplification or somatic mutations in solid 

tumors, constitutively activate ABL-mediated signaling pathways and promote survival, 

proliferation, dedifferentiation, migration, and invasion in cancer cells (103). Imatinib 

was designed to target BCR-ABL tyrosine kinase, key enzymes involved in numerous 

intracellular pathways associated with receptor-mediated growth signaling. Inhibition 

of these tyrosine kinases results in cellular dysfunction, followed by cell death, making 

these drugs effective in targeting specific cancer types (103).  
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Bruton's tyrosine kinase (BTK), a type of nonreceptor tyrosine kinase, holds pivotal 

significance in the developmental and functional processes of B cells (104). Its 

activation, triggered by phosphorylation, initiates a cascade involving mitogen-

activated protein kinase (MAPK), nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-кB), and Akt pathways, regulating vital functions including B cell 

survival, proliferation, differentiation, and antibody secretion (104). Dysregulation of 

BTK is evident in various non-Hodgkin B-cell malignancies, such as chronic 

lymphocytic leukemia, small lymphocytic lymphoma, and mantle cell lymphoma, 

characterized by heightened expression and activity levels (105). Notably, inhibitors 

targeting BTK, such as ibrutinib, acalabrutinib, and zanubrutinib, have gained clinical 

approval and demonstrated efficacy in managing these disorders (106). Janus kinase 

(JAK) family encompasses nonreceptor tyrosine kinases like JAK1, JAK2, JAK3, and 

TYK2. Activation of JAK triggers phosphorylation cascades, influencing downstream 

signaling pathways like phosphatidylinositol-3-kinase (PI3K)/Akt, MAPK, and signal 

transducer and activator of transcription (STAT) transcription factors. Aberrations in 

JAK signaling, often attributed to activating mutations, are implicated across various 

solid tumors and hematological malignancies (107). Clinically approved JAK inhibitors, 

including ruxolitinib and fedratinib, offer therapeutic benefits in modulating 

dysregulated JAK signaling pathways (107). 

RAS, a protein binding guanine nucleotide, holds pivotal significance in cell 

proliferation and differentiation. Acquired mutations in RAS lead to its continual 

activation (108). Among the RAS isoforms – KRAS, HRAS, and NRAS – KRAS stands 

out as the most frequently mutated isoform in cancer patients (109). Recently, a small 

molecule inhibitor sotorasib was developed to target mutated KRAS and has been 

approved for clinical applications (110).  Activated RAS, when bound to GTP, triggers 

the association of RAF proteins, leading to RAF phosphorylation and subsequent 

activation of downstream signaling pathways involving MEKs and ERKs (111). 

Notably, mutations in BRAF, particularly at the V600 residue (V600E) in the activation 

loop, are frequently observed across various cancer types such as melanoma, 

papillary thyroid cancer, and colorectal cancer (111). Clinically, a combination of MEK 

inhibitors like vemurafenib plus cobimetinib, dabrafenib plus trametinib, and 

encorafenib plus binimetinib have been effectively utilized (112).  
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The PI3K/Akt/mTOR pathway plays a central role in regulating cellular processes 

including proliferation, survival, growth, and metabolism (113). Amplification of 

PIK3CA, loss or inactivation of PTEN, and hyperactivation of mTOR are commonly 

observed in various cancer types, contributing to anticancer drug resistance (113). Due 

to PI3K’s specific expression in the hematopoietic system and its association with 

regulating B-cell receptor (BCR) signaling, therapeutic interventions targeting the PI3K 

pathway have been used in treating patients with lymphoma (114). Specifically, mTOR 

inhibitors, including rapamycin analogs (rapalogs) that inhibit mTORC1, have gained 

approval for clinical use. Examples of clinically utilized PI3K inhibitors encompass 

idelalisib, duvelisib, copanlisib, and alpelisib, and mTOR inhibitors such as sirolimus, 

temsirolimus, and everolimus have also been approved (90).  

Next class inhibitors correspond to inhibitors targeting a mix of proteins controlling cell 

death such as PARP or Bcl-2 inhibitors. Clinically used small molecules or recently 

approved targeted therapies include proteasome inhibitors, and epigenetic modulators 

(DNA methyltransferase inhibitors and histone deacetylase inhibitors) (88). 

Another approach for targeted therapy is targeting cell cycle components. Among the 

critical kinase families involved are Cyclin-dependent kinase (CDK), Polo-like kinase 

(Plk), and Aurora kinase (115). Cyclin-dependent kinases comprise a catalytic core 

specific to serine/threonine and form complexes with regulatory subunits called cyclins, 

which control kinase activity and substrate specificity (116). A key mechanism 

underlying the action of CDK4/6 inhibitors involves the inhibition of their 

phosphorylation, effectively halting cancer cell proliferation. Palbociclib, ribociclib, and 

abemaciclib are orally available, reversible, and selective CDK4/6 inhibitors that have 

been used clinically in combination with an aromatase inhibitor for the treatment of 

women with ER-positive and HER2-negative advanced or metastatic breast cancer 

(88, 117, 118). Polo-like kinase targeted therapy will be further elaborated in the 

subchapter “Polo-like kinase inhibition with volasertib”. 

Taken together, it is crucial to acknowledge that while these targeted therapies have 

demonstrated significant efficacy against different tumor types, their applicability 

primarily relies on identifying patients with specific targetable driver mutations or 

aberrations. Additionally, their effectiveness may be compromised by adverse effects, 

unexpected interactions with normal cells leading to toxicity, and the emergence of 

intrinsic or acquired drug resistance. Nevertheless, despite these limitations, targeted 
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therapy has delivered substantial survival benefits in certain cancer types, catalyzing 

a fundamental shift in cancer treatment approaches. This shift has set the stage for the 

advancement of precision and personalized medicine in oncology, offering a more 

tailored and efficacious approach to cancer management as illustrated with the 

example of volasertib below.  

 

Polo-like kinase inhibition with volasertib 
 

The Polo-like kinases (PLKs) in humans constitute a family of serine/threonine protein 

kinases, featuring five distinct members: PLK1, PLK2, PLK3, PLK4, and PLK5. PLK1 

is activated by kinase Aurora A and plays multifaceted roles, notably in orchestrating 

mitotic entry, regulating centrosomes, coordinating spindle assembly, ensuring 

chromosome segregation, and facilitating cytokinesis (119). Acting as a master 

conductor, PLK1 ensures the precise progression of these cell cycle events, thereby 

maintaining genomic stability and proper cell division.  The dysregulation of PLK1 has 

emerged as a significant contributor to tumorigenesis and cancer progression. Both 

mRNA and protein levels of PLK1 are often elevated in a variety of solid tumors as well 

as in acute myeloid leukemia (120). This overexpression of PLK1 has been correlated 

with adverse clinical outcomes, including poorer prognosis and decreased overall 

survival rates (121). Moreover, heightened PLK1 expression has been linked to 

resistance against conventional therapies in certain cases, while its inhibition has 

shown promise in re-sensitizing tumors to chemotherapy and radiotherapy (121). The 

pivotal role of Plk1 in the cell cycle and overexpression in a variety of cancers led to 

the development of Plk1 inhibitor volasertib (another name BI 6727). Volasertib 

potently inhibits Plk1, but also an inhibitory activity for two closely related kinases, Plk2 

and Plk3 was reported (122). Preclinical investigations into volasertib's efficacy across 

a range of cancer cell lines, from colon, lung, and melanoma to various hematopoietic 

malignancies, prostate, urothelial, and pediatric tumors, have revealed its ability to 

impede cell division, ultimately leading to cell death (122). By targeting Polo-like kinase 

with volasertib, disruption of mitotic spindle assembly occurs, resulting in a distinctive 

mitotic arrest phenotype, often referred to as "Polo arrest," observed notably in 

prometaphase. This disruption manifests as an accumulation of phospho-histone H3 

and the formation of aberrant monopolar mitotic spindles, culminating in apoptotic cell 
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death (123). Furthermore, volasertib has exhibited inhibitory effects on the growth and 

survival of cell lines derived from pediatric acute lymphoblastic leukemia patients (124).  

In conclusion, PLK1 plays a critical role in cell cycle regulation and its dysregulation is 

closely associated with cancer development and progression. Understanding the 

intricate mechanisms underlying PLK1 function and its role in cancer pathogenesis 

provides valuable insights for the development of targeted therapies, such as 

volasertib, aimed at combating cancer progression and improving patient outcomes. 

The effect of volasertib in B cell acute lymphoblastic leukemia (B-ALL) is further 

discussed in the article “Deep transfer learning approach for automated cell death 
classification reveals novel ferroptosis-inducing agents in subsets of B-ALL” 

which is part of this cumulative thesis.  

 

2.2. Immunotherapy 
 

One of the best approaches in combating tumors is not only cytotoxic therapy but 

overall increasing tumor hotness to boost immunotherapies. Enhancing antitumor 

immunity can be achieved by multiple strategies. Many chemotherapeutics possess 

immunomodulatory traits, either by directly upregulating expression of MHC-I 

machinery and decreasing inhibitory PD-L1 on cancer cells, or by stimulating CD8+ T 

cells and inhibiting Tregs (81). Modern anti-cancer therapy involves specific antibodies 

biding to immune checkpoint inhibitors, such as anti-PD1, anti-PDL1, anti-CTLA4, and 

anti-Tim3, but also targeting cancer cells by TAA and bridging interaction with CD8+ T 

cells or NK cells. Another approach represents virotherapy, where cancer cells can be 

directly destroyed with a specific oncolytic virus or increase tumor hotness by 

noncytopathic virotherapy (125).  Cell-based therapies include clinically approved 

generation of CAR-T cells that express a receptor against cancer antigens and 

therefore redirect T cells against cancer cells. Several anti-antigen receptors were 

tested in pre-clinical or clinical settings, such as anti-CD19 and anti-CD20 for B cell 

leukemia, anti-HER2 and anti-IL13Ra2 in glioblastoma and anti-HER2 and anti-MUC1 

in the treatment of breast cancer (82). Specific cancer cell targeting is a major 

advantage of CAR T cell therapy, but also its limitation due to the limited repertoire of 

cancer antigens and tumor antigen escape mechanisms (82).  
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  Additionally, there is a growing interest in inducing immunogenic regulated cell death, 

which leads to a release of immunogenic high mobility group box 1 (HMGB1), ATP, 

annexin A1, and type I interferon from cancer cells which enhance antigen uptake by 

dendritic cells and lead to increased T cells activation (126).  

 

Figure 3. Schematic representation of strategies in cancer treatment leading to 
increasing tumor hotness. Figure created with Biorender, adapted from (81).  

 

Taken together, increasing tumor hotness can be achieved on multiple levels from 

increasing cancer antigen presentation or decreasing PD-L1 expression on cancer 

cells, inducing immunogenic cell death, and modulating immunosuppressive myeloid 

cells in TME to compounds acting directly on cytotoxic T cells. The next subchapters 

will focus on the immunomodulatory compounds, including the effect of 5-

nonyloxytryptamine as a novel immunomodulatory agent. Also, antibody-based cancer 

therapies, due to combinatory treatment with anti-PD1 antibodies. Additionally, 

ferroptosis-inducing properties of volasertib and its potential implications in 

immunogenic cell death will be described.   
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2.3.1 Antibody-based cancer immunotherapies 
 

Currently, over a hundred antibody-based therapies are approved by the FDA for large 

disease plethora including cancer, infectious diseases, and autoimmune disorders 

(127). The success of antibody-based therapeutics depends on their relatively long 

half-life and ability to target any potential protein with higher specificity than 

chemotherapy (127). This has led to the development of advanced approaches using 

antibody-drug conjugates, bi-specific antibodies biding simultaneously two targets and 

protein-binding antibodies that can deliver specific proteins such as cytokines to the 

TME (127). Antibodies bind to the target antigen by the antigen-binding fragment (Fab) 

and interact with effector cells through their fragment crystallizable region (Fc). 

Antibodies act like a bridge between target cell and effector cells that express Fc 

receptors (FcR), which in turn leads to antibody-dependent cell-mediated cytotoxicity 

(ADCC) (128). In the context of cancer and designed antibodies, the effector cells 

expressing FcR can be NK cells, monocytes, macrophages, neutrophils, eosinophils, 

and dendritic cells (129). These cells can destroy cancer cells by releasing cytotoxic 

granules, Fas ligands and high production of ROS. In detail these cytotoxic 

mechanisms were described in the chapter “tumor microenvironment”. To improve NK 

cell interaction with cancer cells there was helpful development of bispecific antibodies 

targeting cancer cells and CD16A or NKp46 on NK cells. Since T cells do not express 

the FcR, bispecific antibodies targeting cancer cells and CD3 on T cells improved their 

engagement and cytotoxicity (130). Bi-specific antibodies are crucial for improving 

cancer patient survival, particularly in hematological malignancies. By simultaneously 

binding to tumor antigens and immune cells, they enhance the immune system's ability 

to recognize and eliminate cancer cells with greater precision. This targeted approach 

reduces off-target effects and minimizes damage to healthy tissues, leading to 

improved safety and tolerability (130). Moreover, bi-specific antibodies have shown the 

potential to overcome resistance mechanisms that limit the effectiveness of 

conventional therapies. Their ability to engage the immune system directly has resulted 

in significant improvements in response rates and overall survival in patients with 

otherwise limited treatment options (131). The most common cancer antigens used as 

a target for antibodies are CD19 and CD20 (Blinatumomab) for B cell leukemia, CCR4 

for T cell lymphoma, growth factor receptors (EGFR, HER2) and vascular endothelial 

growth factor (VEGF) (132). The revolutionary Blinatumomab was first FDA approved 
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bispecific T-cell engager that was followed by multiple clinical trials with another bi-

specific antibodies. This includes approved Glofitamab and Epcoritamab that are 

CD20-CD3 engagers for treatment of relapsed or refractory large B cell lymphoma and 

currently in clinical trials for treatment of non-Hodgkin’s lymphoma and follicular 

lymphoma (131). Additionally approved Teclistamab, CD3-BCMA (B cell maturation 

antigen) engager for treatment of relapsed or refractory multiple myeloma and CD3-

gp100 Tebentafusb for uveal melanoma therapy represent successful therapeutic 

option (131). 

Since antibodies can target cancer cells with high specificity, were developed antibody-

drug conjugates for more precise delivery of chemotherapeutics, decreasing off-cancer 

side effects. Most commonly used therapeutics linked to antibodies are anti-mitotic 

tubulin disruptors and DNA damaging agents such as topoisomerase I, DNA alkylating 

agents, RNA polymerase II and BCL-xL inhibitors (132), but also in development toll-

like receptor (TLR) agonists (133). Approved antibody-drug conjugates target CD30 

for Hodgkin’s Lymphoma, HER2 for HER2-positive breast cancer, CD20 for BCP-ALL, 

CD33 for CD33-positive AML, CD79b for diffuse B-cell lymphoma, nectin-4 for 

urothelial cancer, trop-2 for triple-negative breast cancer, BCMA for multiple myeloma 

and CD19 for large B-cell lymphoma (133). These antibodies are approved with drugs 

like monomethyl auristatin E (MMAE), DM4, calicheamicin, DM1, and monomethyl 

auristatin F (MMAF) (133).   

Another approach with the use of antibodies is to block immune checkpoint inhibitors 

and restore effector T cell functions. A few immune checkpoints have been identified 

including programmed cell death protein 1 (PD-1), programmed cell death 1 ligand 1 

(PD-L1), cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), T-cell immunoglobulin 

mucin receptor 3 (TIM-3), lymphocyte-activation gene 3 (LAG-3) (127). Activated TLR 

signaling in CD8+ T cells leads to simultaneous expression of PD-1 on their surface. 

One of the PD-1 ligands is PD-L1 which can be expressed on immunosuppressive 

myeloid, but also cancer cells. Interaction between these molecules leads to inhibition 

of PI3K-AKT signaling, therefore inhibition of T cell activation and proliferation (134).  

Another immune checkpoint molecule is CTLA-4 which can bind to B7 stimulatory 

molecules like CD80 and CD86 with higher affinity than T cell receptor CD28, impairing 

their activation. Additionally, CTLA-4 is highly overexpressed on regulatory T cells and 

to a lesser extent on CD8+ T cells, competing and blocking B7 molecules (135). 
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Currently, ipilimumab is the only anti-CTLA-4 antibody approved by the FDA for the 

treatment of melanoma, renal cell carcinoma and colorectal cancer (127).  

LAG-3 and TIM-3 are markers of T cell exhaustion, but their mechanism is not fully 

understood (136). For example, LAG-3 was found to engage with MHC-II, where CD8+ 

T cell restricted TCRs are known to not interact with that molecule (136). TIM-3 has 

reported Galectin-9, PtdSer, HMGB1 and CEACAM1 as ligands, but the signaling 

pathway of each ligand is not known (136). Nevertheless, antibody blockade of LAG-3 

or TIM-3 was shown to significantly decrease tumor burden in pre-clinical animal 

studies but also enhanced immune responses in clinical trials (137).  

The disadvantages with therapies targeting tumor antigen is the limited number of 

identified specific cancer epitopes and antigen escape, where cancer cells 

downregulate the expression of MHC-I (127). Additionally, most of the cancer antigens 

targeted by antibodies are also expressed in healthy tissue which leads to “on-target 

off-tumor” side effects within healthy tissue causing inflammation and damage (138). 

When it comes to immune checkpoint inhibitors, it was noted that targeting one of them 

leads to compensatory upregulation of another. For example, mice treated with anti-

PD-1 mAb had increased levels of LAG-3 and CTLA-4 whereas anti-LAG-3 antibody 

treatment upregulated the level of PD-1 (139). These results show the need for 

combinatorial treatment of immune checkpoint inhibitors. Unfortunately, highly 

upregulated co-expression of PD-1, CTLA-4, TIM-3, and LAG-3 leads to a terminally 

exhausted phenotype of CD8+ T cells that cannot be any longer reversed with immune 

checkpoint blockade (140). 
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2.3.2 Immunomodulatory compounds 
 

There is a growing number of active pharmacological compounds that were recently 

discovered to have additional immunostimulatory and therefore favorable 

combinatorial activities. For example, thalidomide, lenalidomide, and pomalidomide 

induce cell cycle arrest, inhibit angiogenesis, and are used in the treatment of multiple 

myeloma (141). Recent studies indicate that these drugs additionally stimulate T cells 

resulting in amplified production of IL-2 and IFNγ (142). Also, epigenetic modulators 

acting as hypomethylating agents, like azacitidine or decitabine approved for the 

treatment of myelodysplastic syndromes and acute myeloid leukemia (143), enhance 

the expression of cancer-specific antigens and MHC molecules therefore making 

cancer cell target for CD8+ T cells (144). In search of potential novel 

immunomodulators, other clinically available compounds can also be re-evaluated for 

potential cancer treatment repurposing. For example, statins, hydroxymethylglutaryl 

(HMG) CoA reductase inhibitors in the cholesterol synthesis pathway, represent a 

group of drugs that are used for lowering the level of lipids in blood preventing 

cardiovascular diseases (145). Statins not only exhibit anti-cancer cytotoxic effects 

(146), but multiple studies demonstrated that statins also have the ability to act as 

inhibitors for Rho GTPase and Rho-dependent pathways, which are crucial for the 

regulation of metastasis, and immune reactions in cancer cells (147-150). For 

example, compound GGTI-298 was shown to upregulate surface expression of CD80, 

CD86 and MHC-I on melanoma cells and therefore induced strong IFNγ dependent 

CD8+ T cell cytotoxic activity (151). Statins were also evaluated clinically and 

demonstrated improvement in overall survival of lipophilic statin treated elderly patients 

after surgical resection of epithelial ovarian cancer (152). Additionally, there are 

multiple studies suggesting increased all-cancer patient survival with statin treatment 

(153). Another example of a repurposed compound is metformin which is commonly 

used for lowering blood glucose in type 2 diabetes, which inhibits ubiquinone 

oxidoreductase in mitochondria, activating 5′-AMP-activated protein kinase (AMPK) 

and therefore suppressing gluconeogenesis (154). Metformin was shown to have 

strong immunomodulating effects in the melanoma model, where it increased the 

numbers of CD8+ T cells but also exhibited anti-metastatic properties in mice 

challenged with B16F10 melanoma cells (155). Additionally, metformin was reported 
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to restore CD8+ T cells functionality by induced degradation of PD-L1 in cancer cells 

(156).  

Angiotensin receptor blockers (ARB), candesartan, losartan, olmesartan and valsartan 

represent a class of drugs used for controlling blood pressure, although it was noticed 

that renin and angiotensin are expressed in cancer and TME (157). Specifically in the 

colon cancer mice model, ARB were able to significantly decrease the activity of 

immunosuppressive myeloid cells with decreased production of IL-6, IL-10, vascular 

endothelial growth factor (VEGF), and arginase (158). In clinical studies, ARB were 

associated with improved survival of gastro-oesophageal cancer patients (159) and 

patients undergoing resection of pancreatic cancer (160). 

 

5-Nonyloxytryptamine  
 

5-nonyloxytryptamine (5-NL) is a small compound designed in 1994 as a tryptamine 

derivative and a highly selective agonist of the HTR1D serotonin receptor for the 

treatment of migraine headaches (161).  5-NL was used in multiple studies attempting 

to uncover potential bioactivities of the compound. As the HTR1D receptor is mostly 

expressed on gamma motor neurons and proprioceptive sensory neurons (162), not 

surprisingly 5-NL was noticed to have neuro-regenerative properties in mice spinal 

cord injury models (163, 164). Additionally, 5-NL was reported to mimic polysialic acid 

and therefore improve neuritogenesis, myelination and Schwann cell migration, useful 

in the therapy of acute and chronic nervous system diseases (165, 166). Interestingly, 

5-NL was also reported to have antiviral properties, inhibiting infection with reoviruses 

and coronavirus mouse hepatitis virus (167), but also chikungunya virus (168). 5-NL 

was proved to interfere with the Akt/mTOR pathway in triple-negative breast cancer 

cells and induce cell death (169). Our previous study showed the anti-cancer properties 

of tegaserod (170), an HTR4 agonist, hinting at a potential role of serotonin receptors 

in cancer treatment.  

In our next study, to uncover novel agents capable of increasing the immune ‘hotness’ 

of tumors through potentiation of T cell activity, we screened 770 compounds. 5-NL a 

serotonin agonist was found to potentiate T cell activity against melanoma cells. The 

phenotype was recapitulated in vivo in a syngeneic melanoma tumor model. Through 

a combination of genetic knockouts and depletion antibodies, the phenotype was 
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confirmed to be dependent on the hosts’ immune system, specifically CD8+ T cells. 5-

NL upregulated the antigen presenting machinery at the transcriptional and protein 

level in mouse and human melanoma as well as other solid tumor types. 

Mechanistically, we found that 5-NL increased the phosphorylation of cAMP response 

element-binding protein (CREB) without activating mitogenic pathways such as MAPK 

and independent of type-I interferon signaling. RNA-seq analysis additionally revealed 

early activation of the AMPK pathway, as regulating the expression of antigen 

presenting machinery. Results of this work are presented in the article “Unleashing T 

cell anti-tumor immunity:  new potential for 5-Nonloxytryptamine as an agent mediating 

MHC-I upregulation in tumors” which is a part of this cumulative dissertation.  

 

Role of the CREB pathway in cancer  

The CREB pathway plays a significant role in cancer, acting through the cAMP-PKA-

CREB signaling axis to regulate various cellular processes including growth, migration, 

invasion, and metabolism. This signaling pathway's role in cancer is complex, as it can 

exhibit both tumor-suppressive and tumor-promoting effects depending on the type of 

tumor and the context. Specifically, aberrant cAMP-PKA signaling has been implicated 

in various human tumors, emphasizing the importance of this pathway in tumorigenesis 

and its potential as a target for cancer therapy (171). The cAMP signaling, through 

PKA and EPAC, intricately modulates CREB activity, which in turn influences cancer 

cell behavior. For instance, CREB expression is regulated via multiple signal 

transduction pathways including PI3K/AKT and Ras/MEK/ERK pathways, which are 

activated by cellular growth factors (172). This regulation is crucial as it affects CREB 

phosphorylation at different serine sites, impacting cellular decisions between 

proliferation and apoptosis (172). Additionally, the interaction between the 

cAMP/PKA/CREB pathway and other signaling cascades, such as the TGFβ/SMAD4 

pathway, plays a crucial role in determining the stemness and metastatic potential of 

colorectal cancer cells (173). This highlights the therapeutic potential of targeting 

CREB in metastatic colorectal cancer, suggesting that manipulating this pathway could 

influence cancer progression and metastasis (173). Moreover, CREB's activation and 

its link to cancer's hallmarks suggest its pivotal role in cancer progression and patient 

outcomes. Studies have explored CREB1 expression as a prognostic marker for 
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survival in various cancers, underscoring its significance across different cancer 

entities (174).   

Importantly for cancer immunity, CREB as a transcription factor was found to bind to 

MHC I and II promotor regions, regulating their expression (175, 176). Inducing MHC 

expression in cancer is crucial for enhancing the immune system's ability to recognize 

and destroy cancer cells. MHC molecules present tumor antigens on the surface of 

cancer cells, making them visible to T cells. The importance of increased MHC 

expression was previously described in chapter 1.1. It is important to note that 

serotonin receptors, as G-copulated receptors can manipulate CREB activity through 

a cAMP level (177) and therefore can potentially influence the expression of the MHC 

complex. 

Given the dual role of the CREB pathway in cancer progression—both as a promoter 

and a suppressor - it’s targeting for cancer therapy presents both opportunities and 

challenges. Future research and therapeutic strategies need to consider this 

complexity to effectively harness the potential of CREB pathway modulation in cancer 

treatment. 

 

Role of the AMPK pathway in cancer  

AMP-activated protein kinase (AMPK) is a universally conserved enzyme that plays a 

pivotal role in maintaining cellular energy balance. It operates as a critical metabolic 

controller, engaging in the regulation of energy metabolism and mitochondrial 

formation (178). Triggered by a drop in cellular energy levels due to factors like low 

oxygen and nutrient deficiency, AMPK activation boosts ATP production, ensuring 

energy equilibrium within the cell (179). The activation of AMPK occurs when a rise in 

the cellular AMP:ATP ratio signals a decrease in ATP generation, leading to high 

intracellular AMP concentrations. This stimulates AMPK through allosteric changes 

and phosphorylation of threonine 172 within the activation loop of AMPK's catalytic α-

subunit (179). The potential of AMPK activation as a therapeutic approach to tackle 

various cancers has been thoroughly examined. Acting as a natural antagonist to 

cancerous growth, AMPK is recognized for its ability to hinder processes that promote 

tumor development and inhibit the proliferation cycle of cancer cells (180). An integral 

player in maintaining the core characteristics of cancer cells, Cyclooxygenase 2 (COX-
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2), is effectively inhibited by AMPK, particularly in breast and colon cancers (180). This 

discovery highlights AMPK's dual role, not only as a guardian against malignant 

transformation by disrupting cancer cell division but also as a critical inhibitor of COX-

2, thereby undermining a key factor in the perpetuation and resilience of cancer cells. 

Research into the specific AMPK activator MT 63–78 has highlighted its powerful role 

in targeting prostate cancer cells (181). This activator works by triggering a halt in cell 

division and promoting cell death in these cancer cells, acting through mechanisms 

that block mTORC1 signaling and inhibit lipogenesis (181). However, the role of AMPK 

in cancer is complex and multifaceted. While it has been praised for its capacity to 

suppress tumor growth, there are nuances in its protumorigenic effects. For instance, 

it has been observed that under conditions of metabolic stress, such as a shortage of 

glucose or oxygen, the activation of AMPK can enhance the survival capabilities of 

cancer cells (182). This is because AMPK-induced autophagy can serve a protective 

role for cancer cells, supplying them with essential nutrients through the recycling of 

cellular components, thereby supporting their growth and enabling them to resist the 

effects of chemotherapy (183). Studies suggest that the therapeutic potential of AMPK 

activators extends beyond their immediate effects on cell cycle and autophagy. For 

example, AMPK has been implicated in the modulation of the immune response within 

the tumor microenvironment, affecting both the efficacy of immunotherapies and the 

progression of the disease. Moreover, the ability of AMPK to influence systemic 

metabolism raises the possibility of using AMPK activators not only as direct anticancer 

agents but also as adjunct therapies to improve the overall metabolic health of cancer 

patients, potentially enhancing their response to conventional treatments. 
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2.3.3 Pharmacologically induced immunogenic cell death 
 

Immunogenic cell death (ICD) in cancer represents a pivotal mechanism by which 

certain cancer therapies, such as chemotherapy, radiotherapy, and some targeted 

therapies, can not only kill cancer cells but also stimulate a potent anti-tumor immune 

responses. This phenomenon occurs through the release or presentation of damage-

associated molecular patterns (DAMPs) by dying cancer cells, which then activate the 

immune system against the tumor (184). ICD is characterized by specific hallmarks, 

including the exposure of calreticulin on the cell surface, release of ATP, and secretion 

of high-mobility group box 1 (HMGB1) protein into the extracellular space. These 

events facilitate the uptake of cancer cells by dendritic cells, leading to the activation 

of T cells and the initiation of a targeted immune response against the tumor (184). 

Furthermore, the role of DAMPs in antigen cross-priming is critical. Upon release, 

these molecules bind to pattern recognition receptors (PRRs) on DCs, which is 

essential for the activation of T cells and the generation of a robust anti-tumor immune 

response (185). The cGAS-STING signaling pathway also plays a crucial role in ICD. 

The presence of cytosolic DNA, resulting from cellular damage, activates the cGAS 

enzyme, which then synthesizes cyclic GMP-AMP (cGAMP). cGAMP activates the 

STING pathway, leading to the production of type I interferons, critical mediators of the 

immune response to cancer (184). Recent studies identified a few compounds whose 

treatment leads to immunogenic cell death, namely doxorubicin, cyclophosphamide, 

and oxaliplatin lead to the exposure of DAMPs, such as calreticulin (CRT) and ATP 

(186). High doses of radiation can damage cancer cells in a way that leads to ICD. The 

process involves the release of HMGB1 and ATP, which signal immune cells to attack 

the tumor. This suggests that radiotherapy's effectiveness might partly derive from its 

ability to provoke an immune response against tumors (187).  

A key trait shared among agents that trigger immunogenic cell death is their capability 

to initiate endoplasmic reticulum (ER) stress and the generation of reactive oxygen 

species (ROS) (188). The intensity of ER stress correlates with the immunogenic 

potential of the cell death induced. Accordingly, these inducers are categorized into 

two types: Type I inducers, like anthracyclines and radiotherapy, which cause indirect 

ER stress; and Type II inducers, such as the use of hypericin in photodynamic therapy, 

which leads to direct ROS-related ER stress (188). It has been observed that 

enhancing ER stress can augment the immunogenic qualities of certain 
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chemotherapeutics known for their weak induction of ICD, including drugs like cisplatin 

(189), etoposide, and mitomycin C (186). The role of ROS in this process is 

underscored by the observation that the presence of antioxidants can reduce the 

immunogenicity of ICD, highlighting the importance of oxidative stress in the 

effectiveness of ICD induction. Most anticancer therapies induce apoptosis, but only a 

few, like anthracyclines, and oxaliplatin do so in an immunogenic way (190). 

Immunogenic cell death also includes necroptosis, pyroptosis (184) and ferroptosis 

(191). In our study, we provide evidence on ferroptosis inducing abilities of volasertib 

in cancer treatment, with results included in the article “Deep transfer learning 
approach for automated cell death classification reveals novel ferroptosis-
inducing agents in subsets of B-ALL” which is part of this cumulative dissertation.  

 

Ferroptosis  
 

Ferroptosis is a type of regulated cell death characterized by the accumulation of lipid 

peroxides to lethal levels. It is distinct from other forms of cell death such as apoptosis, 

necroptosis, and autophagy due to its unique iron-dependency and the way cells die 

by peroxidation of polyunsaturated fatty acids in the lipid bilayer (192). The discovery 

of ferroptosis has opened new avenues for cancer research, especially in 

understanding tumor suppression mechanisms and resistance to conventional 

therapies. Iron plays a pivotal role in ferroptosis by participating in the Fenton reaction, 

which produces free radicals leading to lipid peroxidation and cell death (193) and can 

be inhibited with iron chelating ferritin (FTH1) (Figure 4) (194). The glutathione (GSH)-

dependent antioxidant enzyme glutathione peroxidase 4 (GPX4) is central to 

ferroptosis resistance, as it converts toxic lipid hydroperoxides into non-toxic lipid 

alcohols (193). When GPX4 activity is inhibited, either genetically or 

pharmacologically, cells are rendered susceptible to ferroptosis. The cystine/glutamate 

antiporter system Xc−, with main compartment SLC7A11, is another critical 

component, as it regulates the uptake of cystine for GSH synthesis, thus indirectly 

controlling GPX4 activity (193). Key regulatory pathways involve the tumor suppressor 

p53, which can promote ferroptosis by inhibiting the expression of SLC7A11, a 

component of the Xc− system, and Nrf2, a transcription factor that provides cellular 

resistance to ferroptosis by upregulating antioxidant response element (ARE)-driven 
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genes (195). Since ferroptosis execution depends on cell membrane lipid peroxidation, 

the lipid metabolism with acyl-CoA synthetase long-chain family member 4 (ACSL4) 

plays a crucial role in ferroptosis sensitivity (196). Importantly it was noticed that lipids 

composed of polyunsaturated fatty acids (PUFA) are highly sensitive to oxidation and 

their synthesis is controlled by ACSL4 (197). 

 

 

Figure 4. Schematic representation of pathways involved in ferroptosis induction. Iron 
ions are transferred to cell cytoplasm by transferrin receptor and induce ROS 
production in the Fenton reaction or are stored by ferritin. The main antioxidant GSH 
is used by GPX4, preventing lipid peroxidation and can be synthetized in cells from 
cysteine and glycine by GCL and GSS. Excessive lipid peroxidation leads to ferroptosis 
and cell death. ACSL4 is a regulator of lipid synthesis, preferentially producing PUFA 
that are sensitive to peroxidation. Figure created with Biorender, adapted from (198). 
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Cancer cells often exhibit altered iron metabolism and increased susceptibility to lipid 

peroxidation, making them particularly vulnerable to ferroptosis (199). However, 

resistance mechanisms, such as the upregulation of GPX4 or mutations affecting the 

Xc− system, can enable tumor survival and growth. The tumor microenvironment also 

significantly influences ferroptosis sensitivity, with factors such as hypoxia and nutrient 

availability playing critical roles (199). Exploiting ferroptosis for cancer therapy involves 

strategies to induce this form of cell death selectively in cancer cells. Small molecules 

like erastin, which inhibits the Xc−system, and sulfasalazine, have shown promise in 

preclinical studies (200). 

Beyond inducing death in cancer cells, ferroptosis also influences systemic immunity 

by affecting both innate and adaptive immune cells, including macrophages and 

cytotoxic T cells (201). It is proposed that ferroptosis can alter cell immunogenicity 

through the emission of DAMPs, which are recognized by pattern recognition receptors 

(PRR) on immune cells like dendritic cells (191, 201). 

The induction of ferroptosis offers a novel approach to cancer therapy by targeting the 

unique vulnerabilities of cancer cells related to iron metabolism and lipid peroxidation. 

While promising, the path from understanding to effectively targeting ferroptosis in 

clinical settings is full of challenges, including identifying biomarkers for sensitivity and 

resistance and developing safe and effective ferroptosis-inducing agents. In the article 

“Deep transfer learning approach for automated cell death classification reveals 
novel ferroptosis-inducing agents in subsets of B-ALL”, which is part of this 

cumulative thesis, authors provide evidence of ferroptosis inducing ability of volasertib 

and evidence of potential immunostimulatory effects of the compound.  
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macrophages (TAMs) and myeloid-derived suppressor cells (MDSC). Transcriptional programs in

senescent Tcs have been shown to be mediated by T-bet [16] but otherwise are poorly characterized.

Senescence-inducing stimuli include exposure to DNA damaging agents, stress signals and repetitive

stimulation linked but not limited to the ageing process. It should be pointed out that dysfunctional T

cell states other than exhaustion and senescence such as anergy have also been described. Anergic

T cells are hypo-responsive, produce low levels of IL-2 and generally have little effector function.

T cell anergy is caused by insufficient CD28 dependent co-stimulation of the TCR, but the surface

markers of anergic T cells are poorly characterized [17]. Insufficient CD28 stimulation within the

TME combined with tumor cell expressing factors, such as PD-L1 and CD95, is also closely linked

to deletion of effector T cells through a process known as tolerance. Tolerance is exacerbated by

TGF-β and IL-10 [18]. Taken together, senescent, anergic and exhausted Tc cells often co-exist in

the TME or circulation and simultaneously exert immunosuppressive effects [11,19]. The current

limitations of check-point inhibitors suggest that targeting multiple dysfunctional Tc cell states would

be therapeutically beneficial. A deeper understanding of the mechanisms and functional consequences

of T cell senescence are urgently needed.
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Figure 1. Surface phenotypic, metabolic and transcriptional differences between CD8+ dysfunctional

senescent and exhaustive states. Characteristics common to both dysfunctional states are shown the

in the middle, purple overlapping section. While both T cell state exhibit decreased effector function,

senescent T cells have a very distinct senescence-associated secretory phenotype (SASP) with increased

cytokine production of IFN-γ, IL-6, IL-8, IL-10, TNF and TGF-β. In contrast. exhausted T cells are

characterized by decreased IL-2, TNF and IFN-γ production. While some surface markers such as

Tim-3 and TGIT are common to both dysfunctional T cell states, there is otherwise quite a distinct

pattern of expression. Ag = antigen.

3. Mechanisms of T Cell Senescence Induction

Senescent T cells have been found in primary and metastatic solid tumor sites [19–23] as well as

hematological malignancies [11,24]. Tc senescence can be classified into two major cellular mechanisms

which are however not entirely separated from one another: premature and replicative senescence.
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Premature senescence is caused by external factors such as stress within the TME incurred by (i)

effects of immune and tumor cells, (ii) TME metabolic changes, (iii) and drug and radiation therapy,

all of which are closely interlinked and not necessarily independently occurring events (Figure 2).

Replicative senescence is linked to age-related changes and to telomeric shortening. T cell anergy on

the other hand, is closely linked to peripheral tolerance.

 

− −

− −

Figure 2. T cell senescence can occur via multiple mechanisms within the tumor microenvironment.

Tregs, through glucose metabolic competition and transfer of cAMP produced by tumors, can induce

CD8+ T cell senescence, as can other metabolites produced by tumor cells, such as adenosine. Repeated

antigen stimulation and external factors such as chemotherapeutic and radiation therapy also induce

premature senescence. A key molecular pathway involved in CD8+ T cell senescence induction is

non-canonical signaling through p38-MAPK.

3.1. Signaling Pathways Involved in Tc Senescence

The intrinsic molecular pathways governing premature and replicative senescence are not

completely defined but involve the MAPK pathway. The diverse and complex MAPK pathway with

its three subgroups, Erk, Jnk and p38, is involved in many aspects of innate and acquired immune

regulation. Classical engagement of the MAPK pathway downstream of the TCR does not occur in

senescent Tc cells as they lack the costimulatory molecule CD28. p38-MAPK activation however, can

also be mediated by environmental stressors such as low glucose, DNA damage and by proinflammatory

cytokines which trigger AMPK to auto-phosphorylate p38. Henson et al. showed that p38 MAPK

expression was elevated in human senescent CD8+ T cells and that blocking p38 following inhibitor

treatment resulted in increased mitochondrial mass, improved mitochondrial function and enhanced

proliferation [25]. Human senescent CD27–CD28–CD4+ T cells prompt AMPK-stimulated recruitment

of p38, resulting in p38 autophosphorylation, facilitated by the protein scaffold TAB1, which inhibits

telomerase activity and parts of the TCR signalosome [26]. In addition to p38, involvement of the other

MAPK members Erk and Jnk have been found to impact T cell senescence in the context of a new

immune inhibitory complex termed the sestrin—MAPK activation complex (sMAC). sMAC formation

is increased with age [27]. In human and murine CD4+ T cells, sestrins induced senescence through

binding and simultaneous activation of Erk, Jnk and p38 to form sMAC. Silencing sestrin enhanced T

cell activity. Although CD4+ T cells were experimentally used in this study, the authors did show that

sestrin deficiency increased vaccine responses in aged mice and increased the frequency of splenic

CD8+ T cells. A follow-up study specifically examining the effects of sestrin in CD27−CD28−CD8+

T cells, showed that a divergent mechanism was responsible for sestrin-dependent senescence in
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CD27−CD28−CD8+ T cells linked to a natural killer group 2 member D (NKG2D)–DNAX Activating

Protein of 12KDa (DAP12)–sestrin 2 complex. Disturbance of the NKG2D–DAP12–sestrin 2 complex

through sestrin 2 genetic inhibition, restored TCR signaling [28]. T cell mitochondrial dysfunction also

accelerates senescence. It was recently demonstrated that Tfamfl/fl Cd4Cre mice (where mitochondrial

transcription factor A (TFAM) is depleted in CD4+ and CD8+ lymphocytes) prematurely died due to

multiple age-related changes [29]. Taken together, the full extent of the molecular pathways involved

Tc senescence are not completely elucidated. The current knowledge, however, presents targetable

opportunities to potentially reverse senescence and understand how senescent Tc cells might impact

immunotherapies in the treatment of cancer.

3.2. The TME Drives Tc Premature Senescence

3.2.1. Immune and Tumor Cells

A tumor’s ability to evade the immune system is dynamic, complex and partially dependent on the

immunosuppressive activities of infiltrating immune cells. Tc effector function is similarly complicated

and shaped by the spatiotemporal distribution of APCs in the tumor milieu and tumor-draining lymph

nodes, cytokines and the presence of other immune cells such as regulatory CD4+CD25hiFoxP3+ T

(Treg) cells. Initial priming of naïve T cells occurs in the lymph node through direct interaction with

antigen present on APCs such as DCs. DCs also co-express receptors such as CD80 necessary for

binding to CD28 and inducing co-stimulatory signals. Upon migration of primed Tc cells into the TME,

the tumor cells expressing the antigenic peptide become targets. The numbers of infiltrating CD8+

T cells varies widely across tumor types. Some tumors, such as melanoma and non-small cell lung

cancer (NSCLC), generally have a high degree Tc infiltration. Other tumors, such as pancreatic and

neuroblastoma, typically have a low degree of Tc infiltrates, although of course within a specific tumor

type, there is a lot of intra-tumoral heterogeneity [30]. Many factors during this process can impact the

ability of Tc cells to target tumor cells.

Regulatory CD4+CD25hiFoxP3+ T (Treg) cells are subsets of T cells which play a role in maintaining

immune homeostasis and present a critical barrier for immunotherapies through their suppressive

effects on Tc cells. Tregs have been found in lymph nodes where they impact DC function through

CCL22. CCL22, a chemokine produced by dendritic cells, enables cell-to-cell contact between DCs

and Treg through Treg-expressed CCR4 [31]. Tregs accumulate within the TME, and their ability to

infiltrate into tumors has been linked to the expression of multiple chemokine receptors such as CCR4,

CCR5, CCR8 and CCR10. Within the TME, Tregs usually express immunosuppressive molecules

such as CTL-4, which binds to CD80 and CD86 on APCs thereby affecting Tc effector function [32].

Treg suppressive mediated-effects on APCs and Tc effector cells can also occur through inhibitory

cytokine secretion of IL-10, TGF-β, and IL-35. These inhibitory cytokines suppress antigen presentation

in APCs. IL-35 and IL-10 promote T cell exhaustion. Metabolic competition for the consumption of

IL-2 through the expression of CD25 on Tregs also suppresses Tc effector functions [33]. Tregs are also

found in peripheral circulation, but their precise role in facilitating immune evasion are not as well

characterized as with the TME-associated Tregs [32].

Relating specifically to Treg-mediated Tc senescence induction, an important study demonstrated

that co-transfer of Tregs and naïve CD8+ T cells into Rag1−/− mice transformed naïve T cells into

senescent T cells (as assessed by SA-β-Gal positivity). Furthermore, the senescent T cells acquired

immunosuppressive functions both in vitro and in vivo. Involvement of the mitogen-activated protein

kinase (MAPK) pathway was implicated, as pre-treatment with ERK and p38 inhibitors abrogated these

immunosuppressive effects [34]. Another critical study by Liu at al. using ex vivo cultured primary

human T cells demonstrated that human Tregs induced nuclear kinase ataxia–telangiectasia-mutated

protein (ATM)-associated DNA damage responses in Tcs [35]. The majority of subsequent mechanistic

experiments demonstrated that senescence was mediated by competition for glucose, which triggered

phosphorylation of the energy sensor AMP-activated protein kinase (AMPK) in cooperation with
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Stat1 and Stat3. These mechanistic studies were performed using naïve CD4+ T cells. However, the

authors did show that Treg-induced naïve CD8+ T cell senescence was blocked by pre-treatment with

ATM or STAT inhibitors in NOD SCID gamma (NSG) mice, indicating that similar mechanisms of

senescence induction also occur in CD8+ T cells. These studies did not directly explore the specific

co-localized induction of Treg-induced Tc senescence within the TME. However, as Tregs and Tcs are

often co-expressed within tumors [36,37] and tumor-draining lymph nodes [38], the clinical relevance

of these in vivo and ex vivo studies is plausible. These interactions, however, would likely be mediated

by APCs, which these studies did not address. APCs might guide the cellular interaction between

Tregs and Tcs through costimulatory (CD28/CD80 and CD86, OXO/OXOL, CD95/CD95L) on CD8+ T

cells or co-inhibitory (PD-1/PD-L1 and CTLA-4/CD80) signals on CD8+ and CD4+ T cells, respectively.

Other immune cells within the TME might also indirectly impact Tc senescence. Treg and MDSC

populations often support each other’s expansion through positive feedback loops involving TGF-β

and other cytokines [33]. In turn, MDSCs can be expanded by many of the SASP cytokines secreted by

Tc senescent cells such as TGF-β, IL-6 and IFN-γ [39].

Tumor cells are the targets of Tcs following priming in the lymph nodes. Tc-mediated tumor cell

killing occurs through TCR-mediated Tc cell binding to MHC-I-restricted tumor antigens on tumor

cells. This interaction releases cytolytic perforin and granzymes causing tumor cell killing. Tumor

cell killing can also occur through the death receptor pathway mediated by the expression of CD95

on tumor cells and CD95L on Tc cells. Receptors present on tumor cells such as PD-L1 can diminish

Tc cells responses through the PD-1–PD–L1 axis [2]. Tumor cells can also downregulate MHC-I and

CD95 expression to dampen responses and evade apoptosis. Immunosuppressive cytokines produced

by tumor cells such as TGF-β and IL-10 also influence Tc effector function. Metabolites produced by

tumor cells, elaborated on in the section below, can also affect Tcs.

Tumor cells have been shown to induce Tc senescence in in vitro and in vivo models. Montes et al.

showed that ex vivo incubation of human T cells isolated from healthy donors with a variety of human

tumor cell lines triggered downregulation of CD28 expression. Activation of ATM, shortening of

telomere length and an ability to suppress antigen nonspecific and allogeneic-induced proliferation of

responder T cells were also observed [40]. Tumor-induced senescence was dependent on direct tumor-T

cell contact [40]. Another pivotal investigation demonstrated that adoptive transfer of tumor-specific

CD8+ tumor-infiltrating lymphocytes (TIL) 586 cells into tumor-bearing (586 mel cells) NSG mice

induced senescence, as assessed by SA-β-Gal+ staining in TILs [41]. Activation of TLR8 signaling in

tumor cells was able to reverse the tumor-induced senescence [42]. Taken together, tumor-infiltrating

immune cells such as Tregs as well as tumor cells have been shown to be capable of inducing T cell

senescence. As this evidence largely stems from ex vivo studies, the role of critical cells mediating Tc

priming such as DCs in facilitating this process remains to be explored.

3.2.2. Metabolic Changes

Metabolic re-programming within the TME is critical to many pro-tumorigenic processes, including

driving senescence [43,44]. Cancer cells have a high rate of glucose consumption through aerobic

glycolysis, resulting in low glucose and high lactate concentrations in the TME [45]. Antigen-activated

effector T cells, once they become primed and activated in the lymph nodes, begin their clonal

expansion and rapid proliferation [43]. Therefore, they have metabolic requirements different to those

of circulating naïve cells which rely on oxidative phosphorylation for their energy requirements. Rapidly

proliferating T cells have higher glycolytic activity [46] and increased amino acid metabolism [47].

TCR-mediated T cell activation is followed by metabolic re-programming and biomass accumulation.

Changes in metabolism include a switch to aerobic glycolysis despite there being enough oxygen

present to generate glucose through the tricarboxylic acid (TCA) cycle [43]. Aerobic glycolysis provides

important intermediates for cell growth, such as glucose-6-phosphate, 3-phosphoglycerate (3PG) and

citrate. Molecularly, this metabolic transition is supported by mTOR, PI3K activity, the transcription

factor Myc and hypoxia-inducible factor-1α (HIF-1α) [43,47]. As already described above in the study
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by Liu et al., increased glucose consumption by Tregs reduced the glucose pool available for naïve T

cells, initiating AMPK signaling cascades and DNA damage responses [35]. Effector T cell activity

is sensitive towards intracellular NAD depletion, often occurring in the TME. Tregs, however, have

developed re-programming strategies mediated by the transcription factor FOXP3 to maintain their

proliferative capabilities and suppressive functions, despite low glucose and high lactate levels [48]. It

remains to be elucidated whether within the TME Treg numbers would be high enough to deplete

glucose pools. However, in addition to Treg competing for glucose consumption, other immune cells

within the TME also have distinct metabolic requirements which can affect glucose pools. MDSCs

have high glucose uptake rates and can contribute to the dysfunction of other immune cells by limiting

pools of available glucose [39]. MDSCs can also affect the T cell activation through depletion of amino

acids such as cystine and cysteine [49], but whether that eventually also contributes to Tc senescence

induction is not known. Conditions of hypoxia within the TME compounded by increased tumor

acidity can cause an accumulation of immunosuppressive M2 polarized TAMs, which are critical in

maintaining a tolerogenic phenotype, expanding Tregs and suppressing Tc function [50].

Tumor cells also produce metabolites that are inducers of Tc cell senescence. For instance adenosine,

whose production is catalyzed by the surface ectonucleotidases CD39 and CD73, accumulates in the TME

through CD38 and CD73 expression on cancer exosomes [51]. Adenosine exposure triggered replicative

senescence in human CD8+ T cells, decreased proliferative capacity and reduced IL-2 production [52].

Furthermore, adenosine can impact APCs that are critical for Tc function. Tumor-produced adenosine

has been shown to decrease DC maturation and immune function [53]. Another example is cyclic

adenosine monophosphate (cAMP), produced by tumor cells and a suppressor of T cell function [54].

In ex vivo co-culturing experiments, cAMP was shown to be transferred from Tregs to Tcs through direct

gap junction formation, thereby suppressing proliferation of Tcs and decreasing IL-2 production [55].

However, the in vivo relevance of these findings in the context of the TME has yet to be validated.

Other TME-associated metabolites such as indoleamine 2,3-dioxygenase (IDO) [56], although not yet

shown to directly induce Tc senescence, plausibly contribute to the induction of Tc dysfunction through

activation of Tregs.

3.2.3. Chemotherapeutics and Radiation Therapy

DNA damage caused by commonly used chemotherapeutics can lead to senescence induction

in both tumor and normal cells [57]. Most chemotherapeutic agents are genotoxic and cause DNA

damage by triggering chromosomal breaks or double stranded DNA breaks. This is followed by

induction of the DNA damage response (DDR) mediated by ATM and ATR kinases, whose downstream

targets are cell cycle regulatory proteins checkpoint homologs 1 and 2 (Chk1 and Chk2). Chk1 and

Chk2 trigger the activation of various cyclin-dependent kinase inhibitors causing cell cycle arrest [58].

It is not surprising that treatment with such agents can also lead to immuno-senescence, especially

in rapidly proliferating populations such as Tc cells following antigen exposure. A six months

longitudinal study tracked shifts in CD8+ T cell populations in DNA-damaging chemotherapy-treated

breast cancer patients. The study found that senescent-enriched CD28−CD57+ cells were more

pre-dominant in cancer patients compared to the untreated healthy age-matched group. The study

also found that immuno-senescence and immune risk parameters were more pronounced in the

chemotherapy-treated group [22]. When peripheral CD8+ T lymphocytes were assessed in metastatic

breast cancer patients during the post-salvage taxane chemotherapy follow-up, it was found that

CD8+CD28− populations were increased in breast cancer patients compared to the control cohort [23].

In another longitudinal study, radiotherapy and chemotherapy in early-stage breast cancer patients

increased senescent cytotoxic T lymphocytes [59]. Shortened telomere length was observed in peripheral

blood mononuclear cells in non-Hodgkin’s lymphoma patients undergoing chemotherapy [60]. These

results are correlative, and the functional consequences of Tc cell senescence induction in these clinical

settings should be mechanistically explored. Tumor senescence might be beneficial to the organism

under some contexts, as it stops tumor-cell proliferation. However, the unintended potentially
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detrimental consequences of Tc cell senescence should be considered during the course of therapy,

especially if immunotherapy treatment such as CAR-T cell therapy is to be further applied.

3.3. Age-Related Replicative Senescence

Replicative senescence in normal somatic cells is telomere dependent and occurs as a result of

telomere shortening or a classical DNA damage response triggered by a dysfunctional telomerase [61].

Telomerase dysfunction can be triggered by oxidative stress [62]. This is paralleled in Tc cells.

The natural aging process is accompanied by blunted immune responses to anti-viral, bacterial and

other stimuli as well as decreased responsiveness to vaccines [63,64]. Repeated antigen stimulation

throughout an individual’s life time is one potential cause of aging-induced Tc senescence. Others

include physiological changes such as thymic shrinking which limits the naïve T cell pool, changes in

the bone marrow, and obesity [62,65,66]. While ex vivo stimulated human CD8+ T cells have been

shown to have high initial telomerase activity, their telomere lengths shorten following several rounds

of antigen stimulation, and their telomerase activity dramatically decreases [67]. A decrease in the

number of naïve CD8+ T cells and suppressed functionality in terms proliferation and decreased

cytokine production accompany age-related dysfunction [63,68]. In aged mice, proliferative defects

have also been demonstrated in anti-viral memory CD8+ T cells [69]. Senescence has also been observed

in CD8+ T cells which have not undergone repetitive antigen stimulation. A recent study explored a

specialized subset of semi-differentiated antigen naïve but semi-primed T cells expressing the activation

marker CD44 termed “virtual memory” CD8+ T cells (CD44hiCD49dlo; TVM). The investigation found

TVM cells accumulated in aged mice and humans and acquired a dysfunctional senescent but not

exhausted phenotype [70]. The presence of TVM cells in aged individuals would be expected to

diminish primary CD8+ T cell responses while still maintaining a base effector function and the ability

to secrete cytokines.

4. Tc Cell Senescence and Effects on Immunotherapy Response

4.1. Checkpoint Inhibitors

Given the increased accumulation of senescent Tc cells in older individuals, it would be reasonable

to expect that age would dimmish response to immunotherapies. Curiously, however, some reports

indicate that advanced age positively correlates with anti-PD-1 therapy response [71]. In this study,

when a total of 538 metastatic melanoma patients treated with pembrolizumab were stratified according

to age and response, a smaller percentage of patients aged over 62 years had progressive disease.

The study, which controlled for prior MAPK inhibitor therapy, did not control for mutational burden

but did corroborate the patient data with murine models. Genetically identical tumors experienced

better, albeit minor, anti-PD-1 responses in aged mice. The study found that in younger patients, Tregs

were increased and CD8+ T cells decreased in the TME. The authors speculated that memory CD8+ T

cells, which accumulate with age and expand in response to immunotherapy, may be responsible for

improved anti-PD-1 responses. However, accumulation of memory CD8+ T cells in aged individuals

is not absolute and is relative to a decrease in naïve T cells due to thymic shrinking. Other studies

in various tumor types have found no correlation [72,73], or a negative correlation between age and

checkpoint inhibitor response [74]. The study citing the negative correlation was carried out in patients

with advanced renal cell carcinoma with a small sub-group of older patients. Furthermore, the study

did not assess infiltrates in the TME. Age-induced senescence might affect other critical immune cells

which could impact responses to checkpoint inhibitors, including the abovementioned TvM cells [70].

The phagocytic function of macrophages/monocytes is decreased during aging and might impair

release of antigens into the micro-environment. Aging also decreases numbers and antigen presenting

functions of APCs, which would impact T cell effector function [75].

It is difficult to conclusively ascertain whether older patients fare better/worse following

immunotherapy treatment given the usually low numbers of elderly patients included in clinical trials.
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Immunotherapy response, particularly to checkpoint inhibitors, is complex, and no successful biomarker

of response has been established. Several biomarkers have been suggested, including neo-antigen

burden, PD-L1 expression, genomic and transcriptomic signatures and immune infiltration [76,77].

While age-induced Tc cell senescence might impact response to immunotherapy treatment, other more

significant factors could over-ride these effects. For example, a recent study reported that tumors

in younger female individuals accumulated more poorly presented driver mutations than those

in older and male patients. Accordingly, these female patients had poorer immune checkpoint

therapy responses [78]. Taken together, it remains to be proven whether age is a predictor of

immunotherapy response

Irrespective of age, patients with accumulated senescent Tc cells within the TME might respond

poorly to checkpoint inhibition, which seeks to de-repress the exhaustive Tc phenotype but does

not target the senescent one. A small pilot study of melanoma patients was able to identify

patients with primary resistance to checkpoint inhibitors by using lymphocyte phenotyping for

senescence markers CD27, CD28, Tim-3 and CD57 [79]. The study tracked senescence markers in the

peripheral blood for 12 weeks post diagnosis of metastatic melanoma. Another study found that in

multiple myeloma, T-cell clones exhibited hypo-responsiveness and a telomere-independent senescent

(KLRG-1+/CD57+/CD160+/CD28−) phenotype. These senescent T cells also expressed low levels of

PD-1 and CTL-4 [24]. Although limited in the numbers of assessed patients, these studies suggest that

senescent Tc impede responses to checkpoint inhibitors.

4.2. CAR-T Cell Therapy

CAR-T cell therapy has the potential to be curative in patients with hematological malignancies

such as leukemia and lymphoma. However, CAR-T cell therapy application to solid tumors whose

targetable antigen repertoire can be difficult to predict will be more challenging. CAR-T cell therapy

depends on the isolation and expansion of a patient’s T cells harvested from the periphery. It is plausible

to speculate that functionally impaired senescent T cells in this context would provide an impediment

to successful T cell expansion and/or CAR activity once in the TME. In vivo, murine studies have shown

that PD-1 upregulation within the tumor microenvironment impeded the function of CD28-CAR-T

cells, which was restored by concomitant treatment with anti-PD-1 antibodies [80]. Furthermore,

introduction of a patient’s expanded T cells into the TME might lead to terminal differentiation of the T

cells caused by TME-induced Tc senescence or exhaustion [81]. Taken together, although this requires

further exploration, there is reasonable correlative evidence to suggest that senescent Tc cells impact

immunotherapy responses.

4.3. Targeting T Cell Senescence

As 40–85 percent of patients treated with checkpoint inhibitors fail to exhibit a sustained clinical

response [82], combinatorial approaches that also reverse Tc cell senescence could be of therapeutic

benefit. As induction of tumor cell senescence can be advantageous in the context of tumor clearance,

strategies to reverse T cell senescence should be carefully considered. While induction of tumor

cell senescence can initially stop uncontrolled proliferation, the SASP profile of senescent tumor

cells can promote tumor relapse, inflammation and recruit immunosuppressive immune cells to

the TME. Agents that induce apoptosis in senescent cells termed “senolytics” (e.g., dasatanib and

quercetin), are currently being tested in pulmonary fibrosis and after radiotherapy to improve clinical

symptoms [83,84]. Whether these agents can be used in neoplastic malignancies to clear senescent

tumor cells and/or senescent Tc cells is an area warranting further exploration.

Agents such as ralimetinib that target p38 MAPK, which are safe and have already being used

in clinical trials [85], are an attractive option as they could dually target Tc senescence signaling and

tumor proliferation. In addition to their direct anti-tumoral effects, other inhibitors of the MAPK

pathway already approved for the treatment of metastatic melanoma are also promising. These include

the B-Raf-targeting inhibitor vemurafenib or MEK1/2 targeting inhibitor trametinib. These drugs have
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already been shown to increase the number of CD8+ TILs and enhance checkpoint inhibition in murine

models [86,87]. During senescence, upregulation of BCL-2 family members (BCL-XL, BCL-W) have

been reported in several studies, across various cell types [84]. Of note, inhibitors targeting the BCL-2

protein family, including novitoclax, are selectively senolytic in some cell types [88]. Moreover, several

other pro-survival pathways have been implicated in eliminating senescence, including the p53/p21

axis, receptor tyrosine kinase, HIF-1α and serpine anti-apoptotic pathways [84,89]. HSP90, a member of

the chaperone protein family, was identified as a new class of senolytics [90,91]. HSP90 is upregulated in

several tumor types and promotes the stabilization of PI3K/Akt, ERK and other pro-survival signaling

pathways upregulated during cellular senescence [92]. Therefore, downregulation of pro-survival

signaling pathways upon HSP90 inhibition may be responsible for its senolytic activity [90]. Whether

these inhibitors also reverse Tc senescence and enhance checkpoint inhibition in the clinical setting

remains to be elucidated. However, combinatorial therapy is paramount in achieving clinical success.

Therefore, these strategies might present good therapeutic opportunities. They also have the advantage

of using already approved therapies.

Combining checkpoint inhibitors with other activators of the immune system such as TLR8

agonists could maximize the benefits of immunotherapy. TLR8 agonists have already been shown to

reverse the T cell tumor-induced senescence in mouse models of cancer [41]. They have the added

benefit of increasing immune infiltration and activating other anti-tumoral immune cells such as

dendritic and NK cells. The TLR8 agonist motolimod (VTX-2337) has been evaluated in clinical trials,

is well tolerated and shows promise activating the immune system in cancer patients [93,94]. Other

approaches exist, such as the reprogramming of senescent Tc cells from pluripotent stem cells (T-IPSCs).

However, this approach is complicated by the unpredictable re-arrangement of the TCR [81].

Taken together, as our molecular understanding of the pathways governing Tc cell senescence

increases, so will the ability to effectively target this dysfunctional subset of T cells, reverse their

immunosuppression and augment currently used immunotherapies. Furthermore, assessing senescent

T cell accumulation following treatment with currently used therapies in cancer patients might help to

optimize treatment strategies and uncover novel bio-markers of immunotherapy response.

5. Conclusions

Senescent Tc cells are phenotypically distinct from exhausted Tc cells. Their immunosuppressive

function brings new obstacles to successful immunotherapy. Regardless of whether the tumor-specific

T cell senescence is of replicative or premature origin, a deeper molecular understating of the molecular

pathways driving this process is needed. This will open new therapeutic options to eradicate challenges

imposed by a suppressive TME. Currently, MAPK pathway inhibitors and TLR8a agonists are amongst

the most clinically promising candidates to reverse T cell senescence. They can potentially be used in

combinatorial approaches with checkpoint inhibitors to target many levels of immune dysfunction

and maximize anti-tumor immunity. Much progress has been made in defining T cell senescence as

a distinct dysfunctional state. However, clinical evidence showing the functional importance of T

cell senescence in solid tumors and hematological malignancies is largely correlative and needs to be

further explored.
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Unleashing T cell anti-tumor immunity: new 
potential for 5-Nonloxytryptamine as an agent 
mediating MHC-I upregulation in tumors
Paweł Stachura1,2†, Wei Liu1†, Haifeng C. Xu1, Agnès Wlodarczyk2, Olivia Stencel2, Piyush Pandey1, Melina Vogt2, 

Sanil Bhatia2, Daniel Picard2,3,4,5, Marc Remke2,3,4,5, Karl S. Lang6, Dieter Häussinger7, Bernhard Homey8, 

Philipp A. Lang1, Arndt Borkhardt2 and Aleksandra A. Pandyra2,9,10* 

Abstract 

Background New therapies are urgently needed in melanoma, particularly in late-stage patients not responsive 

to immunotherapies and kinase inhibitors. To uncover novel potentiators of T cell anti-tumor immunity, we carried 

out an ex vivo pharmacological screen and identified 5-Nonyloxytryptamine (5-NL), a serotonin agonist, as increasing 

the ability of T cells to target tumor cells.

Methods The pharmacological screen utilized lymphocytic choriomeningitis virus (LCMV)-primed splenic T cells 

and melanoma B16.F10 cells expressing the LCMV gp33 CTL epitope. In vivo tumor growth in C57BL/6 J and NSG 

mice, in vivo antibody depletion, flow cytometry, immunoblot, CRISPR/Cas9 knockout, histological and RNA-Seq 

analyses were used to decipher 5-NL’s immunomodulatory effects in vitro and in vivo.

Results 5-NL delayed tumor growth in vivo and the phenotype was dependent on the hosts’ immune system, 

specifically  CD8+ T cells. 5-NL’s pro-immune effects were not directly consequential to T cells. Rather, 5-NL upregu-

lated antigen presenting machinery in melanoma and other tumor cells in vitro and in vivo without increasing PD-L1 

expression. Mechanistic studies indicated that 5-NL’s induced MHC-I expression was inhibited by pharmacologically 

preventing cAMP Response Element-Binding Protein (CREB) phosphorylation. Importantly, 5-NL combined with anti-

PD1 therapy showed significant improvement when compared to single anti-PD-1 treatment.

Conclusions This study demonstrates novel therapeutic opportunities for augmenting immune responses in poorly 

immunogenic tumors.

Keywords CD8+ T cells, Immunotherapy, Antigen-presenting machinery, 5-Nonyloxytryptamine (5-NL), Cold tumors, 

cAMP response element-binding protein (CREB)
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Introduction
�e incidence of melanoma and mortality is on the rise 

and despite therapeutic advances, the 3-year survival 

low [1, 2]. Since the advent of immunotherapies such 

as ipilimumab [3], nivolumab and pembrolizumab [4, 

5], the overall survival in patients with advanced mela-

noma has improved. Combining immunotherapeutic 

agents with each other when functionally non-redun-

dant or tyrosine kinase targeting agents is a promis-

ing approach to overcome resistance associated with 

the application of single therapies [6]. However, due 

to toxicities as well as high costs [7, 8], it remains to 

be determined whether it’s a feasible long-term strat-

egy especially for patients receiving treatment in poorly 

funded health care settings. Taken together, there is a 

need to explore novel and more cost-effective treat-

ment options that can enhance the activity of current 

immunotherapies.

Well characterized mediators of immune-directed 

tumor cell killing are cytotoxic T lymphocytes (CTLs). 

CTLs activation occurs through interaction of the T 

cell receptor-cluster of differentiation 3 (TCR-CD3) 

complex [9] present on the surface of T cells with pep-

tides loaded onto the major histocompatibility complex 

class I (MHC-I) on antigen presenting cells (APCs) [10]. 

Effector CTLs can exert antigen-driven anti-tumor 

responses through granule exocytosis mediated by per-

forin and the granule-associated enzymes (granzymes), 

through Fas ligand (FasL) induced apoptosis, or indi-

rectly through secreted cytokines such as interferon γ 

(IFNγ) [11, 12].

�erapeutic efforts to boost anti-tumor  CD8+ T 

cell immunity have focused on manipulating several 

aspects of CTL function including re-activation of 

exhausted CTLs (anti-PD1, LAG3 and TIM3 monoclo-

nal antibodies) [6], expansion of highly reactive tumor 

infiltrating T cells (Adoptive Cell Transfer Immuno-

therapy) [13], boosting tumor antigen specific T cell 

responses (cancer vaccines employing neoantigens 

and tumor associated antigens) [14] and boosting CTL 

priming (CD27 agonists) [15]. Taken together, improv-

ing CTL function is a promising therapeutic approach 

with already apparent significant clinical benefits to 

late stage melanoma patients. Some major obstacles 

driving immune evasion and hampering immunother-

apy responses include a poorly infiltrated ‘cold’ tumor 

microenvironment (TME), a heterogenous immuno-

suppressive TME, low mutational burden and silenc-

ing of MHC-I or other parts of the antigen-presenting 

machinery [16].

�e lymphocytic choriomeningitis virus (LCMV) is a 

prototypic arenavirus that has been used for decades to 

study  CD8+ effector T cell responses. LCMV’s experi-

mental use has led to important discoveries such as pro-

grammed cell death protein 1 (PD1) and its role in T cell 

exhaustion [17]. Expression of LCMV-specific epitopes 

on tumor cells facilitates the study of various aspects of 

 CD8+ T cell mediated anti-tumor immunity [18, 19]. In 

our current study,we used B16.F10 cells expressing the 

H-2Db-restricted GP33 peptide (B16.GP33) CTL epitope 

[18] to uncover novel agents capable of augmenting T cell 

responses against tumor cells.

Results
Pharmacological screening identi�es 

5-Nonyloxytryptamine (5-NL) as potentiating anti-tumor 

immunity in vitro and in vivo

To identify novel drugs capable of modulating T cell 

anti-tumor immunity, we used the NIH Clinical Collec-

tion (NCC) composed of pharmacologically active small 

molecules. Splenic T cells were harvested from mice 

14  days post infection with LCMV-Armstrong, a strain 

that causes robust effector  CD8+ T cells responses and 

is rapidly cleared in wild-type mice following infection 

(Fig.  1A) [20–22]. Specific anti-B16.GP33 activity of 

pan purified T cells and  CD8+ purified T cells was con-

firmed compared to B16.F10 parental controls (B16) by 

(See figure on next page.)

Fig. 1 A pharmacological screen identifies the serotonin agonist 5-Nonyloxytryptamine (5-NL) as potentiating T cell mediated anti-tumor 

immunity. A Screen schematic is shown. B-F Mice were infected with 2 ×  105 pfu of LCMV-Armstrong. 14 days post infection, splenic pan-T cells 

were purified. B Splenic T cells were analyzed using FACS to obtain the ratio of  CD8+,  CD4+ and  CD4+CD25+FoxP3+ T cells shown as percent 

composition (n = 3). C  CD8+ T cells were evaluated for various surface markers using flow cytometry (n = 3). D Co-cultured LCMV-primed splenic 

pan-T cells and B16.GP33 cells were treated with 770 pharmacological compounds at a concentration of 1 μM. T cells were removed from co-culture 

at 16 h. Tumor-cell viability was assessed using the MTT assay 48 h post-treatment. Viability for each compound was expressed as a fraction relative 

to control (B16.GP33 cells + T cells). Potential hit compounds below the cut-off of 0.7 are shown in red. (E, Left Panel) B16.GP33 and B16 cells were 

co-incubated with LCMV-primed splenic pan-T cells with and without 5-NL (1 μM) as described in D and tumor cell viability was assessed using 

the MTT assay (n = 3–5). (E, Right Panel) B16.GP33 cells were co-incubated with LCMV-primed splenic pan-T cells with and without T-cells for 72 h 

and the IC50 was determined using the MTT assay (n = 4). F B16.GP33 and B16 murine melanoma cells were co-incubated with LCMV-primed 

splenic pan-T cells and 5-NL for 16 h. Intracellular staining of  CD8+ T cells for TNFα, Granzyme B (GZMB) and IL-2 was measured using flow cytometry 

and normalized to its own respective cell line controls (n = 6). G C57BL/6 J or (H) NSG mice were subcutaneously injected with 5 ×  105 B16.

GP33 cells. 7 days post-tumor injection, mice were randomized and into two groups and treated daily with 6.25 mg/kg of 5-NL or vehicle for five 

consecutive days and tumor volume was measured (n = 5–12). Error bars indicate SEM; *P < 0.05 as determined by a Student´s t-test (unpaired, 2 

tailed), one or two-way ANOVA with a Dunnett’s post-hoc test
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Fig. 1 (See legend on previous page.)
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assessment of granzyme B (GZMB) and IL-2 produc-

tion (Supplementary Fig.  1A). Since purified  CD8+ T 

cells have an increased intrinsic response towards tumor 

cells expressing gp33 when compared to pan-T cells, the 

challenge to stimulate pan-T cells against tumor cells 

is greater in this setting and likely better recapitulates 

the complexity of the TME. Splenic pan-T cells from 

LCMV infected mice are composed of several T cell sub-

sets including regulatory and naïve  CD4+ T cells as well 

as  CD8+ T cells (Fig. 1B). As expected, splenic  CD8+ T 

cells were CD62L low compared to T cells from naïve 

mice and expressed killer cell lectin-like receptor sub-

family G, member 1 (KLRG1) (Fig. 1C). Although resid-

ual levels of PD-1 and Tim-3 expression was detected 

in LCMV-primed T cells compared to naïve T cells, the 

low CD95 expression indicates that these T cells are 

mainly effector/effector memory T cells (Fig.  1C) [23]. 

To elicit anti-tumor activity, T cells were incubated with 

B16.GP33 cells (Fig.  1A). To uncover compounds capa-

ble of potentiating T cell activity, we titrated the T cell: 

target cell ratio to a T-cell sublethal anti-tumoral effect 

as assessed by the MTT assay (Supplementary Fig.  1B). 

Compounds were screened at a dose of 1 µM and those 

below a viability cut-off of 0.7 (70 percent viability rela-

tive to control cells + T cells) were considered potential 

hits (Fig.  1D and Supplementary Table  1). We reasoned 

that compounds affecting T cell immunity would result 

in decreased cancer cell viability in this setting and 

accordingly be identified as hits. As previously described, 

many compounds (mostly anti-chemotherapeutics or 

anti-metabolites) exhibited cytotoxic/anti-proliferative 

effects (IC50 < 250  nM, Supplementary Table  1) and 

these cytotoxic compounds were identified by compar-

ing our results to a previous screen that used the same 

library to determine IC50 values in B16 melanoma cells 

[24]. Some potential hits (etoposide and docetaxel) are 

already known to modulate the immune system and 

T cells [25, 26]. A serotonin receptor (HTR) agonist 

5-Nonyloxytryptamine (5-NL) was also a potential hit. 

Since another serotonin agonist, Tegaserod, modulated 

the tumor microenvironment (TME) by decreasing the 

infiltration of regulatory T cells (Tregs) [24], we opted to 

further validate 5-NL. Using the same ex vivo co-culture 

system as in the screen, 5-NL treatment resulted in sig-

nificant decreased cancer cell viability of B16.GP33 but 

not B16 cells (Fig. 1E). Furthermore, addition of LCMV-

primed effector T cells to a range of 5-NL doses resulted 

in a significantly lower half maximal inhibitory concen-

trations (IC50) values against B16.GP33 cells (Fig.  1E). 

When LCMV-primed T cells and tumor cells were co-

incubated, 5-NL increased the expression of TNF alpha 

(TNFα), GZMB and IL-2 in  CD8+ T cells incubated with 

B16.GP33 but not B16 cells (Fig. 1F).

Next, we wondered whether 5-NL had anti-tumoral 

effects in  vivo. Using a syngeneic immune-competent 

model, B16.GP33 cells were subcutaneously inocu-

lated into C57BL/6  J mice. Treatment with 5-NL, com-

mencing when tumors became palpable, delayed tumor 

growth (Fig.  1G). We wanted to separate any potential 

5-NL induced immune anti-tumoral effects from direct 

effects on tumor cells especially as 5-NL induced apop-

tosis in vitro at 72 h post 5-NL treatment (Supplementary 

Fig. 1C and D). We therefore subcutaneously inoculated 

the immunocompromised NSG mice with B16.GP33 cells 

and treated the mice with 5-NL. Treatment with 5-NL 

did not significantly alter tumor growth indicating that 

the immune system was crucial in mediating 5-NL’s anti-

cancer effects in vivo (Fig. 1H). We next assessed tumors 

harvested from C57BL/6  J inoculated mice for markers 

of apoptosis using immunohistochemistry and images 

were scored using the IHC profiler [27]. At the early 

stage of tumor growth (day 13 post tumor inoculation), 

there were no significant differences of cleaved Caspase-3 

and 8 between tumors harvested from 5-NL and vehicle 

treated mice (Supplementary Fig.  1E). Although active 

Caspase-9 was slightly increased in 5-NL tumors, differ-

ences were not apparent when assessed via immunoblot 

(Supplementary Fig. 1F). Taken together, we have uncov-

ered a novel agent that has direct anti-tumor effects but 

is also capable of simultaneously boosting the immune 

system.

5-Nonyloxytryptamine (5-NL) improves T cell immunity 

in vivo but does not directly a�ect T cells

Next, we wanted to investigate how 5-NL mechanistically 

improved anti-tumor responses in  vivo. To characterize 

the TME, we harvested tumors at day 13 post inoculation 

when there were no differences in tumor size between 

vehicle and 5-NL treated groups (Fig. 1G). Tumors from 

vehicle and 5-NL treated mice showed  CD8+ T cell infil-

tration (Fig. 2A). However, the number of  CD8+ T cells 

did not alter following 5-NL treatment (Fig. 2B). Tumoral 

infiltration of other immune subsets including  CD4+ 

T cells, monocytes  (CD11b+Ly6ChighLy6G−), granu-

locytes  (CD11b+Ly6GhighLy6Clow), tumor-associated 

macrophages (TAMs,  CD11b+F4/80highLy6ClowLy6G−), 

dendritic cells (DCs,  CD11c+MHC-II+) and regulatory T 

cells (Treg,  CD4+CD25+FOXP3+) was also not changed 

by 5-NL treatment (Fig.  2B and Supplementary Fig.  2A 

and B). Although the infiltration of Treg’s was not dif-

ferent, the expression of the transcription factor GATA3 

was lower in Treg’s harvested from tumors of 5-NL 

treated mice (Supplementary Fig. 2C).

Next, we tested the functional significance of the 

 CD8+ T cell infiltrating subset in the context of 5-NL’s 

anti-tumoral activity. Upon depletion of  CD8+ T cells 
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(Supplementary Fig.  3A) tumor growth was increased 

relative to undepleted controls (Fig. 2C). �is highlights 

the importance of  CD8+ T cells in the tumor model 

(Fig. 2C). Notably, 5-NL’s tumor-suppressive phenotype 

was abrogated in the absence of  CD8+ T cells indicating 

a dependency on  CD8+ T cells for 5-NL-mediated anti-

tumoral effects (Fig. 2C). Gp33 antigen specific  CD8+ T 

cells were present in the tumor although there were no 

significant differences in tetramer-positive cell numbers 

between the 5-NL and vehicle treated groups (Fig. 2D). 

Another LCMV antigen, the H2-Db restricted np396 

was used as a negative control (Fig.  2D). �ere was a 

higher percentage of GZMB producing  CD8+ T cells 

and higher expression of KLRG1 which is upregulated 

in highly cytotoxic effector  CD8+ T cells [28] in the 

tumor draining lymph node (LN) harvested from 5-NL 

treated mice at day 13 post tumor inoculation (Fig. 2E). 

When we assessed tumors and the tumor-draining 

lymph node from 5-NL and vehicle treated mice at day 

20 post tumor inoculation, we observed higher cyto-

toxic  CD8+ T cell effector activity (higher percentage 

and expression of GZMB producing  CD8+ T cells) in 

the tumors of 5-NL treated mice (Fig. 2E).

Although 5-NL did not alter infiltration of various 

immune infiltrates including effector  CD8+ T cells 

(Fig.  2B), TCR downregulation in the TME might 

underestimate the infiltration of antigen specific T cells 

as assessed by tetramer staining. We therefore trans-

ferred purified and activated splenic CD45.1+  CD8+ T 

cells from transgenic TCR (P14) mice recognizing the 

LCMV gp33 peptide [29] into tumor-bearing mice fol-

lowed by vehicle or 5-NL treatment (Supplementary 

Fig.  3B). Most of the CD45.1+CD8+ cells homed into 

the tumor but their numbers and percentages were 

not different between 5-NL and vehicle treated mice 

(Supplementary Fig. 3C) corroborating the earlier find-

ing that 5-NL did not alter infiltration or expansion of 

effector  CD8+ T cells within the tumor.

Next we wondered whether 5-NL affected T cells 

intrinsically. 5-NL is a serotonin receptor (HTR) 1Dβ 

agonist (HTR1Dβ) that also has affinity for HTR1A-B, 

HTR2A and HTR2C [30]. �ere was a robust expression 

of HTRs in naïve T cells as well as tumor cells (Supple-

mentary Fig. 4A and B respectively). Furthermore, mem-

bers of Class 1 and 2 HTRs, including the ones targeted 

by 5-NL were upregulated in T cells following infection 

(Supplementary Fig.  4A). As serotonin signaling has 

been previously shown to be important for the activa-

tion of T cells [31–33], we reasoned that 5-NL might 

directly affect T cells through signaling of the HTRs to 

increase anti-tumor immunity. To test this, we treated 

LCMV-infected mice with 5-NL. We hypothesized that 

5-NL might increase LCMV-triggered  CD8+ T cell effec-

tor responses. However, 5-NL did not increase the fre-

quency of tetramer  gp33+  CD8+ T cell frequencies in 

mice infected with LCMV in the blood, spleen as well as 

liver and there were no differences between IFNγ, GZMB 

and TNFα positive  CD8+ T cells in the blood, spleen and 

liver of LCMV infected mice following re-stimulation 

with gp33 (Fig.  2F and Supplementary Fig.  4C). Taken 

together, 5-NL does not improve T cell immunity in the 

context of acute viral infections. �erefore, its immu-

nostimulatory effects are unlikely to occur through 

direct T-cell mediated effects. We confirmed this in our 

initial co-culture system by pre-treating the tumor cells 

with 5-NL, removing 5-NL, followed by incubation with 

LCMV-primed T cells. 5-NL pre-treatment increased 

the expression of Granzyme B (GZMB), TNF-α, IL-2 and 

surface activation marker KLRG1 in  CD8+ T cells co-

incubated with B16.GP33 cells (Supplementary Fig. 4D).

5-Nonyloxytryptamine (5-NL) upregulates 

antigen presenting machinery in vitro and in vivo 

without upregulating PD-L1

As 5-NL did not improve T cell immunity in a tumor-

free infection model, we postulated that 5-NL might 

affect the TME to promote anti-tumor immunity. B16 

Fig. 2. 5-Nonyloxytryptamine (5-NL) improves T cell anti-tumor immunity in vivo. A-E C57BL/6 J mice were subcutaneously injected with 5 ×  105 

B16.GP33 cells. 7 days post-tumor injection, mice were randomized into two groups and treated daily with 6.25 mg/kg of 5-NL or with vehicle 

for five consecutive days. Mice were sacrificed on 13 days post tumor-inoculation. A Tumor sections were stained for  CD8+ T cells using 

immunofluorescence (a representative image of n = 4 is shown, scale bar indicates 50 µm). B Numbers of tumor infiltrating  CD8+ and  CD4+ T cells, 

Treg’s  (CD4+CD25+FOXP3+), monocytes  (CD11b+Ly6ChighLy6G−), granulocytes  (CD11b+Ly6GhighLy6Clow), tumor associated macrophages (TAMs, 

 CD11b+F4/80highLy6ClowLy6G−) and dendritic cells (DCs,  CD11c+MHC-II+) were assessed using flow cytometry (n = 6–10). C In addition to the tumor 

inoculation and 5-NL treatment described in (A), C57BL/6 J mice were also treated with a  CD8+ T cell depleting antibody (anti-CD8) on days -2, -1 

and 7 pre and post tumor cell inoculation. Tumor volume was measured (n = 4–8). D-E Tumor and tumor-draining lymph node infiltrating  CD8+ T 

cell markers, intracellular GZMB as well as tetramer were assessed by flow cytometry from mice sacrificed at day 13 (upper panel) or day 20 (bottom 

panel) post tumor inoculation (n = 5–11). F C57BL/6 J mice were infected with 2 ×  105 pfu of LCMV Armstrong and treated daily with 6.25 mg/

kg of 5-NL or vehicle for 5 consecutive days starting at day 1 post-infection. 10 days post-infection, cells from the blood, spleen and liver were 

re-stimulated with LCMV-specific gp33 epitope followed by staining for IFNγ using FACS analysis (n = 5). Tet-gp33+  CD8+ T cells in the blood, spleen 

and liver were measured 10 days post-infection (n = 5). Error bars indicate SEM; *P < 0.05 as determined by a Student´s t-test (unpaired, 2 tailed), 

or a two-way ANOVA with a Tukey’s post-hoc test

(See figure on next page.)
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Fig. 2. (See legend on previous page.)
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MHC-I expression (as assessed by measuring the H2-Db 

and H2-Kb isoforms comprising the MHC-I complex 

in C57BL/6 mice [34]) is low (though detectable as also 

previously reported [35]), relative to other murine and 

human cell lines including the immunogenic MC-38 cells 

(Fig. 3A). We therefore wondered whether 5-NL affected 

MHC-I expression in tumor cells.

When we stained for MHC-I whose relative low 

expression in part defines an immunologically ignorant 

phenotype [36, 37], we observed that tumors harvested 

from 5-NL treated mice had significantly higher expres-

sion of MHC-I (Fig.  3B). Next, we checked the expres-

sion of MHC-I molecules H2-Db and H2-Kb on tumor 

and tumor infiltrating immune cells using FACS analysis. 

To differentiate between tumor cells and immune infil-

trating leukocytes, we used CD45.2 as a tumor infiltrat-

ing leukocyte (TIL) marker and found that both H2-Db 

and H2-Kb were significantly upregulated on CD45.2− 

cells harvested from 5-NL treated mice but not in tumor 

infiltrating lymphocytes (Fig.  3C-D and Supplementary 

Fig. 5A). As MHC-I shares some transcriptional elements 

with MHC-II such as the SXY regulatory module [38], 

we wondered whether 5-NL treatment also impacted 

MHC-II expression. However, MHC-II expression was 

not changed in immune infiltrates or CD45.2− cells in 

the tumors of 5-NL treated mice compared to controls 

(Supplementary Fig.  5B). MHC-I upregulation is often 

accompanied by PD-L1 upregulation [39] but 5-NL treat-

ment did not result in concomitant increased PD-L1 

expression in CD45.2− cells (Fig.  3C). Taken together, 

5-NL upregulated MHC-I molecules H2-Db and H2-Kb 

in CD45.2− cells within the TME in  vivo and we there-

fore hypothesized that 5-NL improved anti-tumor immu-

nity through upregulation of H2-Db and H2-Kb in tumor 

cells. Indeed, 5-NL induced the expression of H2-Db 

and H2-Kb in B16 cells 18 h post 5-NL treatment with-

out affecting PD-L1 (Fig. 3E and F). Expression of other 

members of the antigen presenting machinery includ-

ing B2M were also increased in response to 5-NL treat-

ment in melanoma cells (Supplementary Fig.  5C). To 

ensure that the upregulation of MHC-I antigen present-

ing machinery was not merely a consequence of apop-

tosis induction (evident at 72  h post 5-NL treatment, 

Supplementary Fig.  1 C-D), we treated melanoma cells 

with another serotonin agonist known to induce mela-

noma tumor cell apoptosis, Tegaserod (TM) [24]. Treat-

ment with TM did not lead to upregulation of H2-Db and 

H2-Kb (Supplementary Fig. 5D).

Next, we wondered about the susceptibility of human 

cell lines to 5-NL induced MHC-I upregulation. Upon 

treatment with 5-NL, HLA A-C was upregulated in 

human melanoma RPMI-7591 (RPMI) and colon SW620 

cells but not in human breast and lung adenocarci-

noma cells (Fig. 3G). H2-Db and H2-Kb expression was 

increased in murine colon MC-38 cells and squamous 

oropharynx carcinoma MOPC cells (Fig.  3G). MHC-II 

was not upregulated in most cells following 5-NL treat-

ment (Supplementary Fig. 5E). In the MC-38 as in B16.

GP33 cells (Fig. 3B), there was also strong MHC-I upreg-

ulation in  vivo (Supplementary Fig.  5F). B16 melanoma 

cells are poorly immunogenic and this has been attrib-

uted to relative low MHC-I expression [35]. Expression 

of HLA A-C also varied across the human cell lines but 

5-NL was able to upregulate MHC-I/HLA A-C expres-

sion in cell lines of varying immunogenicity (Fig. 3G).

5-Nonyloxytryptamine (5-NL) and other inducers of CREB 

phosphorylation recapitulate MHC-I upregulation 

independent of IFNγ signaling

5-NL was designed to be an HTR1Dβ agonist. Although 

protein expression of HTR1D was confirmed in mul-

tiple cell lines (Fig.  4A), treatment with other HTR1Dβ 

agonists Sumatriptan and L694247 failed to recapitu-

late the H2-Db and H2-Kb upregulation (Fig. 4B). Con-

sistently, dosing with the FDA approved Sumatriptan 

failed to delay tumor growth in  vivo (Fig.  4C). Further-

more, knock-down with esiRNA’s targeting HTR1D 

or knock-out of HTR1D using CRISPR-Cas9 did not 

alter 5-NL’s ability to upregulate H2-Db (Supplemen-

tary Fig.  5G and H). Additionally, knock-down with an 

(See figure on next page.)

Fig. 3 5-Nonyloxytryptamine (5-NL) upregulates antigen presenting machinery in human and murine tumors in vitro and in vivo. A Basal 

expression levels of H2-Db and H2-Kb in mouse cells and HLA A-C in human cells were assessed using flow cytometry (n = 5). B-D C57BL/6 J 

mice were subcutaneously injected with 5 ×  105 B16.GP33 cells. 7 days post-tumor injection mice were randomized into two groups and treated 

daily with 6.25 mg/kg of 5-NL or with vehicle for five consecutive days. Mice were sacrificed on day 13 post tumor-inoculation. B Tumor sections 

were stained for MHC-I using immunofluorescence (representative images of tumors harvested from 4 mice are shown; scale bar indicates 

50 µm). C H2-Db/Kb and PD-L1 protein expression on CD45.2− and (D) H2-Db/Kb expression on tumor infiltrating  CD8+ and  CD4+ T cells, Treg’s 

 (CD4+CD25+FOXP3+), monocytes  (CD11b+Ly6ChighLy6G−), granulocytes  (CD11b+Ly6GhighLy6Clow), TAMs  (CD11b+F4/80highLy6ClowLy6G−) and DCs 

 (CD11c+MHC-II+) was assessed using flow cytometry (n = 5–16). E H2DB and H2KB mRNA expression in B16 cells treated with 5-NL for 18 h 

was assessed using RT-PCR. Expression was normalized to β-Actin (n = 4). F H2-Db/Kb and PD-L1 protein expression was assessed by flow cytometry 

following treatment with 5-NL for 18 h in B16 cells (phenotype was recapitulated in B16.GP33 cells, data not shown) (n = 5). G H2-Db/Kb (mouse 

cell lines) and HLA A-C (human cell lines) protein expression was assessed using flow cytometry following treatment with 5-NL (5 μM for RPMI-7591 

and 3 μM for MC-38, SW620, A549, MDA-MB-231 and MOPC cells) for 24 h (n = 5–9). Error bars indicate SEM; *P < 0.05 as determined by a Student´s 

t-test (unpaired, 2 tailed) or a one-way ANOVA with a Tukey’s post-hoc test
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Fig. 3 (See legend on previous page.)
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esiRNA targeting HTR2A, another putative 5-NL target, 

did not alter 5-NL’s ability to upregulate H2-Db (Sup-

plementary Fig.  5I). Treatment with serotonin did not 

impact H2-Db expression and co-treatment of 5-NL and 

the pan serotonin receptor inhibitor, Asenapine did not 

alter 5-NL’s ability to upregulate H2-Db (Supplementary 

Fig. 5 J). Taken together, we surmise that 5-NL mediated 

improved anti-tumor immunity occurred irrespective 

of signaling through receptors HTR1Dβ and HTR2A. 

5-NL’s affinity for other receptors including HTR1A-

B and HTR2C [30] broadens the range of targets since 

human melanoma cells do express other HTR’s [24] as 

do murine B16 and MC-38 cells (Supplementary Fig. 4B). 

However, as treatment with serotonin and co-treatment 

of 5-NL and Asenapine did not recapitulate or block 

H2-Db upregulation respectively, this makes involvement 

of other HTRs less likely.

In order to uncover signaling pathways responsible for 

5-NL’s upregulation of antigen presenting machinery, we 

further immunoblotted transcription factors known to be 

involved in canonical serotonin signaling and in MHC-I 

gene transcription. Interferon γ (IFNγ) is a potent tran-

scriptional inducer of MHC-I expression [40, 41]. How-

ever, there were no differences in IFNγ protein levels 

within the tumors of 5-NL or vehicle treated mice (Sup-

plementary Fig. 6A) or mRNA levels of IFNγ and type I 

interferons (Supplementary Fig.  6B). Consistently, 5-NL 

treatment of B16 cells did not induce the expression of 

IFNγ and type I interferons (Supplementary Fig.  6C). 

Moreover, while exogenous treatment with IFNγ robustly 

increased STAT1 levels in B16 cells, treatment with 5-NL 

did not (Supplementary Fig.  6D). However, treatment 

with IFNγ upregulated MHC-I/HLAA-C in every cell 

line except the MOPC cells (Supplementary Fig. 6E). As 

expected, the upregulation was strongest in cells with 

low basal levels of MHC-I/HLAA-C such as B16 cells. 

�is was accompanied by concomitant PD-L1 upregu-

lation which again, 5-NL failed to upregulate in every 

cell line tested (Supplementary Fig.  6F and Supplemen-

tary Table  2). Taken together, we concluded that 5-NL-

induced MHC-I upregulation independently from IFNγ.

NF-κB can regulate MHC-I genes through binding to 

their enhancers [41]. Phosphorylated NF-κB p100 was 

not detectable in B16 and MC-38 cells and treatment 

with 5-NL did not alter total and phosphorylated NF-κB 

p65 levels (Supplementary Fig.  7A and B). Mitogenic 

pathways potentially influenced by serotonin signal-

ing such as MAPK were unaffected by 5-NL treatment, 

although a decrease in the activation of the PI3K/Akt/

mTOR pathway (decreased p70 S6 phosphorylation) was 

observed in B16 cells (Supplementary Fig.  7C). cAMP 

response element binding protein (CREB) has been 

shown to bind to MHC-I promoters [40–42], and activa-

tion of Gαs-coupled receptors (HTR4-7) occurs through 

protein kinase A (PKA) mediated phosphorylation of 

CREB (p-CREB) [43].

A robust increase in phosphorylation of CREB fol-

lowing treatment with 5-NL was observed in both B16 

and MC-38 cells (Fig.  4D and Supplementary Fig.  8A 

and B). Notably, colorectal and melanoma cancer cells 

both expressed basal levels of p-CREB, which is consist-

ent with what is reported in the literature [44]. Next, 

we investigated whether the changes in CREB phos-

phorylation were linked to the upregulation of anti-

gen presenting machinery. Knockdown approaches of 

CREB are difficult in cancer cell lines as it often leads to 

cell death [45, 46]. Indeed, transient knockdown using 

esiRNA approaches in both cell lines led to an induc-

tion of apoptosis especially in B16 cells (Supplementary 

Fig. 8C). Using pharmacological inhibitors and activators 

to further dissect the mechanism of MHC-I upregula-

tion in B16 and MC-38 cells, we observed a robust CREB 

Fig. 4 5-Nonyloxytryptamine (5-NL) and other inducers of CREB activation upregulate antigen presenting machinery in vitro and in vivo. 

A Protein expression of HTR1D in cancer cell lines was assessed using immunoblot analysis (a representative immunoblot of n = 3 is shown, 

cropping is indicated by a black frame). Lysates harvested from the mouse brain were used as a positive control. B Treatment with other HTR1D 

agonists for 18 h (Sumatriptan and L694247, both 3 μM) did not increase H2-Db/Kb protein expression in B16 cells as assessed using FACS (n = 3). 

C C57BL/6 J mice were subcutaneously injected with 5 ×  105 B16.GP33 cells. 7 days post-tumor injection mice were randomized into two groups 

and treated daily with 12.5 mg/kg of Sumatriptan or with vehicle for five consecutive days. Tumor volume was measured (n = 6–7). (D, left panel) 

Representative immunofluorescent images of B16 cells treated with 5-NL (3 µM) or forskolin (10 µM) for 18 h and stained for phosphorylated CREB 

(p-CREB Ser-133) and H2-Db are shown (representative images of n = 3–4 are shown; scale bar indicates 50 µm) and fluorescent signal is quantified 

in D, right panel. E The adenylyl cyclase activator forskolin (20 μM) increased H2-Db/Kb protein expression in B16 cells following 18 h of treatment 

(n = 6) as measured by FACS. F B16 cells were treated with 5-NL and forskolin at the indicated doses for 72 h. Apoptosis was assessed using 

Annexin V/7AAD staining (n = 5). Percent apoptosis was ascertained by summing up the Annexin  V+/7AAD− and Annexin  V+/7AAD+ populations. G 

MC-38 cells were pre-treated for 30 min with the p-CREB inhibitor 3i (8 μM) followed by treatment with 3 µM of 5-NL for 24 h. Cells were analyzed 

using FACS for expression of H2-Db /Kb (n = 3–5). H C57BL/6 J mice were subcutaneously injected with 5 ×  105 B16.GP33 or MC-38 cells. 7 days 

post-tumor injection mice were randomized into two groups and treated daily with 6.25 mg/kg of 5-NL or with vehicle for five consecutive days. 

Mice were sacrificed on 13 days post tumor-inoculation and tumor tissue was stained for p-CREB using immunofluorescence. Scale bars indicate 

50 µm and 20 µm (region of interest outlined in red) (representative images of tumors harvested from 4–6 mice are shown). Fluorescent signal 

from p-CREB channel was quantified in the right panel. Error bars indicate SEM; *P < 0.05 as determined by a Student´s t-test (unpaired, 2 tailed) 

or a one-way ANOVA with a with a with a Dunnett’s post-hoc test

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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phosphorylation and upregulation of H2-Db and H2-Kb 

upon treatment with the adenylate cyclase (AC) activa-

tor forskolin which is upstream of p-CREB [43] (Fig. 4D, 

E and Supplementary Fig. 8A, E). Forskolin also induced 

apoptosis in B16 and MC-38 cells although to a lesser 

extent than 5-NL in MC-38 cells (Fig. 4F and Supplemen-

tary Fig. 8F). Co-treatment of forskolin with 3i, a CREB 

inhibitor [47], blunted the forskolin-mediated H2-Db/

Kb upregulation in MC-38 cells (Supplementary Fig. 8D). 

Importantly, co-treatment of 5-NL and 3i abolished 5-NL 

mediated H2-Db and H2-Kb upregulation in MC-38 cells 

(Fig. 4G). �e sensitivity of B16 cells to CREB inhibition 

resulted in significant induction of apoptosis following 

short-term treatment with the 3i inhibitor. �is would 

confound any interpretation of MHC-I upregulation 

thereby precluding co-treatment of 5-NL and 3i (Sup-

plementary Fig.  8G). Notably, treatment of MC-38 cells 

with the p-CREB 3i inhibitor alone resulted in slightly 

decreased H2-Db levels (Supplementary Fig. 8D,G). Con-

sistent with the in vitro results, p-CREB was increased in 

tumors from 5-NL treated mice in both melanoma and 

colon cancer in vivo (Fig. 4H). Taken together, as shown 

by pharmacological manipulation, the 5-NL mediated 

upregulation of the antigen presenting machinery is 

linked to increases in CREB phosphorylation.

5-Nonyloxytryptamine (5-NL) induces di�erential gene 

expression in tumor cells and activates the AMPK pathway

To determine what other signalling pathways were per-

turbed by 5-NL, we performed RNA-seq analysis on 

B16.GP33 cells. As CREB phosphorylation occurred 

at or after 18 h post-treatment, the RNA-Seq was per-

formed at 18 h to determine any potential earlier causa-

tive 5-NL-induced perturbations. �ere were 468 genes 

differentially expressed between the 5-NL and control 

groups (Supplementary Table  3). In addition to B2M, 

an MHC-I gene involved in antigen processing, binding 

and presentation H2-T24 was highly upregulated fol-

lowing 5-NL treatment (Fig. 5A). H2-T24 is an MHC-Ib 

gene that has been shown to be significantly expressed 

in adult spleen and thymus tissues of C57BL/6 mice 

[34]. Interestingly, High Mobility Group Box  1 pseu-

dogene 2 (Hmgb1-ps2) was amongst the highly upreg-

ulated genes in 5-NL treated B16.GP33 cells. Hmgb1 

and its pseudogenes are multifunctional redox sensitive 

proteins that play an important role in anti-tumoral 

immunity. Hmgb1 is a damage-associated molecular 

pattern (DAMP) and its release by tumor cells facili-

tates immunogenic cell death (ICD) [48]. GSEA on 

the differentially expressed genes was implemented to 

determine prominent pathways altered between control 

and 5-NL treated B16.GP33 cells (Fig. 5B and C). Nota-

bly, the AMPK pathway was activated in 5-NL treated 

B16.GP33 cells. We verified that AMPK was activated 

in both B16 and MC-38 cells following 5-NL treatment 

as early as 30 min post-treatment (Fig. 5D and Supple-

mentary Fig. 9A). Taken together, using RNA-Seq anal-

ysis we have not only confirmed our previous findings 

involving upregulation of antigen presenting machinery 

but have identified that 5-NL affects AMPK activation.

5-Nonyloxytryptamine (5-NL) can be successfully 

combined with immunotherapy in vivo

We used two different studies to mine transcriptomic 

data from the Cancer Immunome Atlas (TCIA) [49]. 

Van Allen et al. correlated genomic and transcriptomic 

data with response to CTLA4 blockade [50] while 

Hugo et  al. with response to anti-PD1 therapy [51], 

both using metastatic melanoma samples collected 

prior to immunotherapy treatment. As also reported 

by Van Allen et  al., there was no correlation between 

expression of HLAA-C and clinical benefit with anti-

CTLA4 therapy. Combined transcriptomic data from 

both studies showed that immunotherapy respond-

ers had significantly higher expression of B2M than 

immunotherapy non-responders (Fig.  6A). Further-

more, strong and significant correlations were observed 

between CREB1 expression and HLAA-C as well as 

B2M (Fig. 6B). Although expression of HLAA-C as well 

as B2M did not correlate strongly with IFNG, there was 

also a strong correlation between the IFNγ responsive 

gene IFIT3 suggesting that it is difficult to ascertain 

the specific causes of these correlations (Supplemen-

tary Fig. 9B). Accordingly, we wondered whether 5-NL 

would impact response to checkpoint inhibition. Not 

surprisingly, due to the low immunogenicity of the B16.

GP33 melanoma cell line, treatment with the anti-PD1 

antibody had little effect as a single agent. Although 

tumors grew slower in the 5-NL/Isotype group com-

pared to Vehicle/Isotype, tumor growth in the 5-NL/

anti-PD1 group was significantly delayed when com-

pared to the Vehicle/anti-PD1 group and the Vehicle/

Isotype group (Fig.  6C). Additionally, we wanted to 

assess whether 5-NL could be potentially used in com-

bination therapy with the standard of care treatment 

for late-stage melanoma B-Raf inhibitor Vemurafenib 

[52]. We ascertained the combination index follow-

ing treatment with 5-NL and Vemurafenib on human 

melanoma cell lines RPMI, A375 and the SK-MEL-24, 

harboring the  BRAFV600E mutation and found a syner-

gistic effect in A375 and SK-MEL-23 cell lines (Fig. 6D). 

Taken together, we therefore propose a model whereby 

5-NL could increase the immunogenic profile of tumors 

and be combined with immunotherapies (Fig. 6E).
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Fig. 5 5-Nonyloxytryptamine (5-NL) induces differential gene expression and activates the AMPK pathway in tumor cells. B16.GP33 cells were 

treated with 5-NL (3 µM) for 18 h and RNA was assessed using RNA-seq analysis. A A Volcano Plot of the fold change gene distribution is shown. B-C 

GSEA analysis of pathways altered in 5-NL treated B16.GP33 cells is shown with arrow pointing up indicating pathway activation and arrow pointing 

down indicating downregulation. Fold changes in individual genes in select pathways are shown in C (n = 4). (D) Level of AMPK phosphorylation 

(Thr172) was assessed using immunoblot analysis in B16 and MC38 cells treated with 3 µM of 5-NL at the indicated time points quantified 

in the right panel (black frames indicate cropped immunoblot; n = 7–9). Error bars indicate SEM; *P < 0.05 as determined by a one-way ANOVA 

with a Dunnett’s post-hoc test

Fig. 6 5-Nonyloxytryptamine (5-NL) can be successfully combined with immunotherapy in vivo. Transcriptomic data from melanoma samples 

of therapy naïve patients was mined from the Cancer Immunome Atlas. A Responders to checkpoint inhibitors (anti-PD1 and anti-CTL4) expressed 

higher mRNA levels of B2M. B Expression of CREB1 positively correlated with HLA A-C and B2M. C C57BL/6 J mice were subcutaneously injected 

with 5 ×  105 B16.GP33 cells. 7 days post-tumor injection mice were randomized and treated daily with 6.25 mg/kg of 5-NL or with vehicle for five 

consecutive days. Additionally, mice were intravenously injected with murine anti-PD1 antibody or isotype control on days -1, 1, 3, 5 and 7 

pre and post tumor inoculation. Tumor volume was measured (n = 5–9). Data is pooled from two independent in vivo experiments. D Combination 

index (CI) was calculated from dose response curves of human melanoma cell lines treated with 5-NL, Vemurafenib or in a combination in ratio 1:1. 

CI < 1 indicates synergy, CI = 1 indicates additivity, and CI > 1 indicates antagonism. The EC50 (50% effective concentration) and EC75 (75% effective 

concentration) are shown (n = 3). Error bars indicate SEM; *P < 0.05 as determined by a Student´s t-test (unpaired, 2 tailed) or a two-way ANOVA 

with a Tukey’s post-hoc test. E A schematic diagram summarizing 5-NL’s anti-tumoral and pro-immune effects is shown. The diagram created 

with BioRender.com

(See figure on next page.)



Page 13 of 20Stachura et al. Molecular Cancer          (2023) 22:136  

Fig. 6 (See legend on previous page.)
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Discussion
5-NL increased T cell anti-tumor immunity through up-

regulation of the antigen presenting machinery in tumor 

cells while simultaneously inducing tumor cell apopto-

sis. 5-NL was developed as an HTR1Dβ agonist. How-

ever, 5-NL also has affinity for other HTR receptors also 

expressed by tumor cells in our system namely HTR1A-

B, HTR2A and HTR2C [30]. HTR1A-F signaling occurs 

through G protein-coupled receptors (GPCRs) with 

inhibitory effects on adenylyl cyclase and correspond-

ing decreased production of cAMP [43]. We observed 

increases in p-CREB following 5-NL treatment and other 

HTR1D agonists had no effects on MHC-I upregulation. 

�is, combined with the fact that HTRID knockout and 

knockdown did not abrogate the phenotype, makes it is 

likely that 5-NL’s effects are independent of HTR1 sign-

aling. HTR2A-C signaling occurs through activation of 

Gαq, PI3K/AKT, and ERK 1/2 pathways. �ere were no 

differences in ERK phosphorylation and the PI3K/AKT 

was blunted following 5-NL treatment. �e mechanism 

of action could occur through canonical serotonin recep-

tor signaling involving other HTR’s [4, 6, 7] whose down-

stream signaling involves the cAMP/PKA/CREB pathway 

[53]. However, there is no reported binding activity of 

5-NL to HTR4,6–7. Likely the observed effects are rather 

mediated by the earlier pathways perturbed by 5-NL par-

ticularly by the AMPK pathway which has been shown 

to activate CREB [54]. �e activation of cAMP/PKA/

CREB pathway in our system is plausibly responsible for 

the increases of antigen presenting machinery given that 

the MHC-I upregulation phenotype was recapitulated 

by the AC activator forskolin and 5-NL’s action inhib-

ited when combined with a p-CREB inhibitor. Recently, 

it was demonstrated that decreased AMPK activity in 

tumor cells led to attenuated antigen presentation and 

favoured an immunosuppressive TME [55]. �us one can 

speculate that 5-NL-mediated early AMPK activation 

affects p-CREB and subsequently the antigen present-

ing machinery. However, AMPK activation has also been 

demonstrated to inhibit ribosomal protein p70 S6 kinase 

[56], which we also observe in our system following 5-NL 

treatment. As inhibition of PI3K/Akt/mTOR could be 

responsible for 5-NL’s cell death-inducing effects as has 

been shown in similar systems [24, 57], it is not clear 

whether AMPK activation might be responsible for 5-NL 

induced MHC-I upregulation (upstream of p-CREB) or 

5-NL induced cell death (upstream of PI3K/Akt/mTOR). 

�e upregulation of MHC-I is probably uncoupled from 

the apoptosis inducing effects of 5-NL as evidenced by 

the modest increases in forskolin-mediated apoptosis at 

least in MC-38 cells. Consistently, our data indicate that 

inhibition of p-CREB can prevent upregulation of MHC-I 

following 5-NL treatment in tumor cells.

Clinically, tumors have variable MHC-I expression 

that tends to be suppressed in later stages of progres-

sion making tumors refractory to checkpoint inhibition 

[58–61]. �erefore, to elicit responsiveness to immuno-

therapies, the conversion of poorly inflamed cold tumors 

into hot tumors such as through MHC-I upregulation 

[16] is therapeutically attractive as it might stimulate 

anti-tumor T cell immunity not only in the tumor tis-

sue but also in the LN as was observed in our system. 

Notably, we observed this in our study with the B16 cells 

that have a reversible MHC-I deficient phenotype and 

intrinsic resistance to immunotherapy [35]. Treatment 

with the anti-PD1 antibody alone had no effect on tumor 

growth but the combination of 5-NL and anti-PD1 was 

most effective. Current clinical efforts of administer-

ing systemic IFNγ to increase MHC-I expression [62] 

are fraught with challenges namely rate-limiting toxic-

ity, PD-L1 upregulation and T cell dysfunction [63–65]. 

Furthermore, as a means of primary and acquired resist-

ance, many tumors inactivate interferon signaling [66]. 

In our study, MHC-I/HLAA-C was upregulated fol-

lowing IFNγ treatment in tumor cells of varying basal 

MHC-I/HLAA-C expression. �is was accompanied by 

strong PD-L1 upregulation. While the effects of 5-NL 

mediated MHC-I/HLAA-C upregulation were less dra-

matic than with IFNγ, there was also no PD-L1 upregu-

lation observed in  vitro and in  vivo, precluding 5-NL 

involvement in IFNγ/STAT1 signaling. Furthermore, 

5-NL upregulated MHC-I expression in MOPC cells 

which were refractive to IFNγ-mediated MHC-I upregu-

lation. �is broadens its applicability and demonstrates 

that it can be used to boost responses across a wide 

tumor immunogenicity range.

In vivo, 5-NL was well tolerated but the clinical appli-

cability of 5-NL remains to be determined as it is not 

FDA approved. �ere is the possibility of using other 

already FDA-approved compounds that also increase 

MHC-I through cAMP/PKA/CREB mediated signaling. 

For example, phosphodiesterase (PDE) inhibitors are 

drugs that elevate cAMP/cGMP levels and often acti-

vate CREB. �ey are already being evaluated as re-pur-

posed anti-cancer agents and may be of clinical benefit 

[67–69]. �e possibility of exploring the combination of 

already FDA-approved PDE inhibitors with checkpoint 

inhibitors to augment their efficacy is subject to future 

investigations.

Conclusions
�is study demonstrates novel therapeutic opportuni-

ties for the augmentation of immunotherapies. MHC-I 

upregulation in tumor cells using 5-Nonyloxytryptamine 
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was uncoupled from increases in PD-L1 expression and 

modulated through CREB signaling. Increased anti-

gen expression converted poorly immunogenic ‘cold’ 

tumors into ‘hot’ and elicited responsiveness to anti-PD1 

immunotherapies.

Materials and methods
Cell culture and compounds

B16.F10 and B16.gp33 (Kindly provided by Dr. H.P. 

Pircher), MC-38, A549, MDA-MB-231 cell lines 

were maintained Dulbecco Modified Eagle’s Medium 

(DMEM). Human RPMI-7951 cells were maintained in 

Eagle’s MEM. MOPC cells were cultured as previously 

described [70]. Media was supplemented with 10% FCS 

(15% for SK-MEL24) and penicillin/streptomycin. Cells 

were incubated at 37  °C in 5% CO2, and routinely con-

firmed to be mycoplasma-free (MycoAlert Mycoplasma 

Detection Kit, Lonza). For screening, the NIH Clinical 

Collection (NCC) composed of 770 small molecules was 

used in the screen. 5-Nonyloxytryptamine, Sumatriptan, 

Forskolin (all from Sigma), Asenapine and the p-CREB 3i 

inhibitor (SelleckChem) were dissolved in DMSO. Sero-

tonin was dissolved in water (SelleckChem).

EsiRNA and CRISPR-Cas9

Cells were seeded and 24 h later, transfected with esiCREB 

(EMU067571, Sigma), esiHTR1D (EMU075541, Sigma), 

esiHTR2A (EMU023531, Sigma) or control esiFluc, (EHU-

FLUC, Sigma) using Lipofectamine 3000 (�ermoFisher) 

according to the manufacturer’s instructions. Lentivirus car-

rying plasmid pGk1.2Cas9 overexpressing Cas-9 protein, 

plasmid LRGFP2.1 overexpressing GFP protein with cloned 

sgRNA (sgHTR1D1, sequence TGT ACT GCC CAC TGC 

TAG TT) or LRCherry2.1 plasmid overexpressing mCherry 

protein with cloned sgRNA2 (sgHTR1D2, sequence CTG 

GCT AAC AAT GGT ACG GA) were produced using Lenti-X  

Packaging Single Shots (VSV-G) (Takara Bio) in Lenti-X 

293  T cells according to the manufacturer’s instructions. 

Cells were firstly transduced with pGk1.2Cas9 lentivirus 

and selected with puromycin for Cas-9 overexpressing 

clones. Next, cells were transduced with lentivirus carrying 

LRGFP2.1-sgHTR1D1 and LRCherry2.1-sgHTR1D2 simul-

taneously and sorted for double positive cells followed by 

clonal selection.

Viruses

LCMV Armstrong (kindly provided by Rolf Zinkernagel, 

University of Zurich, Zurich, Switzerland) was propa-

gated in L929 cells as previously described [71].

T cell isolation

Splenic T cells were harvested from the spleens using the 

pan T cell or  CD8+ T cell MACS kit (Miltenyi Biotec) as 

per manufacturers’ instructions.

MTT, Combination Index, Annexin V/7AAD apoptosis 

assays

For the MTT calorimetric assay, cells were seeded in 96 

well plates and viability was assessed following addition 

of the MTT (Sigma) reagent. When assessing viabil-

ity of tumor cells following co-culture experiments as 

done in the screen, T cells were removed prior to the 

MTT reagent addition. Half-maximal inhibitory con-

centrations (IC50) values were computed from dose–

response curves using Prism (v5.0, GraphPad Software). 

Combination index was calculated from dose response 

curves of cells treated with 5-NL, Vemurafenib or in 

combination of two compounds at constant ratio. Com-

puSyn software was used to evaluate synergy using the 

median-effect model. For Annexin V/7AAD apoptosis 

assays, trypsinized cells were washed and stained in 

Annexin V binding buffer (BD Biosciences). Cells were 

analyzed for apoptosis using flow cytometry (FACS 

Fortessa, BD Biosciences).

Flow cytometric analysis

Tumors or lymph nodes were excised, weighed, crushed, 

strained through a 0.45 micron filter and re-suspended 

in FACS buffer (PBS, 1% FCS, 5 mM EDTA) and surface 

stained with anti-CD8, CD45.2, H2DB, H2KB, KLRG1, 

PD1, CD95, Tim3, CD62L or CD44 (eBioscience) A 

full list of all antibodies is provided in Supplementary 

Table  4. For tetramer staining, singly suspended cells 

were incubated with tetramer-gp33 or tetramer-np396 

(CD8) for 15 min at 37 °C. After incubation, surface anti-

bodies (anti-CD8, anti-PD1, anti-KLRG1) were added 

for 30 min at 4 °C. For intracellular cytokine re-stimula-

tion following in vivo LCMV infection, singly suspended 

cells were stimulated with LCMV specific peptide gp33, 

for 1  h after which Brefeldin A (eBiocience) was added 

for another 5 h incubation at 37 °C followed by staining 

with anti-Granzyme B, anti-IFNγ and anti-TNF-α. Stain-

ing of  CD8+ T cells for Granzyme B and IFNγ within 

tumors, lymph nodes and for ex vivo co-culture systems 

was performed using the Foxp3 mouse Treg cell staining 

buffer kit (eBioscience). Experiments were performed 

with the BD Fortessa Cell Analyzer (BD Biosciences) 

or CytoFLEX (Beckman Coulter) and analyzed using 

FlowJo software.
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ELISA

�e IFNγ ELISA (eBioscience) was performed according 

to the manufacturers’ instructions.

Immunoblotting

Cells were lysed using boiling hot SDS lysis buffer 

(1.1% SDS, 11% glycerol, 0.1  mol/L Tris, pH 6.8) with 

10% β-mercaptoethanol. Blots were probed with anti-

α-tubulin (Merck), anti-HTR1D (�ermoFischer, 

SantaCruz), anti-Akt, anti-p-Akt (Ser 473), anti-S6, anti-

p-S6 (Ser235/236), anti-p70 S6, anti-p-p70 S6 (�r421/

Ser424), anti-p-ERK1/2, anti-ERK1/2, anti-NF-κB p65 

anti-STAT-1, anti-Caspase-3, anti-Caspase-9, anti-Cas-

pase-8, anti-AMPK and anti-p-AMPK (�r172) (all from 

Cell Signaling) and detected using the Odyssey infra-

red imaging system (Odyssey Fc, LI-COR Biosciences). 

Immunoblots were quantified using ImageJ.

Histology

Histological analysis was performed on snap frozen tis-

sue. Tissue sections were fixed in acetone or 10% neutral 

buffered formalin, blocked with 5% FCS/0.3% Triton-X 

in PBS and stained with anti-active Caspase 3 (BD Bio-

sciences), cleaved Caspase 8, cleaved Caspase-9, p-CREB 

(Ser 133), p-AMPK (�r172) (all from Cell Signaling), 

CD8 and MHC-I (both from BD Biosciences) followed 

by incubation with the appropriate secondary antibodies. 

Cy3-conjugated anti-rabbit secondary antibodies were 

used for immunofluorescence. HRP-linked anti-rabbit 

secondary antibodies were used for conventional stain-

ing, which were visualised with the Peroxidase Substrate 

(ImmPACT NovaRED). Images were taken with an Axio 

Observer Z1 fluorescence microscope or Axiocam 503 

color microscope (ZEISS) and quantified using Image J 

using the fluorescence intensity (MFI) per area as previ-

ously described [72].

Quantitative RT-PCR

RNA was isolated using Trizol (Invitrogen). cDNA was 

synthetized with the Reverse Transcription System (Pro-

mega). RT-qPCR was performed using the GoTaq® qPCR 

mix (Promega) or the one step cDNA-qPCR (iTaq™ Uni-

versal Probes for fluorescent labeled primers or iTaq™ 

Universal SYBR® Green One-Step RT-qPCR Kit (Biorad)) 

according to the manufacturer’s instructions. A full list of 

primers is provided in Supplementary Table 5. For anal-

ysis, expression levels were normalized to  β-Actin and 

GAPDH for tumor cells or TBP2 for T cells.

Mice and in vivo treatments

C57BL/6  J and NSG (the NOD.Cg-Prkdcscid H2-K1tm1Bpe 

H2-D1tm1Bpe  Il2rgtm1Wjl/SzJ) mice were maintained 

under specific pathogen-free conditions. 7–9  week old 

C57BL/6 J mice were subcutaneously injected with 5 ×  105 

B16.GP33 or MC-38 cells. 7  days post injection, mice 

were randomized and treated daily for 5 consecutive days 

with 6.25 mg/kg 5-NL, Sumatriptan 12 mg/kg or vehicle 

control (2.5% DMSO in PBS). Tumors were measured 

using calipers and tumor volume was calculated using 

the following formula: (tumor length x  width2)/2. T cell 

transfer experiment was performed with isolated T cells 

from P14 mice expressing specific anti-LCMV TCR, as 

previously described [29]. For infection and T cell priming 

7–9 week old C57BL/6 J mice were infected intravenously 

with 2 ×  105 pfu of LCMV-Armstrong. Experiments were 

performed under the authorization of LANUV in accord-

ance with German law for animal protection.

Data mining

CREB1, B2M, HLA A-C, IFNG and IFIT3 expression 

data was extracted directly from the Cancer Immunome 

Atlas [49].

RNA sequencing and gene set analysis

RNA was isolated using TRIzol (�ermo Fisher Scientific) 

and total RNA was checked for quality on tapestation. 

Next, RNA was processed using the QuantSeq 3´-mRNA 

Library Prep/Lexogen to prepare the barcoded librar-

ies. Sequencing of samples were performed with stand-

ard: NovaSeq 6000 mode, covering: 10 M Raw Reads (on 

average) with standard reads: 1 × 100 bp. Fastq files were 

imported into Partek Flow (Partek Incorporated). Quality 

analysis and quality control were performed on all reads 

to assess read quality and to determine the amount of 

trimming required (both ends: 13 bases 5′ and 1 base 3′). 
Trimmed reads were aligned against the mm10 genome 

using the STAR v2.4.1d aligner. Unaligned reads were 

further processed using Bowtie 2 v2.2.5 aligner. Aligned 

reads were combined before quantifying the expression 

against the ENSEMBL (release 95) database by the Partek 

Expectation–Maximization algorithm using the counts 

per million normalization. Genes with missing values 

and with a mean expression less than one were filtered 

out. Finally, statistical gene set analysis was performed 

using a t test to determine differential expression at the 

gene level (P < 0.05, fold change ± 1,3). Partek flow default 

settings were used in all analyses. Sequencing of sam-

ples was performed by NGS Core Facility—Institut for 

Human Genetics, Life & Brain Center, (Bonn, Germany).

Statistical analysis

Data are expressed as mean ± S.E.M. Statistically significant 

differences between two groups were determined using the 

student’s t-test and between three or more groups, the one 

or two-way ANOVA was used with a post-hoc test. Values 

of P < 0.05 were considered statistically significant.
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Abbreviations

5-NL  5-Nonyloxytryptamine

CREB  CAMP Response Element-Binding Protein

AMPK  AMP-activated protein kinase

CTL  Cytotoxic T lymphocytes

MHC-I/II  major histocompatibility complex class I/II

IFNγ  Interferon γ

TME  Tumor microenvornment

Treg  Regulatory T cells

KLRG1  Killer cell lectin-like receptor subfamily G, member 1

TIL  Tumor infiltrating leukocyte

TM  Tegaserod

PKA  Protein kinase A

AC  Adenylate cyclase

Hmgb1-ps2  High Mobility Group Box 1 pseudogene 2

DAMP  Damage-associated molecular pattern

ICD  Immunogenic cell death

GPCR  G protein-coupled receptors

APC  Antigen presenting cells

DC  Dendritic cells

HTR  Serotonin receptor

TAM  Tumor associated macrophages

LCMV  Lymphocytic choriomeningitisvirus

GZMB  Granzyme B

FasL  Fas ligand

Supplementary Information
The online version contains supplementary material available at https:// doi. 

org/ 10. 1186/ s12943- 023- 01833-8.

Additional �le 1: Supplementary Figure 1. (A,B) C57BL/6J mice were 

infected with 2 x  105 pfu of LCMV-Armstrong. 14 days post infection, 

splenic LCMV-primed  CD8+ or pan T cells were isolated and co-incubated 

with B16 or B16.GP33 cells for 16 hours.  CD8+ T cells were assessed for 

surface KLRG1 and intracellular TNFα, Granzyme B (GZMB) and IL-2 expres-

sion by flow cytometry (n = 4). (B) B16.GP33 cell viability was assessed 

by the MTT assay following from incubation with different numbers of 

splenic LCMV-primed pan T cells for 24 hours (n = 3). The vertical dotted 

line indicates the concentration of T cells used in the screen (5 x  105). (C) 

Treatment with low micromolar doses of 5-NL induced apoptosis in a time 

and dose-dependent manner as assessed by Annexin V/7AAD staining (n 

= 3-4). Percent apoptosis was ascertained by summing up the Annexin 

V+/7AAD- and Annexin V+/7AAD+ populations. (D) Representative 

FACS blots from (C) are shown. (E, F) C57BL/6J mice were subcutaneously 

injected with 5 x  105 B16.GP33 cells. 7 days post-tumor injection mice 

were randomized into two groups and treated daily with 6.25 mg/kg of 

5-NL or with vehicle for five consecutive days. Mice were sacrificed on 13 

days post tumor-inoculation. Tumors were analyzed for cleaved Caspase-9, 

active Caspase-3 and cleaved Caspase-8 (E, top panel) using immuno-

histochemistry on tumor sections (representative images of tumors 

harvested from 4–5 mice are shown). Scale bar indicates 50 µm and slides 

were scored using the IHC profiler (bottom panel) (F). Cleaved Caspase-9, 

active Caspase-3 and  pro-Caspase-8 expression from whole tumors was 

also analyzed using immunoblot analysis (representative images of n = 4 

are shown, cropping is indicated by a black frame). Error bars indicate SEM; 

*P < 0.05 as determined by a Student´s t-test (unpaired, 2 tailed) or one-

way ANOVA with a Dunnett’s post-hoc test, or a Fisher’s exact test.

Additional �le 2: Supplementary Figure 2. 5-NL does not affect infiltra-

tion of Treg’s. (A-C) C57BL/6J mice were subcutaneously injected with 5 

x  105 B16.GP33 cells and 13 days post-tumor inoculation tumor infiltrates 

were analyzed by flow cytometry. (A) The general gating strategy for 

identifying CD45.2+ infiltrates is shown. (B) Gating strategy used for the 

identification of specific infiltrates from the CD45.2+ population is shown. 

(C) 7 days post-tumor injection mice were randomized into two groups 

and treated daily with 6.25 mg/kg of 5-NL or with vehicle for five consecu-

tive days. Expression of GATA3 and T-Bet in  CD4+CD25+FOXP3+ Treg cells 

was assessed using FACS analysis (n = 6). Error bars indicate SEM; *P < 0.05 

as determined by a Student´s t-test (unpaired, 2 tailed).

Additional �le 3: Supplementary Figure 3. 5-NL does not change the 

immune infiltration of transferred P14  CD45.1  CD8+ T cells.  (A) C57BL/6J 

mice were treated with  CD8+ T cell depleting antibody (anti-CD8) on days 

-2, -1 and 7 pre and post inoculation with 5 x  105 B16.GP33 cells. T cell 

depletion was confirmed in the blood on day 0 and day 15 post tumor-

inoculation using flow cytometry (n = 3-4). (B) Schematic representation 

of T cells transfer experiment is shown. (B,C) C57BL/6J mice expressing 

CD45.2 isoform were inoculated with 5 x  105 B16.GP33 cells and 7 days 

later received 2 x  106 purified splenic  CD8+ T P14 cells expressing the 

CD45.1 congenic marker. 8 hours post T cell injection, mice were injected 

with GP33 peptide and poly(I:C) to stimulate and activate the T cells. Next 

day, mice were randomized into two groups and treated with 6.25 mg/

kg of 5-NL or with vehicle for five consecutive days. Mice were sacrificed 

at day 15 post tumor inoculation and organs were FACS analyzed for 

number of CD45.1+  CD8+ T cells in blood, lymph nodes and tumors (n = 

4-6). Error bars indicate SEM; *P < 0.05 as determined by a Student´s t-test 

(unpaired, 2 tailed).

Additional �le 4: Supplementary Figure 4. Infection upregulates sero-

tonin receptors (HTR) in T cells. In vivo infection with LCMV Armstrong (A) 

resulted in an upregulation of several serotonin receptors (HTR’s) in splenic 

T cells 8 days post-infection as assessed by RT-PCR (n = 3-4). For analysis, 

the expression levels of all genes were normalized to TBP2 (∆Ct). Then 

gene expression values were calculated relative to naïve controls and 

Log2 transformed. (B) Basal levels of serotonin receptors in B16 and MC-38 

cells were assessed using RT-PCR (n = 6). For analysis, the expression levels 

of all genes were normalized to GAPDH (∆Ct) and then Log2 transformed. 

(C) C57BL/6J mice were infected with 2 x  105 pfu of LCMV Armstrong 

and treated with 6.25 mg/kg of 5-NL or vehicle for 5 consecutive days 

starting at day 1 post-infection. Cells from the blood, spleen and liver were 

re-stimulated with LCMV-specific gp33 epitope followed by staining for 

IFNγ, TNFα and GZMB in the blood 8 days post-infection and TNFα and 

GZMB in the blood, spleen and liver 10 days post infection using FACS 

analysis (n = 4-5). Tet-gp33+  CD8+ T cells in the blood were measured 8 

days post-infection (n = 5). (D) C57BL/6J mice were infected with 2 x  105 

pfu of LCMV-Armstrong. 14 days post infection, splenic primed pan T cells 

were isolated and co-incubated with B16.GP33 cells pre-treated for 24 

hours with 3 μM of 5-NL. KLRG1, TNFα, Granzyme B (GZMB) and IL-2 were 

measured on  CD8+ T cells using flow cytometry (n = 3). Error bars indicate 

SEM; *P < 0.05 as determined by a Student´s t-test (unpaired, 2 tailed) or a 

one-way ANOVA with a Dunnett’s or a Tukey post-hoc test.

Additional �le 5: Supplementary Figure 5. 5-Nonyloxytryptamine 

(5-NL) upregulates antigen presenting machinery and H2-Db and H2-Kb 

in vivo. (A, B) C57BL/6J mice were subcutaneously injected with 5 x  105 

B16.GP33 cells. 7 days post-tumor injection mice were randomized into 

two groups and treated daily with 6.25 mg/kg of 5-NL or with vehicle for 

five consecutive days. (A) Mice were sacrificed on day 20 post tumor-

inoculation and CD45.2- cells were analyzed for expression of H2-Db/

Kb using flow cytometry (n = 6-8). (B) Mice were sacrificed on day 13 

post tumor-inoculation and tumor infiltrates were FACS-analyzed for 

MHC-II expression (n = 6). (C) Treatment of B16 cells with 5-NL (3 μM) for 

18 hours resulted in the upregulation of antigen presenting machinery 

genes B2M and TAPBP at the transcriptional level as assessed by RT-PCR. 

Expression was normalized to GAPDH (n = 4-5). (D) Treatment with the 

indicated concentrations of another HTR4 agonist, Tegaserod for 18 

hours did not induce upregulation of H2-Db/Kb in B16 cells as analyzed 

with flow cytometry (n = 3). (E) MHC-II (mouse cell lines) and HLA- D 

(human cell lines) protein expression was assessed using flow cytometry 

following treatment with 5-NL (5 μM for RPMI-7591 and 3 μM for MC-38, 

SW620, A549, MDA-MB-231, B16 and MOPC cells) for 24 hours or 18 hours 

for B16 cells (n = 5). (F, left panel) C57BL/6J mice were subcutaneously 

injected with 5 x  105 MC-38 cells. 7 days post-tumor injection, mice were 

randomized into two groups and treated daily with 6.25 mg/kg of 5-NL or 

with vehicle for five consecutive days. Mice were sacrificed on day 13 post 

tumor-inoculation and tumor sections stained for MHC-I using immu-

nofluorescence (representative images of n = 3-4 are shown, scale bar 

indicates 50 µm) and fluorescence signal is quantified in F, right panel. (G) 

B16 cells were transfected with control or HTRID targeting esiRNA. (G, left 

panel; immunoblot where cropped is indicated by black frame) Protein 

https://doi.org/10.1186/s12943-023-01833-8
https://doi.org/10.1186/s12943-023-01833-8
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levels of HTR1D were assessed using immunoblot analysis 48 hrs post 

transfection. (G, right panel) 48 hours post-transfection cells were treated 

with 3 µM of 5-NL after which H2-Db protein levels were assessed by FACS 

analysis 18 hrs post 5-NL treatment (n = 6). (H) sgRNA mediated HTR1D 

knockout clones 1 and 2 (HTR1D KO) and control clones (CTR) in B16 

cells were validated using immunoblot analysis (left panel; immunoblot 

cropping is indicated by a black frame). H2-Db protein expression follow-

ing treatment with 3 μM of 5-NL was assessed by FACS analysis (n = 5-6 

right panel). (I) B16 cells were transfected with control or HTR2A targeting 

esiRNA and HTR2A expression was assessed using RT-PCR 24 hours post 

transfection in left panel (n = 4). Expression was normalized to GAPDH. 

24 hours post esiRNA transfection, cells were treated with 3 μM of 5-NL 

for 18 hours and expression of H2-Db was analyzed by flow cytometry in 

the right panel (n = 3). (J) B16 cells were treated for 18 hours with 3 μM 

5-NL, 10 μM Serotonin, 10 μM Asenapine or pre-treated for 30 min with 

Asenapine, followed by 5-NL treatment. The expression of H2-Db was 

measured using flow cytometry (n = 4). Error bars indicate SEM; P < 0.05 

as determined by a Student´s t-test (unpaired, 2 tailed) or a 1-way ANOVA 

with a Tukey post-hoc test.

Additional �le 6: Supplementary Figure 6. 5-Nonyloxytryptamine 

(5-NL) increases antigen presenting machinery independently of IFNγ. 

(A and B) C57BL/6J mice were subcutaneously injected with 5 x  105 B16.

GP33 cells. 7 days post-tumor injection mice were randomized into two 

groups and treated daily with 6.25 mg/kg of 5-NL or with vehicle for five 

consecutive days. Mice were sacrificed on day 13 post tumor-inoculation. 

(A) Intra-tumoral levels of IFNγ were determined using ELISA (n = 3-4). (B) 

Tumoral mRNA levels of IFNA1, IFNB1 and IFNG were assessed using RT-

PCR. Expression was normalized to GAPDH (n = 8-11). (C) B16.GP33 cells 

were treated with 5-NL for 18 hours and expression of IFNA1, IFNB1 and 

IFNG was assessed using RT-PCR and expression was normalized to GAPDH 

(n = 5). (D) Levels of STAT1 protein as assessed by immunoblot analysis are 

shown following treatment with 5-NL (3 μM) or murine IFNγ (5 ng/ml) at 

the indicated time-points and quantified in the right panel (representative 

immunoblot of n = 3 is shown; cropping is indicated by a black frame). (E) 

MHC-I (mouse cell lines) and HLA A-C (human cell lines) and (F) PD-L1 pro-

tein expression was assessed using flow cytometry following treatment 

with IFNγ or 5-NL for 24 hours (n = 5). Error bars indicate SEM; P < 0.05 as 

determined by a Student´s t-test (unpaired, 2 tailed) or a 1-way ANOVA 

with a Dunnett’s post-hoc test.

Additional �le 7: Supplementary Figure 7. 5-Nonyloxytryptamine 

(5-NL) does not affect NF-κB signaling. (A, left panel) Levels of NF-κB p65 

protein were assessed in B16 cells using immunoblot analysis follow-

ing treatment with 5-NL (1.5 μM and 3 μM) at the indicated time points 

and quantified in right panel (representative immunoblot of n = 5-6 is 

shown; immunoblot cropping is indicated by a black frame). (B, left panel) 

Representative immunofluorescent pictures of B16 or MC-38 cells treated 

with 5-NL (3 µM) or TNFα (40 ng/µl) for 18 hours or 24 hours respectively 

and stained for phosphorylated NF-κB p65 (p-NF-κB p65, Ser-536,) are 

shown (representative images of n = 3-4 are shown; scale bar indicates 

50 µm). Single fluorescent signal from p-NF-κB p65 was quantified in the 

right panel. (C, top panel) Changes in protein levels of phosphorylated 

ERK (p-ERK), p-Akt (Ser473), p-p70 S6 (Thr421/Ser424) and p-S6 (Ser235/6)) 

following treatment with 5-NL (3 and 1.5 μM) at the indicated time-points 

were analyzed in B16 cells using immunoblot analysis (representative 

immunoblots of n = 3-8 are shown; immunoblot cropping is indicated by 

a black frame) and quantified in C, bottom panel). Error bars indicate SEM;  

P < 0.05 as determined by a one or two-way ANOVA with a Dunnett’s 

post-hoc test.

Additional �le 8: Supplementary Figure 8 (A, left panel) Representa-

tive immunofluorescent pictures of MC-38 cells treated with 5-NL (3 µM) 

or forskolin (10 µM) for 24 hours and stained for phosphorylated CREB 

(p-CREB, Ser-133) and H2-Db are shown (representative images of n = 3-4 

are shown; scale bar indicates 50 µm) and fluorescent signal is quantified 

in A, right panel. (B, left panel). Changes in protein levels of phosphoryl-

ated CREB (ser 133) (following treatment with 5-NL (3 and 1.5 μM) in B16 

cells at the indicated time-points are shown (representative immunoblots 

of n = 3-7 are shown; where immunoblots are cropped is indicated by a 

black frame) and signal quantified in B, right panel. (C, left panel) esiRNA 

mediated CREB knockdown using esiRNA in B16.GP33 and MC-38 cells 

48 hrs post-transfection are shown using immunoblot (n = 3; where 

immunoblots are cropped is indicated by a black frame).  (C, right panel) 

Levels of apoptosis using Annexin V/7AAD staining by FACS 48 hours post 

esiRNA transfection are shown (n = 3-7). (D) MC-38 cells were pre-treated 

for 30 min with the p-CREB inhibitor 3i at the indicated doses followed 

by treatment with 10 µM forskolin for 24 hours. Cells were FACS-analyzed 

for expression of H2-Db/Kb (n = 3). (E) H2-Db/Kb protein expression as 

measured by FACS in MC-38 cells following 24 hours of treatment with the 

adenylyl cyclase activator forskolin (10 μM) is shown  (n = 5). (F) Levels of 

apoptosis as assessed by Annexin V/7AAD staining are shown following 

treatment of MC-38 with 5-NL and forskolin at the indicated doses for 72 

hours (n = 4-6). Percent apoptosis was ascertained by summing up the 

Annexin  V+/7AAD- and Annexin  V+/7AAD+ populations. (G) B16 and MC38 

cells were treated with the CREB inhibitor 3i (8 μM)  for 18 hours. Apopto-

sis was assessed using Annexin V/7AAD staining (n = 5). Error bars indicate 

SEM; P < 0.05 as determined by a Student’s t-test (unpaired, 2 tailed), one 

or two-way ANOVA with a Dunnett’s post-hoc test.

Additional �le 9: Supplementary Figure 9. (A) Representative immu-

nofluorescent pictures of B16 cells (left panel) stained for phosphorylated 

AMPK (p-AMPK, Thr 172, green) and DAPI (blue) detected 0.5 or 1 hour 

post-treatment with 3 µM of 5-NL. Scale bar indicates 50 µm. Green 

fluorescent signal (p-AMPK) was quantified in right panel (n = 3). Error 

bars indicate SEM; *P < 0.05 as determined by a one-way ANOVA with a 

Dunnett’s post-hoc test. (B) Transcriptomic data from melanoma samples 

of therapy naïve patients was mined from the Cancer Immunome Atlas. 

Expression of IFIT3 positively correlated with HLA A-C and B2M 

Additional �le 10. 

Additional �le 11. 

Additional �le 12. 

Additional �le 13. 

Additional �le 14. 
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Compound name Toxic* Imunomodulatory

1 5-Non-loxy tryptamine

2 Disulfiram yes

3 Sotalol hydrochloride

4 3,5,3'-Triiodothyronine yes

5 Etoposide Yes

6 Clomifene citrate

7 Fluphenazine dihydrochloride

8 Docetaxel Yes

9 Vincristine sulfate yes

10 Daunorubicin hydrochloride yes

11 Fludarabine yes

12 Cerivastatin sodium yes

13 Raltitrexed Yes

14 Itraconazole yes

15 Vindesine sulfate yes

16 Benazepril hydrochloride

17 Topotecan hydrochloride yes

18 Idarubicin hydrochloride yes

19 Podofilox yes

20 Albendazole yes

21 Homoharringtonine yes

22 Mefloquine hydrochloride

23 Mebendazole yes

24 Flubendazole yes

25 Mitoxantrone hydrochloride yes

26 Dactinomycin yes

27 Methotrexate trihydrate yes

28 Vinorelbine tartrate yes

29 Doxorubicin hydrochloride yes

* IC50 below 500 nM

Supplementary Table 1: List of potenital T cell immunomdulatory hits 

Supplementary Table 2: Summary of observed cell phenotype post 5-NL or IFNγ treatment.

5-NL IFN𝛄 5-NL IFN𝛄
B16 ↑ ↑ no change ↑
MOPC ↑ No change no change ↑
MC-38 ↑ ↑ no change ↑
A549 No change ↑ no change ↑
SW620 ↑ ↑ no change ↑
MDA-MB.231 No change ↑ no change ↑
RPMI ↑ ↑ no change ↑

(H2-Db/H2-Kb)/HLAA-C

Murine 

Human

PD-L1
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Supplementary Table 3: Differentially expressed genes evaluated by RNA sequencing of 18 
hours treated B16 cells with 5-NL.  
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Probeset ID p-value FoldChange(5NL/Ctrl) Probeset ID p-value FoldChange(5NL/Ctrl)

Usp34 0,0113678 1,3157 Vcp 0,0414008 1,12089

B3glct 0,049171 1,31414 Phospho2 0,0401498 1,10784

Dnajb14 0,0348229 1,31367 Zfp871 0,0271689 1,07983

Gm37939 0,00806299 1,31316 Slc2a9 0,0188896 -1,06111

Steap1 0,021679 1,30423 Pole4 0,0291082 -1,06909

4632427E13Rik 0,0497981 1,30251 Emsy 0,0379445 -1,07905

Il18bp 0,0230503 1,29998 Arhgap42 0,0491044 -1,08667

Lats1 0,0210661 1,29653 Phax 0,000197144 -1,10094

Fndc3b 0,0156856 1,29402 Paqr4 0,0430086 -1,10379

Tmem135 0,0156421 1,29269 Ndufs5-ps 0,0222956 -1,10542

D5Ertd579e 0,0374386 1,29171 Afg3l1 0,0486034 -1,11307

Zfp113 0,0498577 1,28605 D10Wsu102e 0,021659 -1,12392

Tnrc6b 0,0183953 1,28421 Uck1 0,0159919 -1,12562

Scaper 0,0492252 1,28319 Dnajc9 0,00269803 -1,12753

Taok3 0,0172335 1,28284 Pdp2 0,0251539 -1,12826

Insig2 0,0387147 1,28198 Ankrd40 0,0110689 -1,13161

Itsn2 0,0190015 1,27688 Ahsa1 0,00421705 -1,13574

Aph1a 0,00598394 1,27568 Pdhx 0,0229609 -1,13653

Atad2b 0,0394865 1,27555 Racgap1 0,0390046 -1,13791

Spata7 0,0472627 1,27071 Nuf2 0,0431193 -1,1395

Mlx 0,0466143 1,26218 Ppp1cc 0,0392069 -1,14074

Tmco1 0,0226774 1,25964 Lias 0,0136296 -1,14989

Asph 0,0391383 1,25457 Ywhae 0,00457242 -1,1526

Dolk 0,0418653 1,2491 Prpf19 0,0327802 -1,15328

Ahdc1 0,0167368 1,24818 Tbc1d1 0,0359755 -1,15436

Ube2o 0,019945 1,2476 Ccdc93 0,0272978 -1,16752

Fam220a 0,0385207 1,24668 Creb3 0,0326459 -1,17178

B2m 0,0448774 1,24362 Tsn 0,0227809 -1,17319

Nemf 0,0240394 1,23668 Hmgn1 0,0155101 -1,17392

Sec22b 0,0385047 1,23487 Marchf6 0,00314172 -1,17875

Eif5a2 0,0457949 1,23376 Haus8 0,0431707 -1,18111

Brca2 0,0492323 1,23013 Tanc1 0,0344845 -1,18661

Prpf6 0,049112 1,22695 Cux1 0,0391768 -1,18802

Taf5 0,0106006 1,19364 Chtop 0,0238381 -1,19319

Clk4 0,043049 1,19363 Rarres2 0,0327853 -1,1967

P2rx7 0,0238763 1,19079 Cep70 0,0390008 -1,19684

Ppp2r3a 0,0145584 1,18119 Cdkn2aipnl 0,0126395 -1,19819

Tnfaip8l1 0,0217851 1,17972 Gpat4 0,0396627 -1,20124

Srsf5 0,019865 1,17774 Rps21 0,0321786 -1,20363

Spout1 0,00232469 1,17672 Slc12a4 0,00947733 -1,20665

Flii 0,0371733 1,17578 S1pr2 0,0375934 -1,20688

Nktr 0,0353455 1,17544 Rps25-ps1 0,0375446 -1,21042

Atrnl1 0,0170339 1,17058 Pwp1 0,0145269 -1,21112

Rab18 0,00227176 1,17019 Mfsd10 0,0465125 -1,21116

Ubn2 0,00772546 1,1701 Samm50 0,0380465 -1,21254

Faf2 0,0136604 1,16003 Pcif1 0,0240847 -1,21328

Stambp 0,0132675 1,1591 Elp3 0,027515 -1,21707

Nkapd1 0,0345414 1,15559 Tonsl 0,046485 -1,21834

Gnptg 0,0394938 1,15525 Spc24 0,0490517 -1,21993

Psma4 0,00365453 1,14898 Glis3 0,0216717 -1,22178

Ylpm1 0,0265783 1,1465 Rpl7 0,0383455 -1,22311

Fkrp 0,00731389 1,14552 Eef1d 0,0312549 -1,22327

Gm16196 0,00941466 1,14534 Csnk1d 0,0170837 -1,22401

Dnajc10 0,0264589 1,14456 Thap11 0,0075948 -1,22419

BC005537 0,0411054 1,14147 Ehmt1 0,000840648 -1,22973

Appl1 0,0326435 1,13522 Zfp275 0,045812 -1,23259

Znfx1 0,0305114 1,13291 Psmb5 0,00355043 -1,23666

Yme1l1 0,0153305 1,12623 Ess2 0,0268028 -1,23836

Rala 0,0296539 1,12484 Dot1l 0,0363077 -1,24006
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Probeset ID p-value FoldChange(5NL/Ctrl) Probeset ID p-value FoldChange(5NL/Ctrl)

Dip2a 0,00870394 -1,24162 Epc1 0,0400556 -1,36657

Tbl1x 0,00701919 -1,24245 Odf2 0,042616 -1,36927

Pprc1 0,0335876 -1,24333 Trmt12 0,0267325 -1,37067

Atp5a1 9,15E-06 -1,24496 Pdxk 0,0459625 -1,37258

Tubb5 0,0412224 -1,24661 Phb2 0,0436553 -1,37434

Polr2a 0,0421077 -1,2485 Acaca 0,0274335 -1,37501

Gnptab 0,00262442 -1,24866 Rilpl1 0,0145935 -1,37604

Apip 0,0209834 -1,24933 Gm11537 0,0255306 -1,37627

Ppcs 0,0155763 -1,25201 Snrpg 0,0182388 -1,38177

Lsm2 0,0233051 -1,25208 Rpsa-ps10 0,0278394 -1,38357

Frmd8 0,0380879 -1,25552 Gm13611 0,0138171 -1,38854

Ttc9c 0,0197365 -1,25843 Rbbp5 0,0115514 -1,38864

Gm10282 0,0170004 -1,26059 Gm10288 0,0218544 -1,38993

Noct 0,0211282 -1,26243 Zfp955a 0,00877101 -1,39023

Gm9616 0,0403902 -1,26254 Eif4h 0,0423758 -1,39026

Map7d1 0,012016 -1,26333 Alyref 0,0430384 -1,39229

Dlst 0,0482488 -1,26377 Rps19-ps6 0,0362507 -1,39922

Usp39 0,0261724 -1,26386 Vps9d1 0,00337868 -1,40316

Gins4 0,0359893 -1,2656 Tyms 0,0444083 -1,4032

Tpm1 0,0488537 -1,26772 Mylk 0,000786923 -1,40686

Gm11478 0,0109986 -1,26817 Ddx39 0,0312161 -1,4099

Crlf1 0,0135078 -1,27086 Thg1l 0,0303484 -1,41042

Calhm5 0,0418078 -1,27481 Srgap2 0,0341426 -1,41087

Rbx1-ps 0,00478961 -1,27489 Evl 0,0102327 -1,41525

Gm7536 0,0301865 -1,27643 Pwp2 0,0433884 -1,41638

Rex1bd 0,0400394 -1,28383 Scap 0,0459366 -1,42302

Tlnrd1 0,0201575 -1,29055 Bcas3 0,00850511 -1,43171

Phb 0,0414326 -1,29156 Gpx1 0,0164416 -1,43325

Foxd2os 0,0223617 -1,29301 Ppp1r8 0,0425918 -1,43375

Rangap1 0,0154289 -1,29577 Gm6204 0,0141938 -1,43438

Tgfbrap1 0,0151625 -1,29733 Mrps7 0,00813879 -1,43469

Eif1ad 0,00240664 -1,29866 Mrpl54 0,021947 -1,43619

Cipc 0,00215395 -1,30088 Gm2614 0,029043 -1,43943

Cab39l 0,0105016 -1,30588 Ntmt1 0,0356242 -1,44134

Tsen34 0,0186507 -1,30718 Ppm1g 0,0322478 -1,44187

Cenpn 0,0190177 -1,31005 Cd151 0,044769 -1,44337

Akap11 0,0422667 -1,31032 Trak1 0,0348698 -1,44383

St3gal5 0,0102954 -1,31305 Gm48226 0,0155712 -1,44427

Ogdh 0,0186716 -1,31382 Fam110a 0,0144278 -1,44884

Gart 0,0209734 -1,31441 Elf4 0,0360125 -1,44943

Zfp869 0,0155017 -1,31656 Tk1 0,0410688 -1,45167

Atp5md 0,016369 -1,31804 Snhg1 0,02128 -1,47135

Gm20045 0,0442051 -1,31865 Coro7 0,0175729 -1,47214

Mcm2 0,0402119 -1,32156 Ptpn21 0,0323584 -1,47454

Dnph1 0,0248864 -1,32223 Rps16-ps2 0,0120156 -1,47723

Serbp1 0,0266333 -1,32608 Ccdc12 0,0466175 -1,47979

Banf1 0,00904682 -1,32878 Gm6863 0,0152751 -1,47982

Emc1 0,00591868 -1,32966 Stat3 0,0427004 -1,48064

Tmem51 0,0350962 -1,33247 Mast3 0,00965561 -1,48389

Snu13 0,0149773 -1,33288 Plekhg3 0,0444276 -1,48575

6720475M21Rik 0,0263017 -1,33302 Bop1 0,0232731 -1,48618

Pafah1b2 0,0408306 -1,33391 Unk 0,0485247 -1,48663

4933431E20Rik 0,0482495 -1,34016 Tpm3 0,0491157 -1,48823

Cdca5 0,0235095 -1,34382 Osbpl5 0,0386659 -1,49026

Ssh1 0,0312152 -1,34656 Cdca4 0,0138753 -1,4949

Akt2 0,0193321 -1,35215 Ndufaf5 0,0460437 -1,50106

Zfp219 0,0475263 -1,35876 Rpl28-ps1 0,025663 -1,50569

Polh 0,0287749 -1,36006 Zbtb18 0,00283511 -1,51606

Arl6ip4 0,0209392 -1,36492 2310061I04Rik 0,0226666 -1,5161
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Supplementary Table 4: Antibodies used in this study 
Antibody Fluorochrome Source Catalog number
2B4 APC eBioscience 17-2441-80
2B4 PE-cy7 Invitrogen 25-2441-82
7AAD Percp-cy5.5 Invitrogen 00-6993-50
Annexin V APC Immuno Tools 31490014
Annexin V PE Immuno Tools 31490016
CCR6 APC eBioscience 17-1969-42
CD11b BV605 BD Biosciences 563015
CD11c PE-Cy7 Invitrogen 25-0114-82
CD122 ef450 eBioscience 48-1222-82
CD127 FITC eBioscience 11-1271-82
CD19 BV786 BD Bisociences 563333
CD197 TexasRed BD Biosciences 563596
CD25 PE-Cy7 Invitrogen 25-0251-82
CD3 APC780 Invitrogen 470031-82
CD3 APC BD Biosciences 553066
CD3 PE-cy7 eBioscience 25-0031-82
CD4 PE eBioscience 553730
CD4 ef450 Invitrogen 48-0041-82
CD4 APC Invitrogen 17-0042-82
CD4 BV711 BD Bioscience 563050
CD44 BV786 BD Bioscience 563736
CD45.2 FITC Invitrogen 11-0454-85
CD45.2 APC-Cy7 BD Bioscience 560694
CD45.2 BV711 BD Biosciences 563685
CD45.2 Percp-cy5.5 eBioscience 45-0454-82
CD45.2 ef450 eBioscience 48-0454-82
CD62L BV510 BD Biosciences 563117
CD69 AlexaFluor 700 BD Biosciences 561238
CD8 APC-Cy7 eBioscience 47-0081-82
CD8 FITC Invitrogen 11-0081-85
CD8 Percp-cy5.5 Invitrogen 46-0081-82
CD8 BV510 BD Biosciences 563068
CD8 BV711 BD Biosciences 563046
CXCR5 BV650 BD Biosciences 563981
Eomes PE-eFour610  eBioscience 61-4875-82
F4/80 APC eBioscience 17-4801-82
F4/80 Percp-cy5.5 Invitrogen 45-4801-82
FOXP3 PerCP-Cy7 eBioscience 45-5773-82
GATA3 FITC eBioscience 53-9966-41
Gp33 tetramer APC NIH tetramer facility
Granzyme B PE Invitrogen 12-8898-82
IFNg APC Invitrogen 17-7311-82
IgG2a kappa Isotype FITC eBioscience 11-4724-42
IgG2b kappa Isotype PE eBioscience 12-4031-82
IgG2b kappa Isotype  APC eBioscience 17-4732-81
IL2 Percp-cy5.5 Invitrogen 45-7021-82
KLRG1 ef450 Invitrogen 48-5893-82
KLRG1 BV650 Invitrogen 645893-82
Lag3 BV711 BD Biosciences 563179
Ly6C APC-Cy7 Invitrogen 47-5932-82
Ly6C Percp-cy5.5 Invitrogen 45-5931-82
Ly6G APC-780 eBioscience 47593182
Ly6G FITC eBioscience 11-5931-85
MHC Class I FITC BioLegends 125507
MHC Class I (H-2Db) FITC eBioscience 11-5999-85
MHC Class I (H-2Db) APC eBioscience 17-5999-80
MHC Class I (H-2Kb) PE Invitrogen 12-5958-82
MHC Class I (H-2Kb) FITC eBioscience 11-5958-82
MHCII AlexaFluor 700 Invitrogen 56-5321-82
MHCII APC-780 eBioscience 47-5321-82
NK1.1 PE-cy7 Invitrogen 25-5941-82
Np396 APC NIH tetramer facility
PD1 PE-CF594 BD Biosciences 562523
PD1 FITC eBioscience 11-998182
PD-L1 PE Invitrogen 12-5982-82
PD-L1 APC Invitrogen 17-5982-82
Perforin FITC Invitrogen 11-9392-82
RORyt APC eBioscience 17-6988-80
SINGLEC-H PE Invitrogen 12-0333-82
T-bet PE-Cy7 Invitrogen 25-5825-82
T-bet PE eBioscience 12-5825-80
TIM3 PE eBioscience 12-5870-82
TNFa ef450 Invitrogen 48-7321-82
HLA A-C PE Invitrogen 12-9983-42
HLA DR APC Invitrogen 17-9956-42
PD-L1 APC Invitrogen 17-5983-42

Anti-mouse

Anti-human
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Supplementary Table 5: List of used primers 
Name Forward Reverse
HTR1A GACAGGCGGCAACGATACT CCAAGGAGCCGATGAGATAGTT
HTR1B CGCCGACGGCTACATTTAC TAGCTTCCGGGTCCGATACA
HTR1D ATCACCGATGCCCTGGAGTA GCCAGAAGAGTGGAGGGATG
HTR1F ACACGTACAACAGATGATGTCG ATCAACTCCCTCGTGATCGC
HTR2A TAATGCAATTAGGTGACGACTCG GCAGGAGAGGTTGGTTCTGTTT
HTR2B CCGCGAGTATCAGGAGAGC GAACAAAGCACAACTTCTGAGC
HTR2C CTAATTGGCCTATTGGTTTGGCA CGGGAATTGAAACAAGCGTCC
HTR4 CAGCAGGTTGCCCAAGATG AGTTCCAACGAGGGTTTCAGG
HTR5A CACTCGGAAAGCTGAGAGAAAA ATGGATCTGCCTGTAAACTTGAC
HTR6 CATCAGGTCCGACGTGAAGAG GCTGTGCGTGGTCATCGTA
HTR7 CCGACCTCTACGGCCATCT TCTCGACTCTGCCATAGTTGAT
TAP1 GGACTTGCCTTGTTCCGAGAG GCTGCCACATAACTGATAGCGA
TAP2 CTGGCGGACATGGCTTTACTT CTCCCACTTTTAGCAGTCCCC
TAPBP GGCCTGTCTAAGAAACCTGCC CCACCTTGAAGTATAGCTTTGGG
GAPDH TGCACCACCAACTGCTTAG GGATGCAGGGATGATGTTC
ActB GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT
H-2Db ACCCAGGACATGGAGCTTGT GCTCCAAGGACACCCAGAAC
H-2Kb TTGAATGGGGAGGAGCTGAT GCCATGTTGGAGACAGTGGA
B2m TaqMan Ref Mm00437762_m1
Ifna1 TaqMan Ref Mm03030145_gH 
Ifnb1 TaqMan Ref Mm00439552_m1
Ifng TaqMan Ref Mm99999071_m1
ActB TaqMan Ref Mm00607939_s1
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3.3. PUBLICATION 3: Deep transfer learning approach for automated cell 
death classification reveals novel ferroptosis-inducing agents in subsets of B-
ALL. 
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Abstract 

Ferroptosis is a recently described type of regulated necrotic cell death whose induction has 

anti-cancer therapeutic potential, especially in hematological malignancies although efforts to 

uncover novel ferroptosis-inducing therapeutics have so far been largely unsuccessful. In the 

current investigation, we classified brightfield microscopy images of tumor cells undergoing 

defined modes of cell death using deep transfer learning (DTL). The trained DTL network was 

subsequently combined with high-throughput pharmacological screening approaches using 

automated live cell imaging to identify novel ferroptosis-inducing functions of the polo-like 

kinase Inhibitor volasertib. Validation indicated that subsets of B-cell acute lymphoblastic 

leukemia (B-ALL) cell lines, namely 697, NALM6, HAL01, REH and primary patient B-ALL 

samples were sensitive to ferroptosis induction by volasertib and accompanied by an 

upregulation of ferroptosis-related genes post-volasertib treatment. Importantly, using a 

syngeneic leukemia model, we determined that volasertib induced ferroptosis in vivo and 

upregulated the ferroptosis mediator Acyl-CoA synthetase long-chain family member 4 

(ACSL4). Taken together, we have applied DTL to automated live-cell imaging in 

pharmacological screening to identify novel ferroptosis-inducing functions of a clinically 

relevant anticancer therapeutic.  
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Introduction 

  Cell death is central to homeostatic physiological processes and its dysregulation is 

linked to several human diseases. The ability to effectively assess cell death is crucial to many 

assays used in drug development, particularly for the purpose of uncovering novel anti-cancer 

therapies. There exists a wide plethora of assays scoring cell death parameters and this is 

accompanied by increasingly specific and novel classifications(202). Amongst the most 

expansively-characterized and to some extent interconnected modes of regulated cell death 

(RCD) that rely on a specific molecular machinery are apoptosis, necroptosis, ferroptosis and 

autophagy. Both intrinsic and extrinsic apoptotic stimuli eventually converge on the executioner 

protease caspase 3 (CASP3)(203-206) but otherwise follow different biochemical and 

molecular upstream sequence of events. Following perturbations such as endoplasmic 

reticulum stress, intrinsic apoptosis is driven by mitochondrial outer membrane 

permeabilization (MOMP)(202) mediated by members of the BCL2 apoptosis regulator (BCL2) 

protein family(207). Extrinsic apoptosis is triggered by binding of ligands (ie. FAS ligand or 

TRAIL) to death receptors such as those of the TNF receptor superfamily members and 

downstream caspase-8 activation(208) following its binding to the adapter Fas associated via 

death domain (FADD) at the death-inducing signalling complex (DISC)(209, 210). Necroptosis, 

at the molecular level is dependent on RIPK1 and/or 3 activation and mixed lineage kinase 

domain like pseudokinase (MLKL) following engagement of death receptors or toll-like 

receptors (TLR)(211, 212). Ferroptosis is caspase-independent(213) and occurs as a result of 

excess accumulation of iron-dependent lipid reactive oxygen species (lipid ROS) and ensuing 

lipid peroxidation controlled by the glutathione (GSH)-dependent enzyme glutathione 

peroxidase 4 (GPX4)(214). Autophagy is a cellular degradation pathway that clears damaged 

proteins and organelles. Autophagy does not directly cause cell death, rather RCD might occur 

when autophagy is blocked as autophagic responses mediate adaptive stress responses and 

are often cytoprotective. Perturbations that block or stimulate autophagy have an impact on 

RCD especially in pathophysiological settings(215). Notably, various modes of regulated cell 

death differ in their capacity to elicit an inflammatory response which will ultimately impact their 
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therapeutic efficacy. While the cell death types described above are thought to be an important 

feature of tissue homeostasis, manipulating these modes of cell death in tumor cells where 

RCD is dysregulated, will likely have therapeutic implication for tumor clearance as well as 

immune system stimulation.  

The number of assays evaluating cell death is vast and based on several different 

technique modalities(216, 217). Microscopic (fluorescent cyto/histo chemistry, electron, light), 

fluorescence activated cell sorting (FACS)-based, luminometric, immunoblotting, 

spectrophotometric (calorimetry/fluorescence reader based mainly metabolic assays) methods 

are available with varying degrees of discernibility for the different modes of cell death. 

Recently, the application of artificial intelligence (machine and deep learning inclusive) has 

expanded into the medical field. In radiology, for instance, CT, MRI and X-Rays images are 

analyzed using deep learning approaches to segment brain tumors (218, 219) or to identify 

pneumonia in chest X-rays(220). An automated deep learning method was used to 

quantitatively evaluate lung burden changes in patients with coronavirus disease using serial 

CT scans(221). An image-based environment for capturing, managing, and interpreting 

pathological information is emerging(222-226).  In experimental models, deep learning was 

able to predict cell death after one hour of exposure to camptothecin(227).  Others have 

developed an algorithm to predict neuronal cell death using a robotic microscopy pipeline(228). 

We have recently implemented a fast deep learning-based method for classification of patched 

brightfield images of SARS-CoV-2 infected Vero cells(229). Here we apply this methodology 

and trained a neuronal network to classify several modes of cell deaths using brightfield 

microscopy images. Following validation of our neural network, we applied this methodology 

to a drug screening platform to identify novel death-inducing functions of several drugs which 

we validated in additional tumor types. Specifically, we found that the polo-like kinase inhibitor 

volasertib induced ferroptosis in subsets of B-cell acute lymphoblastic leukemia (B-ALL) cell 

lines, primary patient samples and in an in vivo model of leukemia.    
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Results  

Several modes of cell death are induced in L929 cells. To have a cellular system capable 

of undergoing multiple forms of cell death, we made use of the mammalian adherent L929 cell 

line derived from murine subcutaneous areolar and adipose tissue(230).  Firstly, we treated 

L929 cells with staurosporine, a phospholipid/calcium-dependent protein kinase inhibitor and 

common inducer of caspase dependent and independent apoptosis(231) in L929 cells(232). 

As expected, there was a robust induction of apoptosis as ascertained by Annexin V staining 

(Annexin V+/7AAD- population, early apoptosis + Annexin V+/7AAD+ population, late apoptosis) 

24 hours post-treatment (Figure 1A).  Next, when we treated L929 cells with the GPX4 inhibitor 

RSL3, a known inducer of ferroptotic cell death, we observed an increase in cell death which 

was entirely reversible by the addition of the ferroptosis inhibitor ferrostatin-1 (Fer-1)(233) 

(Figure 1B). We corroborated the induction of ferroptosis and its reversibility in L929 cells by 

also measuring lipid ROS accumulation using BODIPY C11 staining (Figure 1C)(233, 234). 

Next, we treated L929 cells with TNF- and the pan-caspase inhibitor zVAD to induce 

necroptosis. Indeed, we observed the induction of cell death which was reversed by the 

addition of Necrostatin-1s (Nec-1s), a RIP1 kinase inhibitor and necroptosis blocker (Figure 

1D). Furthermore, we also induced autophagy using the mTORC1/2 inhibitor Torin1 and 

confirmed this through LC3 increases using immunofluorescence (Figure 1E). In our study, we 

aimed to create a rapid system for cell death classification using morphological differences. 

Apoptosis is characterized with caspase-dependent cytoskeleton reorganization, which leads 

to membrane blebbing and finally membrane vesicle generation, called apoptotic bodies(235, 

236). Characteristic apoptotic body accumulation was visible in L929 cells induced by 

staurosporine (Figure 1F). A critical step during ferroptosis execution depends on lipid ROS 

accumulation that specifically leads to membrane lipid peroxidation(237). Induction of 

ferroptosis results in damaged membrane integrity likely due to sterical causes within 

peroxidized polyunsaturated fatty acid (PUFA) tails and cell “ballooning”(238). This was indeed 

observed upon RSL3 treatment (Figure 1F).  TNF-α-induced necroptosis through RIP kinase 

1 and 3 interaction consequently leads to MLKL phosphorylation and its oligomerization, 
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creating a cell membrane pores(239). Additionally, MLKL complex in cell membrane mediates 

recruitment of Na+ and Ca2+ ion channels(239). Changes in a cell membrane composition, but 

also cytoskeletal integration leads to cell membrane blebbing, without apoptotic body 

formation, and finally cell membrane rupture(240) (Figure 1F). Although ferroptosis and 

necroptosis finally converge on the necrotic morphotype(202), the neural network will likely be 

able to discern distinguishing subtle and early occurring morphological changes. Autophagy, 

on the other hand, is a primarily cytoprotective process induced under stress or starvation 

conditions, however prolonged and pharmacologically activated can lead to cell death(241). 

Morphologically, autophagy is characterized with cytoplasmic accumulation of double 

membrane vesicles, autophagosomes, complexes that deliver cellular components to 

lysosome(241, 242). Also in case of autophagy induction upon the treatment with Torin 1, L929 

cells became spindle-shaped with visible vacuoles accumulated in cells, distinct from healthy 

cells morphotype (Figure 1F).  



109 
 

 

Figure 1. Different modes of cell death can be induced in L929 cells. (A,B) L929 cells were analyzed 
for 7AAD and/or Annexin V (A) positivity using FACS analysis after 8 or 24 hour treatment with (A) 
staurosporine (n = 4), (B) RSL3 and Fer1 (n = 4). (C) L929 cells were treated as indicated with the same 
concentrations as in A,B,D, stained with BODIPY C11 and FACS analyzed in the FITC channel for 
ferroptosis induction (n = 4, representative histogram shown). (D) L929 cells were analyzed for 7AAD 
and Annexin V positive cells using FACS after 8 and 24 hour treatment with zVAD, TNFα and Nec-1s 
(n = 4),. (E,Left panel) L929 cells were treated with Torin1 for 8 or 24 hours and evaluated for LC3 and 
DAPI staining using immunofluorescence (Representative image of n of 4 is shown). LC3 fluorescent 
signal was quantified in the right panel (F) Representative brightfield images of L929 cells after 8 hour 
treatment with staurosporine for apoptosis induction, RSL3 for ferroptosis induction, zVAD and TNF 
for necroptosis induction and Torin1 for autophagy induction are shown (Representative image of n of 
3 are shown). In every experiment the following concentrations were used: staurosporine (1 µM), zVAD 
(40 µM), TNFα (40 ng/ml), RSL3 (1 µM), Torin1 (5 µM), Nec-1s (10 µM) and Fer1 (5 µM). Error bars in 
all experiments indicate SEM; *P < 0.05 as determined by a Student´s t-test (unpaired,  
2-tailed) or a 1-way ANOVA with a Dunnett’s post-hoc test. 
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Retraining of a convolutional neural network predicts different models of cell death for 

brightfield images. Next, we set up the Incucyte® Live-Cell Analysis imagining system 

microscope to acquire brightfield images of L929 cells taken every hour following treatment 

with the apoptosis, ferroptosis, necroptosis and autophagy inducers. One picture of each well 

of a 384 well plate was taken every hour for 24 hours (Figure 2A) and this was repeated three 

independent times. In order to discern subtle morphological changes before any convergence 

on common morphotypes and before measurable cell death using biochemical, and/or other 

microscopic methods, the 8 hour time point was selected to train the Resnet50 neural network 

(223, 243). Accordingly, to retrain ‘Resnet50′ to distinguish ferroptosis, apoptosis, necroptosis 

and autophagy from each other and healthy L929 cells, larger images (1408 x 1040) from the 

first two independent experiments were dissected into the required input image size (224 × 

224) for ‘Resnet50′ using Adam as the optimizer (Figure 2B). The third experiment was used 

for independent evaluation. In total, 108 images of each condition (healthy, apoptotic, 

ferroptotic, autophagic and necroptotic cells) were split into 64 images for training, 22 for 

validation and 22 for testing. The network could accurately predict all modes of cell death with 

almost 100% accuracy for the 8 hour time point (Figure 2C, D). An f1 score of 1.00 for apoptosis 

ferroptosis and necroptosis was achieved and 0.97 and 099 for autophagy and healthy cells 

respectively (Table 1). The network could predict the mode of cell death for the duration of the 

24 hours for apoptosis and autophagy but at the later time points (past 14 hours) ferroptosis 

was classified as necroptosis which is expected as they eventually converge on the necrotic 

morphotype(202) (Supplementary Figure 1A). Taken together, we have successfully applied a 

neural network to train bright field images to identify four different modes of cell death.     
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Figure 2. Deep transfer learning is used for automated recognition of different types of 
cell death. (A) Schematic representations of the workflow in training / fine-tunning CNN and 
drug screening and (B) CNN architecture and example of image classification are shown. (C) 
Deep learning images classification from L929 cells induced with the corresponding type of 
cell death stimuli during a 24 hour time course are shown. (D)  Confusion matrix of cell death 
modes predicted by DTL ResNet50 versus final categorization by a biologist is shown.  
The y-axis represents the evaluated labels and the x-axis the predicted labels of cell death. 
The color gradient indicates the number of images.   



112 
 

Retraining of a convolutional neural network can be applied to a high throughput 

screen. L929 cells were screened using a library of clinically active chemotherapeutic and 

targeted-therapy anti-leukemia drugs at a wide concentration range (5nM - 25µM)(244). Again, 

images were acquired every hour and fed into the convolutional neural network (CNN). As 

most of the drugs constituting the library have been in the clinic for years, their mode of action 

can be classically attributed to inducing apoptotic or anti-proliferative effects. As expected, 

many of these drugs were identified by the CNN as pro-apoptotic or having no effects in L929 

cells (Table 2). Bortezomib is clinically effective in treatment of T-cell acute lymphoblastic 

leukemia and lymphoma(245) and has mainly been reported to induce apoptosis in leukemia 

and solid tumor cell lines(246). Indeed, bortezomib-inducing modes cell death include 

immunogenic cell death(247), necroptosis as a single agent(248, 249) and in combination with 

toll-like receptor (TLR). Strikingly, this capacity of bortezomib to also induce necroptosis under 

certain contexts was corroborated by our deep learning approach and screening strategy 

(Figure 3). In addition, the known autophagy inducer 6-Thioguanine(250) was successfully 

identified by our screening approach and interestingly, the HSP90 inhibitor PUH71 also 

induced autophagy in L929 cells. Moreover, known apoptosis inducing FLT3 inhibitors 

(midostaurin, lestaurib), AT9283 (Aurora Kinase) and others were correctly classified (Figure 

3 and Table 2) altogether verifying the validity of our novel screening approach. Interestingly, 

several novel ferroptosis-inducing activities were identified amongst the molecules screened 

(Figure 3 and Table 2). Notably, this includes volasertib, designed to function as a polo-like 

kinase (PLK) inhibitor with a high potency against mitosis-controlling PLK1, PLK2 and PLK3 

(122). Inhibition of PLK with volasertib has been shown to induce mitotic arrest, inhibit 

proliferation and induce apoptosis(122, 251). The only report, to our knowledge, connecting 

volasertib with ferroptosis is a bioinformatics study in which primary breast cancer expression 

data with a ferroptosis-related gene signature was predicted to be responsive to volasertib 

treatment(252). Therefore, we decided to further validate the ferroptosis-inducing functions of 

volasertib.  
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Figure 3. Deep transfer learning combined with drug screen successfully classifies 4 
different modes of cell death. Brightfield images were acquired of L929 cells treated with 
increasing concentrations of drugs from a library of 84 compounds. Images were classified 
using the DLT learning program to identify different modes of cell death. Several examples of 
drugs and their classification at the 8-hour time-point are shown with the accompanying 
representative brightfield image.  

 

 

Subsets of precursor B-cell lymphoblastic leukemia (B-ALL) are sensitive to RSL3 and 

volasertib-mediated ferroptosis. It has been suggested that cells that are resistant to other 

forms of cell death may be sensitive to ferroptosis(253). Furthermore, the link between 

ferroptosis induction and sensitization to immunotherapies is an exciting approach to uncover 

novel tumor vulnerabilities(254, 255). Notably, some hematological malignancies including 

leukemias have been suggested to be ferroptosis-sensitive in part due to an elevated steady-

state oxidative stress potential (256, 257). To understand if ferroptosis might impact leukemia 

patient survival we mined data from the large gene expression collection of leukemia patient 

database (MILE study)(258)  for patients’ survival according to an expression of genes known 

to be involved in ferroptosis. Lower expression of major ferroptosis protective genes namely 

GPX4, FTH1 and SLC7A11 correlated with significantly better survival (Figure 4A). Although 

the functional consequences of this stratification are not clear in the context of actual 

ferroptosis induction, we reasoned that decreased GPX4, FTH1 and SLC7A11 levels might 

facilitate ferroptosis induction in leukemia cells. We therefore firstly assessed whether cell 
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death was induced in leukemia cells following treatment with a known-ferroptosis inducer and 

GPX4 inhibitor RSL3(259) in parallel to volasertib. We observed that some B-ALL subtypes 

namely 697 (TCF3::PBX1+), NALM6 (DUX4-rearanged), SUPB15 (BCR::ABL1+), HAL01 

(TCF3::HLF+) and the ETV6::RUNX1 positive REH’s presented with significantly reduced 

viability after RSL3 and volasertib treatment (Figure 4B). To further validate whether volasertib 

and RSL3 induced ferroptosis, we quantified lipid ROS accumulation using BODIPY C11 post-

treatment(234). Both RSL3 and volasertib were able to significantly induce lipid ROS 

accumulation in several subtypes of B-ALL including 697, NALM6, HAL01, SUPB15 and REH. 

Importantly, lipid ROS accumulation was specifically reversed upon co-treatment with Fer-1, a 

lipophilic radical scavenger and inhibitor of ferroptosis(213) (Figure 4C). Strikingly, treatment 

of NSG mice-transplanted primary patient B-ALL (primary B-ALL) but not healthy CD19+ cells 

purified from the blood of healthy donors resulted in significant BODIPY C11 accumulation 

following volasertib treatment (Figure 4D).  

Next, we wondered how the ability to induce ferroptosis translates into anti-cancer drug 

sensitivity in the context of a therapeutic index. We used a navigable drug sensitivity profile 

tool recently provided by the interactive online Functional Omics Resource of ALL 

(FORALL)(260) which includes both RSL3 and volasertib in its drug repertoire. FORALL 

assigns a selective drug sensitivity score (sDSS, using the CellTiter Glo cell viability assay) 

against 43 leukemia cells lines (25 BCP-ALL, 16 T-ALL, and 2 B-ALL) by normalizing to the 

response of normal bone marrow, a high sDSS thereby implying a high therapeutic index with 

low toxicity in healthy cells. The top twenty sDSS scores were plotted for each cell line (Figure 

4E). Only B-ALL cell lines has a discernible RSL3 sDSS score including the REH, HAL01 and 

NALM6 cells that we uncovered as being sensitive to ferroptosis induction using our deep-

learning screening approach (Figure 4E). Many hematological malignancies are exquisitely 

sensitive to the anti-proliferative/pro-apoptotic functions of volasertib(261-263) and this is 

reflected in the high sDSS scores for the drug across B/T-ALL cell lines. Sensitivity to volasertib 

does not necessarily correlate to ferroptosis induction and it is clear that volasertib selectively 

induces ferroptosis in specific B-ALL cell lines and primary leukemia patient samples.  
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Figure 4. B-ALL cells are sensitive to ferroptosis induction. (A) Kaplan–Meier survival curves for 
patients with leukemia (n = 173, from the TCGA LAML cohort) were stratified according to GPX4, FTH1 
and SLC7A11 transcript expression. (B) Cell death was measured by evaluating the percentage of DAPI 
positive cells using FACS after 72 hours treatment with 1 µM RSL3 or 6 µM volasertib (n = 4-8). (C) 
Ferroptosis induction in several human B-ALL cell lines and (D) primary patient samples was assessed 
by measuring BODIPY C11 green fluorescent influx following treatment with RSL3 (1 µM) or volasertib 
(6 µM) alone and in combination with Fer1 (5 µM) for 24 hours (n = 3-9). Primary patient samples were 
stratified as ferroptosis sensitive (S B-ALL) and ferroptosis insensitive (IS B-ALL). (E) Top 20 cell line 
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selective drug sensitivity (sDSS) RSL3 and volasertib scores from the online FORALL resource are 
shown. Error bars in all experiments indicate SEM; *P < 0.05 as determined by a Student´s t-test 
(unpaired, 2-tailed) or a 1-way ANOVA with a Dunnett’s post-hoc test. 

 

Volasertib induces a ferroptosis gene signature in B-ALL. In contrast to other types of 

regulated cell death, the currently known molecular machinery for ferroptosis hinges upon the 

collapse of the lipid ROS-specific antioxidant defenses. Mechanisms involved in ferroptosis 

are dependent on the interplay between the antioxidant pathway, control of cellular iron levels 

and metabolism of lipids(194, 198). The antioxidant pathway depends on the cysteine 

transporter SLC7A11 and glutathione peroxidase 4 (GPX4)(264). A main source of ROS during 

ferroptosis is through iron catalyzed in the Fenton reaction and to counteract this cells regulate 

levels of free iron by upregulating iron chelating ferritin (FTH1)(264, 265). A distinct hallmark 

of ferroptosis is increased peroxidation of membrane phospholipids(266) where acyl-CoA 

synthetase long-chain family member 4 (ACSL4) plays a crucial role through the incorporation 

of polyunsaturated fatty acids (PUFAs) into membrane lipids(196). Increased transcript levels 

of prostaglandin-endoperoxide synthase 2 (PTGS2) is also characteristic of ferroptosis 

marker(266). We, therefore, analyzed changes in cell lines and patient-derived B-ALL samples 

24 hours post volasertib treatment. We observed an upregulation of antioxidant pathway genes 

NFE2L2, AIFM2, ACSL4 and GPX4 which was the most pronounced in the NALM6, 697 and 

REH’s (Figure 5A).  Similar to other studies(267), we also noticed increased mRNA levels of 

ferritin (FTH1) suggesting an accumulation of iron. To test this, we stained cells with 

FerroOrange, a dye that labels ferrous (Fe2+) ions serving as a substrate for the ROS-

producing Fenton reaction. Indeed, 24 hours post volasertib treatment, there was a robust 

accumulation of iron ions in B-ALL cell lines suggesting induction of ferroptosis (Figure 5B). 

Volasertib treatment downregulated expression of SLC7A11 (Figure 5A) suggesting lower 

levels of cellular glutathione (GSH), a main antioxidant and a substrate of GPX4, that can 

sensitize cells for ferroptosis(268). When we supplemented volasertib treated cells with GSH, 

we observed a reversal of lipid peroxidation in NALM6 and SUPB15 cells (Figure 5C), but also 

increased viability (Figure 5D). Interestingly, when we re-analyzed available online 
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(GSE103068) RNA sequencing data of a volasertib-treated human AML cell line MV-4-

11B(269), there was an activation of synthesis and metabolism of ROS (Supplementary Figure 

2A). Furthermore, as confirmed by our results in B-ALL cells, when ferroptosis related genes 

were identified on a volcano plot, it was evident that volasertib induced expression of NFE2L2, 

GPX4 and ABCC1 (Supplementary Figure 2B). Furthermore, when we evaluated ferroptosis 

gene related changes in primary patient samples, the samples termed ferroptosis-sensitive 

according to their BODIPY C11 accumulation (Figure 4D) responded to volasertib treatment 

by significantly upregulating CHAC1, NFE2L2, SLC7A11 and NFS1 (Figure 5E). Taken 

together, we demonstrate that volasertib treatment induced the accumulation of ROS, iron ions 

and upregulated antioxidant pathway across leukemia cell lines and volasertib-responsive 

patient-derived B-ALL samples.  
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Figure 5. Sensitive B-ALL cells upregulate ferroptosis related genes post volasertib treatment 
(A, E)  Heat maps representing fold change of ferroptosis-related genes expression after 24 hours of 
treatment with 6 µM volasertib relative to untreated (B) B-ALL cell lines and (E) primary patient samples 
are shown (n = 4-8). (B, left panel) B-ALL cells were treated with 6 µM volasertib for 24 hours and levels 
of Fe2+ were measured using FerroOrange dye by FACS. Relative levels, compared to untreated cells 
are shown (n = 4-6). Representative shift of the signal is illustrated using the histogram on the right pane 
(Representative histogram of n of 4-6 is shown). (C,D) B-ALL cells, treated with 6 µM volasertib with 
supplementation of 5 mM GSH, were FACS-analyzed  after 24 hours for lipid peroxidation using BODIPY 
C11 in C (n = 3-5) or analyzed after 72 hours for DAPI positive cells in D (n = 4). Error bars in all 
experiments indicate SEM; *P < 0.05 as determined by a Student´s t-test (unpaired, 2-tailed). 
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Volasertib induces ferroptosis in vivo. Next, we wondered about the effects of volasertib in 

a syngeneic leukemia immuno-competent in vivo model. We utilized the C1498 murine 

leukemia cell line engineered to express GFP and luciferase (C1498-GFP-luc)(270, 271). First, 

we confirmed ferroptosis induction by assessing ROS dependent lipid peroxidation using 

BODIPY C11. C1498 cells had a significantly increased level of BODIPY C11 upon RSL3 and 

volasertib treatment, which was reversed by pre-treatment with Fer1 (Figure 6A). Additionally, 

viability was decreased with RSL3 and volasertib treatment (Figure 6B), suggesting induction 

of ferroptosis. Similar to human B-ALL we noticed iron accumulation in C1498 upon volasertib 

treatment (Figure 6C). Next, we inoculated C57BL/6J mice with C1498-GFP-luc, and, after 7 

days, we randomized mice and treated them with 20 mg/kg volasertib or vehicle on day 7, 9, 

11 and 13, as previously described (251),(261). The Kaplan-Meier curve shows prolonged 

survival of volasertib treated mice (Figure 6D).  

Next, we addressed whether volasertib induces similar changes in gene expression in 

vivo as observed in in the ferroptosis-sensitive BCP-ALL cells in vitro. Previous studies have 

shown that T cell-derived interferon gamma (IFNγ) can promote ferroptosis in vivo(254). To 

exclude any potential confounding effects of immune infiltrating cells, we inoculated the 

immunocompromised NSG mice with C1498-GFP-luc cells. After 10 days, mice were IVIS 

scanned for tumor engraftment, randomized and treated with volasertib (Figure 6E). To further 

eliminate confounding effects of differing tumor sizes, we chose a time point where there were 

no differences in tumor burden (Supplementary Figure 3). We sacrificed mice and isolated 

GFP positive cells from engrafted organs, stained for 1 hour with BODIPY C11 and analyzed 

level of peroxided lipids. To account for constitutive GFP expression and baseline level of 

fluorescence, we included a BODIPY C11-unstained group. Only C1498-GFP-luc cells isolated 

from volasertib treated mice had elevated BODIPY C11, suggesting ongoing ferroptosis with 

increased level of ROS and membrane lipid peroxidation (Figure 6F). Additionally, C1498-

GFP-luc cells isolated from volasertib treated mice had increased AIFM2 and ACSL4 

expression (Figure 6G) suggesting compensatory mechanism during induced ferroptosis 

similar to the in vitro system. Taken together, we demonstrated that volasertib induced 
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ferroptosis in murine leukemic C1498 cells in vivo, in vitro and also prolongs survival in C1498 

inoculated mice.  
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Figure 6. Volasertib induces ferroptosis and increases ACSL4 expression in vivo. (A) Lipids 
peroxidation was measured with BODIPY C11 in C1498 cells following treatment volasertib (6 µM) or 
RSL3 (1µM) with or without fer-1 (5 µM) for 24 hours (n = 5). (B) Viability of C1498 cells was measured 
by FACS and analyzed for the percentage of DAPI positive cells after 72 hours of treatment with 
volasertib (6 µM) or RSL3 (1 µM, n = 8). (C) Level of Fe2+ in C1498 cells after 24 hours treatment with 
6 µM volasertib was measured by staining with FerroOrange dye and assessed using FACS (n = 6). (D) 
C57BL/6J mice were intravenously inoculated with 500,000 C1498-luc-GFP cells. After 7 days, mice 
were randomized by luminescent signal as assessed by IVIS and treated with 20 mg/kg volasertib or 
vehicle on day 7, 9, 11 and 13 post-inoculation. Survival was monitored (n = 8). (E-G) Schematic 
representation of the treatment and endpoint regimen is shown in E. NSG mice were inoculated 
intravenously with 500,000 C1498-luc-GFP cells. Mice were randomized and treated with 20 mg/kg 
volasertib or vehicle on the indicated days. (F) Leukemia-engrafted spleens of volasertib or vehicle 
treated mice were stained with BODIPY C11 (n = 6). (G) Expression of genes related to ferroptosis from 
leukemia-engrafted spleens of volasertib or vehicle treated mice is shown (n = 6). Error bars in all 
experiments indicate SEM; *P < 0.05 as determined by a Student´s t-test (unpaired, 2-tailed) or a 1-way 
ANOVA with a Dunnett’s post-hoc test. For the Kaplan–Meier survival curve, the log-rank test was used. 
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Discussion 

Artificial intelligence-based deep learning approaches have become indispensable in 

various applications used to for example classify organisms into specific taxa(272) or in 

medical imaging (273) (274). In case of pre-clinical research in the field of drug development, 

there is a need for rapid automated prediction of cell death, especially with the discovery of 

new modes of cell death. While others have used digital holographic microscopy to classify 

apoptosis and necroptosis(275), we created a pipeline that can be rapidly implemented, uses 

easily accessible brightfield images and can differentiate not only between apoptosis and 

necroptosis, but also autophagy and ferroptosis. Ferroptosis-induction is increasingly 

recognized as being a vulnerability in many types of cancers and its induction was recently 

demonstrated to circumvent drug resistance to apoptosis(198),(276). Ferroptosis induction has 

been shown to be subtype and mutation specific(234, 277). Studies have reported a 

connection between RAS mutations and sensitivity to ferroptosis induction, which led to the 

discovery of RSL3 (RAS-selective lethal 3) compound(259). More recent literature supports a 

concept wherein RAS mutations render cells more resistant to ferroptosis via activation of 

NRF2 and ensuing FSP1 upregulation(278). It was observed that cancers carrying the NRAS 

mutation differ in their Peroxisomal Biogenesis Factor 1 (PEX1) expression(279) that was 

reported to be crucial for generation of lipids with polyunsaturated acids making them sensitive 

to oxidation(280). The 697, Nalm6 and Hal01 BCP-ALL cells also carry NRAS mutation and 

whether this property makes them sensitive to ferroptosis induction remains to be further 

explored. Others have shown that low levels of FSP1 also determine B-ALL sensitivity and 

upregulation of ferritin represents the major compensatory mechanism for ferroptosis-induction 

in leukemia(256). Taken together, ferroptosis-induction is increasingly recognized as being a 

tumor vulnerability in hematological malignancies, particularly leukemia.    

Interestingly, evidence of apoptosis induction following volasertib treatment has 

generally been limited to flow cytometric annexin V/PI cell assays which do not necessarily 

preclude ferroptosis induction(251, 269, 281, 282). Thus, it is not clear if volasertib-induced 
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apoptosis requires alternative cancer-type specific classifications as was recently 

demonstrated for sorafenib, which was found to induce ferroptosis and not apoptosis in some 

cancers(267, 283, 284). Correct classification of cell death is especially important when it 

comes to immune activation, since ferroptosis, necroptosis and pyroptosis are considered 

immunogenic forms of cell death(285) known to induce “eat me” signals on their surface and 

release high levels of antigens and DAMPs(286). In our system, increased expression of 

ACSL4 in vitro and in vivo is particularly important as others have recently shown that elevated 

ACSL4 modulates cancer cell membrane lipid composition in vivo and makes them susceptible 

to T cell-derived IFNγ induced ferroptosis(254) . Taken together, ferroptosis induction has 

clinical implications especially in the context of immunotherapeutic combinatorial approaches 

(287).  

 Although RSL3 is very effective at inducing ferroptosis in vitro, its general toxicity(214) 

and poor pharmacokinetic precludes it from being utilized as a clinical compound. To 

potentially identify ferroptosis inducers which meet clinical criteria we specifically chose a 

clinically relevant small molecular library for the screen. PLK is overexpressed in many cancers 

and especially leukemia(288, 289), creating a therapeutic vulnerability. As such, volasertib 

entered phase II clinical trials for elderly patients with relapsed or refractory AML as a 

monotherapy or in combination with cytarabine resulting in increased complete response and 

prolonged survival(290, 291). However, as this was not recapitulated in subsequent phase III 

clinical trials in chemotherapy-naive patients (292), it appears that responders are composed 

of  relapsed or refractory patients as evidenced by currently open new phase II clinical trials 

designed at identifying further biomarkers of efficacy(293). Notably, another PLK inhibitor used 

in our screen, BI2536 also induced ferroptosis (Table 2), suggesting connection between polo 

like kinase and ferroptosis pathway. This should be further explored, taking in consideration 

recent study on cell cycle arrest sensitizing cancer cells to ferroptosis(294) and PLK properties 

in cell cycle.    
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In our study, we observed an upregulation of ferroptosis-related genes in B-ALL cell 

lines and the ferroptosis-sensitive primary B-ALL patient samples upon volasertib treatment. 

Several studies have also observed such changes(267),(295). The upregulation of antioxidant 

pathway upon ferroptosis-induction may represent a compensatory mechanism that cells 

employ to counteract the effects of ferroptosis and this may have potential clinical implications 

in deriving a ferroptosis-responsive expression signature and identify predictors of response 

sensitivity. It’s conceivable that cancer cells with dysregulated oxidative pathways are 

ferroptosis insensitive. Importantly, ferroptosis inducing agents are associated with 

overcoming chemoresistance as recent studies suggest that cancer cells resistant to typical 

apoptosis inducing molecules are highly dependent on GPX4(198, 253), which could also 

potentially explain the successful outcome of volasertib in phase II of clinical trial on relapsed 

or refractory AML, but not on therapy-naive patients.  
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Material and methods 

Deep learning  

For Comparison and Evaluation of our models we used the following five metrics, we show 

the metrics for the binary case. 

The scores of the metrics are in the Interval [0, 1] and so greater the score so better. 

𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 =
𝑇𝑃

𝑇𝑃 + 𝐹𝑃
 

𝑅𝑒𝑐𝑎𝑙𝑙 =
𝑇𝑃

𝑇𝑃 + 𝐹𝑁
 

𝐹1 − 𝑆𝑐𝑜𝑟𝑒 =
2𝑇𝑃

2𝑇𝑃 + 𝐹𝑃 + 𝐹𝑁
 

𝐽𝑎𝑐𝑐𝑎𝑟𝑑 − 𝑆𝑐𝑜𝑟𝑒 =
𝑇𝑃

𝑇𝑃 + 𝐹𝑃 + 𝐹𝑁
 

𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =
𝑇𝑃 + 𝑇𝑁

𝑇𝑃 + 𝐹𝑃 + 𝑇𝑁 + 𝐹𝑁
 

 

For the multiclass (not-binary) case the positive is the target class and the other classes are 

the negative class. With this definition, we get separate true positive (TP), false positive (FP), 

true negative (TN), false negative (FN) for each class and therefore separate metrics.  

 

Classification score vector 

We defined classification score vector that sums up the classification labels of each patch of 

an image and point the perceptual portion of this class from the image. 

𝑐: = (𝑐1, … , 𝑐𝑖 , … , 𝑐𝑁), 

where i ∈ 1, …, N and N is the number of classes. 
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With the definition   

𝑝:= (𝑝1, … , 𝑝𝑗 , … , 𝑝𝑀), 

where j ∈ 1,… ,M and M is the number of patches for this image. 

Then we defined            

 𝑐𝑖: =
∑ 1𝑓(𝑝𝑖=𝑐𝑖}
𝑀
𝑖=1

∑ 1𝑀
𝑖=1

, 

where f is the prediction function of the neural network. The dominator guarantees that the 

sum of the vector entries is equal to one.  

Architecture. We used a deep transfer learning approach for our architecture (296) and chose 

to fine-tune (num_train_layers=3) the convolutional  neural network Resnet50 (243) and 

adapted it for our experiments. To fit the single color channel images (224,224,1) into the input 

format (three color channel (224,224,3)) of the ResNet50, we stack the same image three 

times. We used a square image patch size of 224 pixels.  

Training. We trained the network with the batch size of 100 and 50 epochs, Early Stopping of 

25 on the images of the samples from the data set (ntrain = 1024 patches for each class) using 

the expert annotations data set as ground truth. The predicted probability for each image patch 

to contain each of the labels ('apo', 'aut', 'fer', 'hea', 'nec') was used as the objective/loss 

function (Cross Entropy Loss) in the training.  We used Adam as the optimizer for this deep 

transfer learning approach and initial learning rate of 0.0001 and a decrease it by 5% each five 

epochs. Training and validation was performed on a Nvidia A100 of the high performance 

cluster (HPC, Hilbert) of the HHU, and on Quadro T2000 with Max-Q Design (Nvidia Corp., 

Santa Clara, CA, USA), depending on the computational power needed. 
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Evaluation. Evaluation was carried out by applying the previously trained model to the 

remaining, previously unseen data set (nval = 352, ntest = 352 patches for each class) for each 

sequence set separately and comparing the results with the expert annotations as supplied by 

the biologist. In addition to the accuracy, we calculated the confusion matrix, the precision, 

recall, Jaccard index and the F1-score for each class. For Visualization we color each image 

patch in the color of the predicted class. 

Software  

We used the Python VERSION:3.8.8 [MSC v.1916 64 bit (AMD64)] software (pyTorch 

VERSION:1.9.0.dev20210423, CUDNN VERSION:8005). On the high-performance cluster we 

used the following software: Python VERSION:3.6.5 [GCC Intel(R)\\ C++ gcc 4.8.5 mode] 

(including pyTorch VERSION:1.8.0.dev20201102+cu110, CUDNN VERSION:8004). 

 

Cell culture.  697 (TCF3::PBX1+) , REH (ETV6::RUNX1+), NALM6 (DUX4-rearanged) and 

HAL01 (TCF3::HLF+)  cells were maintained in RPMI 1640 medium supplemented with 10% 

fetal calf serum (FCS) and glutamine. SUPB15 (BCR::ABL1+) cells were cultivated in McCoy’s 

modified medium supplemented with 20% FCS. L929, C1498 (ATCC) and modified C1498-

luc-GFP (stably expressing luciferase and GFP) were maintained in Dulbecco's Modified 

Eagle's medium with 10% FCS. All media were additionally supplemented with penicillin and 

streptomycin. Cells were incubated at 37 oC in 5% CO2. Human B-ALL cell lines were 

purchased from (DSMZ) and were additionally identified using short tandem repeats (STR) 

profiling. Cell cultures were regularly controlled for Mycoplasma negativity using the MycoAlert 

Detection Kit (Lonza). Staurosporin, Torin1, Nec-1s, zVAD, RSL3, Fer-1, GSH were purchased 

from Selleckchem and dissolved in DMSO or GSH in PBS. Recombinant murine TNF-α was 

purchased from R&D Systems and dissolved in PBS.  
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Flow Cytometry. Cells were washed twice with FACS buffer (PBS with 1% FCS and 5 mM 

EDTA) or Annexin buffer (ThermoFisher) followed by Annexin V staining. Next, cells were 

incubated with 7AAD or DAPI and analyzed using FACS (CytoFLEX, BeckmanCoulter). For 

lipid peroxidation measurements, cells were additionally incubated for the last hour of 

treatment with 2.5 µM BODIPY C11 (ThermoFisher). FerroOrange (Cell Signaling) staining 

was performed according to the manufacturer’s instructions. Experiments were analyzed using 

FlowJo software.  

 

Drug screening and Incucyte measurements. L929 cells were seeded on a flat bottom 96-

well plate using Multidrop (Thermo Fisher). The next day cells were treated with the indicated 

compounds and incubated in the Incucyte machine (Sartorius). Leukemia-relevant drugs were 

dispensed onto a 384-well plate using the Digital Dispenser D300e (Tecan) in randomized well 

positions for drug screening(297).  Next, L929 cells were seeded using Multidrop and 

incubated in the Incucyte. Brightfield pictures using the Incucyte were taken at an interval of 

one hour for 24 hours.  

 

Real-time qPCR. Cells were lysed with QIAzol Lysis Reagent (QIAGEN) and RNA was 

isolated according to the manufacturer’s instructions. RNA was transcribed to cDNA (GoScript, 

Promega) and real-time qPCR analysis was performed according to manufacturer’s 

instructions (GoTaq, Promega).  

 

Mice and in vivo treatments. Wildtype C57BL/6J and immunocompromised NSG (NOD.Cg-

Prkdcscid H2-K1tm1Bpe H2-D1tm1Bpe Il2rgtm1Wjl/SzJ) mice were maintained in pathogen-

free conditions and in the duration of the experiment transferred to standard-barrier conditions. 

Mice were injected intravenously with 0.5 x 106 C1498-luc-GFP cells. IVIS scans were 

performed on the indicated days, 10 minutes after I.P. injection of 10 µl/g of D-Luciferin (at a 
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concentration of 15 mg/ml). Scans were performed with the IVIS In Vivo Imaging System 

(Perkin Elmer) and luminescence signal was analyzed. On day 10 mice were randomized 

according to engraftment signal and treated with vehicle or volasertib (20 mg/kg) on the 

indicated days. Experiments were performed under the authorization of LANUV in accordance 

with the German law for animal protection. 

 

Patient derived cells.  

Primary patient leukemia blasts were obtained from BioBank, University Clinic Duesseldorf, 

after obtaining informed consent in accordance with the Declaration of Helsinki. The 

experiments were approved by the ethics committee of the Heinrich Heine University medical 

faculty (Study Nr.: 2019-566). The patient cells were injected intravenously into 6-week-old 

NSG mice (The Jackson Laboratory)(244). Engraftment of the leukemia cells was verified 

regularly through examination of the human CD45+ population in peripheral blood four weeks 

post-inoculation by flow cytometry. Mice were sacrificed at predefined endpoints, where more 

than 90% of human CD45+ cells were isolated from the BM and spleen of the mice with mouse 

cell depletion kit (Miltenyi Biotec). The isolated cells were short-term cultivated in RPMI 1640 

Glutamax medium (Gibco) supplemented with 15% FCS, 1mM Sodium Pyruvate (Gibco), 0.1 

mM 2-Mercaptoethanol (Gibco) and 0.5 µg/ ml Gentamicin (Invitrogen). 

 

 

Data mining. Kaplan–Meier survival curve data was generated with TIMER2.0 database. 

Expression of GPX4, SLC7A11 and FHC1 in patients and healthy bone marrow samples were 

extracted from Microarray Innovations in Leukemia (MILE) database.  RNA-sequencing data 

was taken from open-source NCBI Gene Expression Omnibus (GEO) with accession number 

GSE103068. Gene expression data were analyzed in-house with Partek flow default settings. 
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Supplementary Figure 1. Deep learning algorithm correctly classifies different modes of cell 
death. (A) Representative brightfield images of L929 cells treated with staurosporine for apoptosis 
induction, RSL3 for ferroptosis induction, zVAD and TNF for necroptosis induction and Torin1 for 
autophagy induction are shown 24 hours post-treatment. Cells were treated with 1 µM staurosporine, 
40 µM of zVAD, 40ng/ml of TNFα, 1µM of RSL3, 5 µM of Torin1, 10 µM of nec-1 and 5 µM Fer1. (B) 
Color coded classification type of cell death in panel above and representative validation of images deep 
learning classification from L929 cells induced with the corresponding type of cell death in bottom panel 
are shown. 
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Supplementary Figure 2. Volasertib induces a ferroptosis gene signature. RNA sequencing data 
(GSE103068) of the human AML cell line MV-4-11B treated with volasertib were reanalyzed for (A) 
pathways activation, (B) volcano plot of fold change gene expression with highlighted genes involved in 
ferroptosis pathway. 
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Supplementary Figure 3. Volasertib treatment in vivo. NSG mice were inoculated intravenously with 
500,000 C1498-luc-GFP cells. Mice were randomized and treated with 20 mg/kg volasertib or vehicle at 
day 10, 12, 14 and 16 post-inoculation. Representative IVIS scan images of mice treated with volasertib 
(indicated as V) or vehicle were taken and ROI signal was quantified in the right panel.  
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4. Discussion 
 

Recent research has shown that cancer development is not only intrinsic to malignant 

cells but is also driven by interactions with surrounding stromal cells as well as with 

innate and adaptive immune cell infiltrates. Cancer outgrowth is influenced by a shifting 

balance towards an immunosuppressive tumor micro-environment (TME) leading to 

immune escape. The concept of tumor hotness which generally describes an intra-

tumoral T cell signature is a useful therapeutic measure in predicting immunotherapy 

responsiveness. A "hot" tumor is characterized by high levels of immune cell infiltration 

and presents a more favorable prognosis in the context of immunotherapy responses 

compared to "cold" tumors, which exhibit minimal immune cell penetration. One 

promising approach in increasing tumor hotness is the modulation of the TME to 

enhance antigen presentation and T cell activation. This strategy depends on the ability 

to manipulate immune checkpoints, cytokine production, and immunogenic cell death 

pathways to promote anti-tumoral immunity within the TME. Many clinically approved 

chemotherapeutics are recognized to not only be cytotoxic directly towards cancer 

cells but are increasingly recognized to also have immunomodulatory effects. It is 

crucial to re-evaluate chemotherapeutics for their potential influence on the TME to 

improve outcomes in the context of combinatorial therapy, boosting anti-cancer 

immunity and tumor hotness. Additionally, many non-cancer related therapeutics that 

are currently approved for clinical use might have immunomodulatory effects that could 

be potentially explored in anti-cancer therapy. This doctoral thesis focuses on anti-

cancer therapies encompassing several above-mentioned aspects (Figure 5). 

Publication 1 covers current challenges related to T cell senescence and exhaustion 

in cancer therapy. Both original article research publications are based on 

pharmacological screens with the intent of identifying drugs with novel 

immunomodulatory effects. While the second published body of work focuses on drug-

repurposing, Publication 3 offers insight into using deep learning approaches to 

decode different types of cell death induced by known chemotherapeutics.  
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Senescent CD8+ T cells in cancer treatment 
 

Immunotherapies exploit the host’s immune system to fight cancer and are currently 

utilized for various tumor types. These therapies primarily focus on effector T cells, the 

main immune cells responsible for tumor-cell killing. A significant reason why T cells 

may not respond effectively to immunotherapies is that the T cells may be in a 

dysfunctional state that is phenotypically distinct from exhausted T cells. Publication 1 

reviews the molecular mechanisms that define and trigger T cell senescence in the 

tumor microenvironment and examines its impact on treatment efficacy. Both 

exhausted and senescent T cells are known to accumulate during various stages of 

tumor progression (298). T cell senescence, a state of irreversible cell cycle arrest, is 

triggered by stress signals such as DNA damage, oxidative stress, and chronic 

inflammation within the TME. This senescence is marked by altered cell surface 

markers, such as increased CD57 and KLRG1 expression, and a changed secretory 

cytokine profile, including elevated levels of pro-inflammatory cytokines such as IL-6 

and TNF-α (299). Senescent T cells have been detected in primary and metastatic 

solid tumors as well as hematological malignancies and the molecular pathways 

regulating premature and replicative senescence are not completely understood but 

involve the MAPK pathway. The MAPK pathway, particularly the p38 MAPK and ERK 

pathways, are crucial in regulating cellular senescence (300). Activation of p38 MAPK 

results in the phosphorylation of downstream targets that mediate cell cycle arrest and 

the senescence-associated secretory phenotype (SASP), contributing to an 

immunosuppressive environment (301). Additionally, numerous studies have shown 

that Tregs and tumor cells can induce T cell senescence through direct cell-cell contact 

and secretion of immunosuppressive cytokines like TGF-β and IL-10 (302). These 

interactions inhibit T cell proliferation and function, promoting a senescent state.  

Whether tumor-specific T cell senescence arises from replicative or premature origins, 

a deeper understanding of the molecular pathways driving this process is essential. 

This understanding will lead to new therapeutic strategies to overcome the suppressive 

TME. Targeting senescent T cells within the TME is a promising therapeutic strategy. 

MAPK pathway inhibitors, such as selumetinib and trametinib, have shown potential in 

preclinical models to reduce senescence markers and restore T cell function (303). 

Additionally, TLR8 agonists including motolimod can activate innate immune 

responses and potentially reverse senescence-induced immunosuppression (304, 
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305). Combining these agents with checkpoint inhibitors like anti-PD-1 or anti-CTLA-4 

antibodies could enhance overall anti-tumor efficacy. 

Significant progress has been made in defining T cell senescence as a distinct 

dysfunctional state. Further research is needed to identify specific biomarkers of T cell 

senescence and develop targeted therapies that can selectively eliminate or 

rejuvenate senescent T cells. Clinical trials assessing the combination of senolytic 

drugs with existing immunotherapies are crucial to evaluate the translational potential 

of these approaches in solid tumors and hematological malignancies.  

 

Immunomodulatory effects of 5-Nonyloxytryptamine in cancer treatment 
 

The drug screening described in Publication 2 resulted in the identification of 5-

Nonyloxytryptamine (5-NL), initially developed as a serotonin receptor 1D (HTR1D) 

agonist, as an immunostimulant. The family of serotonin receptors consists of thirteen 

G protein-coupled receptors, including HTR1D and one ligand-gated cation channel 

(306). Within the intricate network of the human central nervous system, diverse 

serotonin receptor subtypes have different roles, from regulating sleep-wake cycles to 

influencing appetite, mood, and even memory (307). However, serotonin's influence 

extends beyond the functions of the nervous system. A significant portion of this 

neurotransmitter resides in the gastrointestinal tract, where it orchestrates the rhythmic 

contractions essential for peristalsis (308). Serotonin also courses through the 

bloodstream, primarily housed within platelets, contributing to crucial functions like 

blood coagulation and regulating blood vessel diameter through vasoconstriction 

(309). The influence of the HTR1D receptor in cancer was previously investigated. 

Research has highlighted the role of HTR1D in the progression of gastric cancer 

serving as an independent risk factor for reduced overall survival (310). Recent studies 

showed that knockdown and inhibition of HTR1D, using the inhibitor GR127935, impair 

the proliferation and migration of gastric cancer cells. Mechanistically, depletion of 

HTR1D inhibited tumor progression, making HTR1D a potential therapeutic target 

(310). In pancreatic cancer, HTR1D functions as a key target in the malignant 

progression of the disease. It has been shown to promote malignant outcomes via the 

PI3K-AKT signaling pathway, influencing cell proliferation, migration, and apoptosis 

(311). Nevertheless, despite suggestions of HTR1D involvement in cancer, the study 
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presented in Publication 2 demonstrated that 5-NL’s action encompasses mechanisms 

beyond its intended HTR1D target. 5-NL enhanced MHC class I expression on tumor 

cells, which is crucial for T cell recognition and subsequent tumor cell elimination. The 

effectiveness of 5-NL lies in its ability to modulate several signaling pathways 

independently from classical serotonin signaling. HTR1D canonical activation leads to 

ERK 1/2 pathway modulation which was not apparent in our study. Experiments 

knocking down and knocking out HTR1D did not abrogate the phenotype upon 5-NL 

treatment. 5-NL treatment led to CREB phosphorylation potentially linked to 

modulation of the AMPK pathway. Recent studies have revealed that reduced AMPK 

activity in tumor cells led to decreased antigen presentation, thereby promoting an 

immunosuppressive tumor microenvironment. Consequently, it is plausible that early 

activation of AMPK by 5-NL affects phospho-CREB, which subsequently influences 

the antigen-presenting machinery. Additionally, AMPK activation has been shown to 

inhibit ribosomal protein p70 S6 kinase, a phenomenon we also observed following 5-

NL treatment. Inhibition of the PI3K/Akt/mTOR pathway, which has been implicated in 

cell death-inducing effects in similar systems, might be responsible for the apoptotic 

effects of 5-NL. Thus, it remains to be determined whether the upregulation of MHC-I 

(mediated by phospho-CREB) or cell death (mediated by PI3K/Akt/mTOR) is primarily 

driven by AMPK activation in response to 5-NL. 

This alternative pathway suggests a novel mechanism by which 5-NL enhances the 

immune presentation of tumor cells, independent of its initial pharmacological target. 

In clinical settings, tumors display variable MHC-I expression that is generally 

suppressed during advanced stages of progression, rendering them resistant to 

checkpoint inhibition therapies. Therefore, converting poorly inflamed "cold" tumors 

into "hot" tumors by upregulating MHC-I is an attractive therapeutic strategy. This 

approach could enhance anti-tumor T cell immunity not only in the tumor tissue but 

also in the lymph nodes, as observed in our study. Notably, our study demonstrated 

that B16 cells with a reversible MHC-I low phenotype and intrinsic resistance to 

immunotherapy showed no response to anti-PD1 antibody treatment alone. However, 

the combination of 5-NL and anti-PD1 was highly effective. This synergy suggests that 

5-NL can potentiate the efficacy of existing immunotherapies, providing a foundation 

for combination therapies in clinical settings. The study, however, did not identify the 

direct target of 5-NL. Another agonist, Sumatriptan did not recapitulate the described 

phenotype upon in vivo and in vitro treatment, which again supports that pleiotropic 
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effects are responsible for the immunomodulatory and anti-tumoral effects of 5-NL. 

Further studies on identifying the biochemical target of 5-NL are needed, which would 

be potentially beneficial for further clinical development as 5-NL is not currently 

approved for treatment. For example, tag-labeled 5-NL pull-down assays combined 

with mass spectrometry could potentially uncover proteins interacting with 5-NL. 

However, using this approach, there is a possibility of a changed compound structure 

due to tag labeling and cell penetration and therefore missing the protein target.  

In vivo, 5-NL was well tolerated, although its clinical applicability remains to be 

determined as it is not yet FDA-approved. However, there is potential for using other 

FDA-approved compounds that also enhance MHC-I expression through 

cAMP/PKA/CREB-mediated signaling such as phosphodiesterase (PDE) inhibitors 

(Dipyridamole, Pentoxifylline, Theophylline, and others).   

Successful drug screening in Publication 2 provides evidence that parallel to novel 

drug development, the repurposing of existing compounds presents a strategic 

advantage in cancer therapy. Repurposing non-oncological drugs that exhibit 

immunomodulatory effects opens new therapeutic avenues with reduced development 

costs and time for clinical application. 
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Figure 5. Schematic summary of Publication 1, 2 and 3 which are part of this 
cumulative dissertation. Publication 1 highlights the importance of reversing 
senescent CD8+ T cells in anti-cancer therapy. Publication 2 provides evidence of 
novel immunomodulatory functions of 5-NL, that, through increased CREB 
phosphorylation upregulate MHC-I expression. Increased surface antigen presentation 
on cancer cell leads to increased T cell stimulation. The study described in Publication 
3 demonstrates that volasertib, through an accumulation of iron in cancer cells leads 
to increased ROS production, depletion of GSH and ferroptosis induction.  

 

 

Cancer cell 
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Ferroptosis induction with Volasertib  
In the evolving landscape of cancer therapy, the induction of immunogenic cell death 

(ICD) has emerged as a potent strategy to enhance the efficacy of treatments through 

not only cytotoxic effects but also by turning the tumor itself into a vaccine. ICD involves 

the death of cancer cells with the release of danger signals that alert and activate the 

immune system, thereby transforming the TME from immunosuppressive to immune 

activating. This reprogramming is facilitated by the recruitment and activation of 

various immune cells including dendritic cells, T cells and NK cells. By contributing to 

the conversion of the TME from a "cold" to a "hot" phenotype, ICD not only helps in the 

direct elimination of tumor cells, but also sets the stage for more effective 

immunotherapy strategies. Ferroptosis is a form of regulated cell death distinguished 

by the accumulation of lipid peroxides to lethal levels, which is distinct from other forms 

of cell death such as apoptosis, necrosis, and autophagy. Unlike other non-

immunogenic death pathways, ferroptosis has been identified as potentially 

immunogenic by releasing DAMPs, making it a promising target in cancer therapy. The 

immunogenicity of ferroptosis may be attributed to the release of ATP, HMGB1 and 

other cellular contents that can act as adjuvants, stimulating dendritic cells and other 

components of the immune system (Figure 6) (312). In the study presented in 

Publication 3, a machine learning program was used for rapid and off-label analysis 

type of cell death and utilized for evaluation of commonly studied chemotherapeutics 

in the treatment of B-ALL. From several potentially interesting compounds, volasertib 

was further evaluated due to novel ferroptosis-inducing effects. Initially, volasertib-

induced ferroptosis was detected in the screen’s murine L929 cell line and later 

confirmed in human B-ALL cell lines, patient derived samples, and in vivo murine 

models. Most interestingly, volasertib not only led to cellular iron accumulation and 

lethal generation of ROS, but also upregulated expression of ACSL4 in cancer cells. 

ACSL4 has been shown to increase PUFA biosynthesis and to shape lipid membrane 

composition therefore making cancer cells susceptible to ferroptosis induction (313). 

When murine C1498 leukemia cells were injected into wildtype mice, survival was 

improved. This effect was not as pronounced in immunocompromised NSG mice 

suggesting an immune component of the volasertib-induced ferroptosis. However, 

these results require additional experiments to confirm the stimulation of the immune 

system. Immunogenic features of ferroptosis include HMGB1 release that has been 

reported to contribute to macrophage activation. CXCL1, TNFα and IFN-β release 
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contribute to activation of DCs and T cells (314). Further evaluation of HMGB1, CXCL1, 

TNFα and IFN-β in serum samples, but also flow cytometry evaluation of dendritic cells 

and T cell activation could provide additional evidence of ICD induction. Ferroptosis 

was reported to play a crucial role in suppressing carcinogenesis (315) and tumor 

growth (214), also in overcoming cancer chemoresistance (253) and sensitizing cancer 

cells to radiotherapy (316).  Several studies show that ferroptosis induction is 

especially of interest in the case of apoptosis resistance in cancer treatment (198). 

Volasertib advanced to Phase II clinical trials for elderly patients with relapsed or 

refractory acute myeloid leukemia, both as a single treatment and in combination with 

cytarabine, yielding higher complete response rates and extended survival (290, 291). 

However, these promising results were not replicated in subsequent phase III clinical 

trials involving chemotherapy-naive patients, indicating that the positive outcomes 

were primarily observed in relapsed or refractory patients (292). This conclusion is 

supported by ongoing Phase II clinical trials focused on identifying additional 

biomarkers to better understand and predict patient responses focused on on relapsed 

and refractory patients  (293).  

Furthermore, these findings highlight the challenges in translating clinical trial 

successes across different patient populations. The disparity in outcomes between 

Phase II and Phase III trials underscores the need for more targeted approaches in 

treatment protocols and emphasizes the importance of precision medicine. By 

identifying specific biomarkers of efficacy, researchers aim to adjust treatments more 

effectively to individual patient profiles, potentially improving outcomes and offering 

more personalized therapeutic options.  
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Figure 6. Schematic summary of the immunosuppressive and pro-inflammatory 
conditions induced by ferroptosis in cancer cells.  

 

Although ferroptosis can lead to the release of DAMPs required for immunogenic cell 

death, it does not necessarily guarantee the induction of immunogenicity (Figure 6). 

Lipid metabolism-related mechanisms, which may also occur during ferroptosis, can 

negatively impact immunogenicity. A notable characteristic of ferroptosis is the 

increased expression of cyclooxygenase 2 (COX-2), an enzyme that produces 

prostaglandin E2 (PGE2) (214). PGE2 has been found to suppress immune activation 

and promote the FOXP3 transcription factor in T lymphocytes, indicating its role in 

fostering a regulatory phenotype (317). Furthermore, ferroptosis results in the 

overproduction of oxidized phospholipids, which exhibit strong immunosuppressive 

effects on antigen-presenting cells (318). Therefore, the immunosuppressive 

conditions induced by ferroptosis could potentially undermine the success of 

immunotherapies. On the other hand, induction of ferroptosis promoted anti-tumor 

immunity by the phenotypic maturation of bone marrow-derived dendritic cells (312). 

Additionally, Luo et al. identified an eat-me signal on the ferroptotic cancer cell surface, 

1-steaoryl-2-15-HpETE-sn-glycero-3-phosphatidylethanolamine (SAPE-OOH). The 

enrichment of SAPE-OOH facilitated phagocytosis by targeting toll-like receptor 2 on 

macrophages (319). Additionally, cancer cells are under higher oxidative stress than 

healthy cells, and to facilitate production of antioxidant GSH,  depending on cysteine 

uptake (320). Cramer et al. reported that depletion of L-cysteine with cysteinase not 

only induced ferroptosis in multiple tumor models, but also prolonged the survival of 

tumor baring mice (320). Additionally, induction of ferroptosis in tumors by treatment 

with cysteinase improved CD8+ T cells activity that synergized in combination with anti-
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PDL1 checkpoint blockade for maximal tumor inhibition (321). The development of 

nanoparticles with encapsulated GPX4 inhibitor, RSL3 showed to not only induce 

ferroptosis in melanoma and lung cancer, but also increase T cells infiltration of tumors, 

synergizing with blockade of programmed death ligand 1 (322). Another study 

investigating immunosuppressive Tregs demonstrated that these cells have a high 

expression of GPX4, making them more resistant to oxidative stress, but also 

increasing their susceptibility to GPX4 inhibition (323). The above reports underscore 

the complexity of immune responses in relation to cell death and the importance of 

understanding how various types of cell death affect immune activation. Further 

studies should asses implementing ferroptosis induction not only in combination with 

immune checkpoint blockade inhibitors but also with CAR-T cell therapies or precise 

delivery of ferroptosis inducers conjugated with specific anti-cancer antibodies, 

especially in apoptosis resistant cancers. Therefore, while targeting ferroptosis might 

offer therapeutic advantages, it is crucial to also develop strategies to reduce its 

immunosuppressive impact to improve the overall effectiveness of cancer 

immunotherapies.  
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