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Zusammenfassung 

Zentrale Ziele dieser Dissertation waren die Entwicklung einer innovativen 

Immuntherapie zur Behandlung von Krebspatienten, die Gewinnung von Erkenntnissen 

über die verantwortlichen Mechanismen der Immunreaktionen, sowie die Bestimmung 

der entscheidenden Faktoren für deren Wirksamkeit.  

Diese Forschungsarbeit zum Thema „Tumor-Immuntherapie benötigt Interferon-

abhängige Seneszenz Induktion“ begann vor dem Durchbruch der Immuntherapie mit 

monoklonalen Antikörpern zur Immuncheckpoint Blockade (ICB). Der Ansatz bestand 

darin, mit tumorantigenspezifischen CD4+ Typ1-T-Helferzellen (TH1) eine aktive, 

antitumorale Immunantwort im Tumormicroenvironment hervorzurufen. Das Ziel war 

die TH1-basierte Immuntherapie als adoptiven Transfer zur Behandlung von 

immunkomprimierte Patienten in die Klinik zu bringen. Dieser Ansatz wurde in einem 

murinen Modell eines nicht immunogenen Tumors, dem RIP-Tag2 (RT2)-Modell, 

etabliert. RT2-Mäuse entwickeln in der zehnten Lebenswoche Inselzellkarzinome und 

sterben etwa in Woche 14 an einer Hypoglykämie. Während etablierte 

Behandlungsmethoden mit Chemotherapie oder Angiogeneseinhibitoren das Leben der 

Mäuse kaum verlängerten, bewirkte eine präventive Immuntherapie mit Transfer von 

Tag2-spezifischer TH1-Zellen zwei Erfolge: Erstens verlängerte sich die Lebenserwartung, 

die Hälfte aller Mäuse lebten für über 30 Wochen. Zweitens kontrollierten die TH1-Zellen 

die Tumore, ohne eine Zerstörung der Inselzellen zu induzieren und ohne Diabetes zu 

verursachen. Die resultierende Fragestellung war, wie TH1-Zellen die Verbesserung der 

Lebenserwartung von RT2-Mäusen ohne zellvermittelte Zytotoxizität durch 

professionelle Killerzellen und ohne jegliches Anzeichen einer Zerstörung des Tumors 

bewirken können. Die daraus entstandene Publikation „T-helper-1-cell cytokines drive 

cancer into senescence” zeigte, dass die löslichen Faktoren Interferon-γ (IFN-γ) und 

Tumor-Nekrose-Faktor (TNF) von TH1-Zellen durch Aktivierung des Zellzyklus-

Kontrollpunktes p16Ink4a das Tumorwachstum blockierte. Dies wurde als Zytokin-

induzierte Seneszenz (CIS) definiert (1). Diese Erkenntnis aus der Krebstherapie mit TH1 

Zellen wurde anschließend in der Arbeit „Changing T-cell enigma” diskutiert, da bisher 

die Funktion von T-Zellen in der Zerstörung von Tumorzellen gesehen wurde und fast alle 

neuen Therapieansätze darauf abzielten diese Zytotoxizität zu optimieren (2). Diese 
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Studie führte zu der Hypothese, dass CIS als ein allgemeiner Mechanismus der 

Wachstumskontrolle von Krebserkrankungen angesehen werden kann. Wir diskutierten 

dies bei der Behandlung des Melanoms in der Publikation „Immunotherapy of melanoma: 

efficacy and mode of action” (3), und „Cytokine-induced senescence for cancer 

surveillance“ (4). Diesen Zellzyklus-Kontroll-Mechanismus bestätigten wir in der 

humanen Mammakarzinom Zelllinie MCF-7 und der humanen Rhabdomyosarkom 

Zelllinie A-204 unter Einbeziehung des Gen-regulierenden Argonautenprotein 2 (Ago2) 

„Nuclear translocation of argonaute 2 in cytokine-induced senescence” (5). Nach 

Erscheinen von klinischen Studien mit immun-modulierenden Antikörpern zur 

Reaktivierung der endogenen Immunität, diskutierten wir unsere Befunde der Seneszenz 

in Tumorzellen im Kontext der ICB Therapie im Review „Immune checkpoint blockade 

therapy“ (6). Therapieresistenz ist das Hauptproblem der Immuntherapien mittels ICB, 

weshalb wir die Bedeutung der Seneszenzinduktion nach ICB Behandlung über 

Interferon-Signalwege untersuchten, um die damit verbundenen Resistenzmechanismen 

zu verstehen. Die Studie „Cancer immune control needs senescence induction by 

interferon-dependent cell cycle regulator pathways in tumours” (7) zeigte die zentrale 

Rolle des IFN-γ-Signalweges in den Tumoren für die Wachstumskontrolle mittels 

Seneszenz. Die Bedeutung von Mutationen im IFN-γ-Signalweg und den Zellzyklus-

Kontrollpunkten bei der Resistenz gegenüber Immuntherapie war ein Schwerpunkt der 

Arbeit.  

Zusammenfassend zeigen diese Daten, dass Interferon-dominierte Immunantworten in 

Tumorzellen über den Mechanismus der Seneszenz das Wachstum von Tumorzellen 

langfristig verhindert. 
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Summary 

The key objectives of this thesis were to develop an immunotherapy to treat patients 

suffering from cancer, to gain knowledge about the mechanisms underlying the anti-

cancer immune responses, and to establish factors critical for an effective therapeutic 

response.  

The topic “Cancer Immunotherapy Requires Interferon-dependent Senescence Induction” 

started before the breakthrough in immunotherapy with immune checkpoint blockade 

(ICB). At that time, our approach was to induce an active immunoreaction against tumors 

with tumor antigen-specific CD4+ T helper 1 (TH1) cells. The ultimate goal was to bring 

TH1 adoptive transfer immunotherapy into the clinics as a treatment strategy for 

immunocompromised patients. This approach was established in a murine model of a 

non-immunogenic tumor, the RIP-Tag2 (RT2) model. RT2 mice develop islets cancers at 

week ten of life and die at around week 14 from hypoglycemia. While established 

treatment methods with chemotherapy or angiogenesis inhibition hardly prolonged the 

life of these mice, early immunotherapy with transferring Tag2-specific TH1 cells provided 

two key observations: First, extended life expectance, half of all mice lived for more than 

30 weeks. Second, TH1 cells controlled the tumors without inducing islets cell destruction 

and without causing diabetes. We focused on the question how TH1 cells can cause such 

an improvement of the life expectancy of RT2-mice without cell-mediated cytotoxicity by 

professional killer cells and without detectible signs of tumor destruction. The resulting 

publication “T-helper-1-cell cytokines drive cancer into senescence“ reveals that the 

soluble factors interferon-γ (IFN-γ) and tumor necrosis factor (TNF) secreted by TH1 cells 

controlled tumor cell growth in RT2-cancers and a variety of other murine and human 

cancers by activation of the cell cycle checkpoint p16Ink4a (1). We propose a new strategy 

of cancer therapy in “Changing T-cell enigma” by postulating that tumor cell senescence 

induced by CD4+ T cells is a key function in controlling tumor growth in addition to the 

function of T cells in killing tumor cells (2). Our study leads to the hypothesis that 

cytokine-induced senescence (CIS) can be seen as a general mechanism involved in the 

growth control of cancers. We subsequently discuss this for the treatment of melanomas 

with ICB in “Immunotherapy of melanoma: efficacy and mode of action” (3). Moreover, 

CIS seems to be of crucial importance for a long-lasting tumor control as outlined in 
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“Cytokine-induced senescence for cancer surveillance” (4). We confirmed this mechanism 

of CIS in human breast cancer cell line MCF-7 and human rhabdomyosarcoma cell line A-

204, which involves the gene regulating argonaute proteins (Ago) in our study “Nuclear 

translocation of argonaute 2 in cytokine-induced senescence” (5). When clinical studies 

with immunomodulating antibodies showed that reactivation of endogenous immunity 

can induce a regression and stable growth arrest in metastases, we discuss that CIS could 

play an important role also in ICB therapy of human cancers in the review “Immune 

checkpoint blockade therapy” (6). Therapy resistance is the main issue of 

immunotherapies using ICB. Thus, we investigate the importance of CIS during ICB in 

animal models and in ICB-treated patients. The data uncovers important associated 

resistance mechanisms, which we analyze in the study “Cancer immune control needs 

senescence induction, by interferon-dependent cell cycle regulator pathways in tumours” 

(7).  

Collectively, these results demonstrate that in mice and in humans, interferon-mediated 

signals in cancer cells prevent tumor growth by inducing a long-lasting growth arrest, 

called senescence. 
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1. Introduction 

The aim of this thesis was to make a relevant contribution to the understanding of 

immunomodulatory therapeutic approaches in the treatment of cancer. Here references 

are made to the essential aspects of my publications Publications (1-7).  

This research  is based on an established TH1 cell therapy (8) in a murine model of 

endogenous pancreatic insulin-producing tumors (β-cancer) of RT2 mice (9, 10). The 

mechanisms underlying this successful therapy were investigated. The research further 

based on insights into the modulation of T cells of immune responders by either IFN-γ 

producing TH1 cells or interleukin-4 (IL-4) producing TH2 cells (11-14). Analyzed are the 

role of TH1 cells for a cancer immunotherapy, which is able to regulate and control the 

cancer growth. Here the scientific background of cancer formation, the use of the immune 

system for therapeutic approaches, and what is known about the underlying mechanisms 

is presented. 

1.1 Cancer Growth and Cancer Evasion Mechanisms 

Cancer cells manifest different organizing principles that enable the growth and 

metastatic spread of cancer cells. Hanahan and Weinberg defined these capabilities as 

“hallmarks of cancer” including the ability of tumor cells and their microenvironment to 

sustain proliferative signaling, evade growth suppressors, trigger evasion of immune 

responses, promote replicative immortality, induce inflammation, activate invasion and 

metastasis, induce angiogenesis, set genomic instability, resist cell death, and reprogram 

energy metabolism (15, 16). Different tumor entities can be considered as role models to 

study the hallmarks of cancer and to develop general treatment options. 

1.1.1 Cancer Development and Progression 

One of the first mouse models to investigate the “hallmarks of cancer” was the 

pancreatic neuroendocrine RIP-Tag2 tumor where the rat insulin I promotor (RIP) is used 

to regulate the transcription of the oncoprotein simian virus 40 large T antigen 2 (Tag2) 

(9). Whereas the tumor driver is expressed in all β-cells of the pancreas, only a minority 

of the islet develop into adenocarcinomas, suggesting that further genetic aberrations are 

required for cancer development and progression. During multistep tumorigenesis, 



20 

 

protein expression and DNA content of the β-cells showed alterations, indicating that not 

only the overall tumor burden, but also the tumor mutational burden (TMB) increases 

over time (7, 17). Additional tumor types with a high frequency of somatic mutations such 

as melanomas, lung cancer and colorectal cancer are candidates for therapeutic 

approaches with immunotherapy (18).  

1.1.2 Immunoediting 

The natural tumor control is part of the immune systems recognition of foreign 

pathogens. The control of precancerous or cancerous cells is termed cancer 

immunosurveillance. Cancer cells can evolve if they escape the elimination of the immune 

system known as immunoediting that also limit cancer immunotherapy (19, 20). Tumor 

cells can hide from the immune system by many mechanisms. Among these mechanisms 

is the absence of tumor antigen expression, the loss of human leukocyte antigen (HLA) 

expression, defects in antigen processing, and expression of inhibitory receptors, for 

examples inhibitory receptors that prevent killing by natural killer (NK) cells (21). 

Alterations in distinct signaling pathways like the mitogen-activated protein kinase 

(MAPK) pathway or loss of the protein phosphatase and tensin homolog (PTEN) 

expression, and subsequent enhancement of phosphoinositide 3-kinases (PI3K) signaling 

can lead to accelerated cancer growth. Cancer immune evasion also involves factors of the 

tumor microenvironment such as regulatory T cells (Tregs), myeloid derived suppressor 

cells (MDSCs), type II macrophages (M2), and accessory molecules inhibiting immune 

responses (22). These regulators of the immune system are named “immune 

checkpoints” are surface proteins like programmed cell death 1 (PD-1) and its ligand (PD-

L1). The discovery of their blockade, which enables or enhances immune responses 

against tumors, revolutionized cancer immunotherapy. ICB therapy operates through 

reverting the T cells anergy and establishing effective anti-tumor immune responses (19, 

20).  

Many melanoma cell lines resist apoptosis induction in response to cytokine 

stimuli like IFN (23) or in response to other proapoptotic stimuli due to an impaired 

apoptotic signaling cascade (24). Therefore, they have lost a key mechanism needed to 

clear damaged cells by destruction. Yet, cells that resist apoptosis-induction may still be 

vulnerable for the stress response pathway of cellular senescence that induces permanent 
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cell-cycle arrest (25). However, not many studies address the significance of cellular 

senescence as an important control mechanism of anticancer immunity. 

1.2 Cancer Immunotherapies 

Cancer immunotherapies can target immunogenic antigens that are naturally 

processed and presented by cancers. Immunotherapy strategies can overcome negative 

immune signaling via the use of blocking monoclonal antibodies (mAbs) or adoptive T-

cell transfer (AT) (26). Further immune activating strategies via CD28 co-stimulatory 

signals can restore the production of IL-2, IL-6, and in particular IFN-γ (27). Moreover, 

cancer immunotherapy may also include the administration of various cytokines, such as 

IFN-α or TNF (28, 29). The presence of immune responses can in addition be used as a 

prognostic factor predicting the efficacy of a cancer treatment (30-32) and to 

discriminate hot tumors, tumors with immune cell infiltration, and cold tumors, tumors 

without immune cell infiltration (33).  

1.2.1 Immune Checkpoint Blockade Therapy 

Melanoma and other cancer types frequently show immune cell infiltrates, tumor-

infiltrating lymphocytes (TILs), in conjunction with cancer regression, suggesting that the 

immune system can recognize tumor-associated antigens (TAA) (26, 33-37). TILs can not 

only induce cancer regression, but also long-term disease control (38-40).  

Immune checkpoint proteins like PD-1 and its ligand PD-L1 have their peak 

expression on immune cells during the contraction phase of immune responses (41). This 

ensures the decline of the expansion of the immune cells. PD-L1 can also be expressed on 

immunogenic tumor cells and promote immune evasion as it inhibits cytotoxic T cells 

(42). ICB therapy is the first immunotherapy that improved the long-term outcome of 

patients with solid cancer. Therefore, it was named “Breakthrough of the Year” by Science 

in 2013 (43). The first approved therapeutic by the Food and Drug Administration (FDA) 

was ipilimumab in 2011 targeting the immune checkpoint cytotoxic T-lymphocyte 

associated antigen 4 (CTLA-4) for the treatment of melanoma. Followed by the anti-PD-1 

mAbs pembrolizumab and nivolumab in 2014. Table 1 summarizes the ICB mAbs used to 

analyze the mode of action of IFN-γ in cancer immunotherapy.  
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Table 1. Immune checkpoints used in this study and their clinical description. 

Immune 

checkpoint 

CTLA-4 PD-1 PD-L1 LAG-3 

Synonym CD152 CD279 CD274, B7-H1 CD223 

Drug Ipilimumab Pembrolizumab Nivolumab Atezolizumab Avelumab Relatlimab 

Expression T cells activated T cells cancer cells, T cells, 

dendritic cells, macrophages 

T cells 

Respective 

ligands 

CD80 (B7-1), 

CD86 (B7-2) 

CD274 (PD-L1), 

CD273 (PD-L2) 

CD 279 (PD-1) CD74 (MHC-II) 

Approved 25.03.2011 04.09.2014 22.12.2014 18.05.2016 09.05.2017 pending 

Drug YERVOY KEYTRUDA OPDIVO TECENTRIQ BAVENCIO (BMS-986016) 

Company BMS Merck BMS Genentech EMD Serono BMS 

James P. Allison and Tasuku Honjo were awarded “The Nobel Prize in Physiology 

or Medicine 2018” for their discovery of the immunological checkpoint receptors CTLA-4 

and of PD-L1, as these discoveries allowed the development of the first broad effective 

cancer immunotherapy (19, 20, 44, 45).  

Ipilimumab induces an objective response in many tumor types, including 

melanoma (46-48), lung cancer (49-51), and prostate cancer (52, 53), in a small, but 

significant number of patients. Serious, generally manageable, adverse events are among 

others colitis, hepatitis, hypophysitis, type I diabetes or myocarditis. This side effects are 

T cell mediated autoimmune diseases. Besides its inhibition of negative immune 

regulation, CLTA-4 blockade modulates the T cell population frequencies, resulting in 

unusual T cell population such as TH1-like CD4+ T cells (54, 55). 

Tumor-infiltrating T cells are the primary PD-1 expressing cells in cancers. PD-L1 

is induced after T cell stimulation via antigen presentation by antigen presenting cells 

(APCs) in the presence of IFN-γ (56). This mechanism of immune inhibition is part of 

adaptive immune resistance and protects against autoimmune diseases  (57). 

Lymphocyte activation gene-3 (LAG-3) is expressed on activated CD4+ and on CD8+ 

T cells, Tregs, and NK cells. LAG-3 is a CD4 homolog that binds to the major 

histocompatibility complex (MHC) class II molecules. LAG-3 proteins, like PD-L1 and MHC 

class II molecules, are induced by stimulation of T cells and modulated by soluble factors 

(58, 59).  
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As LAG-3 and PD-1 have a synergistically role to prevent autoimmunity, treatment 

of cancer patients with anti-LAG-3 and anti-PD-L1 mAbs appears to be a promising 

approach to enhance anti-tumor immune responses (57). Combined therapy in mice 

show higher efficacy in preventing tumor recurrence in melanoma as compared to 

monotherapy (60). Further preclinical studies using TAA-specific T cells in combination 

with the blockade of LAG-3 and PD-1/PD-L1 interaction reveal a highly efficient anti-

cancer regime. Both, anti-LAG-3 and anti-PD-L1 mAbs, show reawakening of TAA-specific 

T cells to a greater extent than blockade with either of the mAbs (61). Overall, 

combinational therapy approaches seem to increase the effectiveness of immunotherapy 

(62-64).  

1.2.2 Adoptive T cell Transfer 

Studies on AT preferentially focus on TAA with recognized by CD8+ cytolytic T cells 

(CTLs). Therapy with autologous ex vivo expanded CTLs has been successfully applied in 

patients after immunodepletion (65). This approach achieved good responses in the 

therapy of metastatic melanoma (66-68). Identification of target antigens recognized by 

CTLs enabled the development of therapeutic approaches to enhance cellular antitumor 

immunity (69). AT of activate T cells can directly elicit an antitumor immune response. 

Durable responses can be achieved with engineered T cells that express the T-cell 

receptor (TCR) for the HLA*0201 epitope of the cancer testis gene NY-ESO-1 (70), an 

approach that targets tumor neoantigens (26).  

Somatic gene mutations of cancer cells provide a basis for individualized 

immunotherapies with T cells. However, immunotherapies can fail to respond if 

mutations are present in the IFN-γ signaling, antigen processing, or antigen presentation 

genes (71). Cancer resistance or non-responsiveness to immunotherapies is further 

exacerbated by additional suppressive immune checkpoints in the tumor 

microenvironment. A combination of AT with ICB is a promising therapeutic approach to 

maintain immunity to tumors in an activated state that counteracts the 

immunosuppressive microenvironment.  

Other promising options of tumor immunotherapy are combinations of AT with 

cytokines, such as IL-2, in patients with metastatic melanoma (28, 29), or stimulation of 

APC to present TAA to CD4+ T cells. 
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Tumor immunotherapy with TAA-specific CD4+ T cells arrests tumor growth (1, 

2). The therapeutic T cells migrate to the tumor-draining lymph nodes and directly to the 

tumors and act via their cytokines IFN-γ- and TNF in the tumor microenvironment (8, 72, 

73).  

1.2.3 Cytokine Therapy 

The presence of immune cells within tumors can predict clinical outcome (28, 30). 

Besides their direct contact-dependent effector function, they secrete cytokines that 

enhance cellular immune responses (Figure 1).  

 

Figure 1. Cytokine therapy as soluble anticancer immunity.  

After stimulation, cellular effector cells secrete soluble factors to target tumor cells. CD8+ T cells and 

NK cells secrete IFN-γ, TNF, granzyme, perforin, and TRAIL. CD4+ TH1 cells secrete IFN-γ and TNF. Type I 

macrophages (M1) secrete ROS and NO. The humoral immunoreaction targets tumor cells to control 

tumor cell proliferation, induces tumor cell apoptosis, improves tumor antigen presentation and 

inhibits angiogenesis.  

Inflammatory responses likely evolved as a defense mechanism against infection 

and as a repair mechanism for wound healing (74). Secretion of the acute-phase protein 

TNF in the absence of IFN, as in chronic inflammation and wound healing, may promote 

proliferation and differentiation of cells (8, 75). Chronic inflammations are therefore 

relevant risk factor. Approximately 25% of the global cancer burden is caused by 

infections and chronic inflammation. Chronic release of low doses of TNF seems to play a 

key role in inflammation-induced cancer (76, 77). 

IL-2 is approved by the FDA for the treatment of melanoma and renal cell 

carcinoma. Treatment of melanoma patients with recombinant IL-2 was the first 
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successful immunotherapy in humans (78-80). IL-2 has been further developed for the 

combination with AT or vaccination using the melanocyte protein PMEL, also known as 

gp100 (81, 82). Currently, its clinical application is largely reduced due to the efficacy of 

ICB therapy of metastatic melanoma (46, 48, 83, 84).  

Similarly, the indication for the administration of interferon alpha (IFN-α), which 

had been approved as adjuvant therapy for high risk malignant melanoma, have been 

reduced (85-91).  

This work focuses on the TH1 cytokines IFN-γ and TNF with their outstanding 

importance in cancer control (1, 7, 8). Therefore, the therapeutic effects of the cytokines 

IFN-γ and TNF, as well as their combination, are presented separately below. 

1.2.4 IFN- Therapy 

For cancer ICB therapy, the IFN-γ  gene signature has been shown to be essential 

for a clinical response (32, 71). Combination of ICB therapy with oncolytic virotherapy 

was shown to increase IFN-γ-based immunity in advanced melanoma which in turn led to 

improved clinical response (92). IFN-γ may additionally contribute to tumor therapy due 

to its antiangiogenic effects on tumor vessel formation (93). On the other side, persistent 

IFN-γ signaling, has opposing effects compared to short-term IFN-γ signaling as it 

promotes chronic infection and can induce T cell dysfunctions and resistance to ICB 

therapy (94).  

Cellular responses to the cytokine IFN-γ are mediated by binding as a dimer to the 

receptor chains interferon gamma receptor 1 (IFNGR1) and interferon gamma receptor 2 

(IFNGR2). Thereby the Janus kinases Jak1 and Jak2 are activated by phosphorylation and 

then phosphorylate the IFNGR1 chain, which recruits the signal transducer and activator 

of transcription 1 (STAT1). The JAK-STAT pathway leads to translocation of STAT1 

homodimers to the nucleus, binding to the promoter interferon-gamma-activated 

sequence (GAS) and increased expression of IFN-γ inducible genes. STAT1 can also 

interact with signal transducer and activator of transcription 2 (STAT2), interferon 

regulatory factor 9 (IRF9), and induce the interferon-stimulated response element 

promoter (ISRE) (95). 

To analyze the role of IFN-γ signaling for the therapeutic effect of the AT therapy 

with TAA-specific TH1-cells, the homozygous STAT1 knockout phenotyp (Stat1-/-, 

129S6/SvEv-Stat1tm1Rds) developed by Robert D. Schreiber was bread into C3HeB/FeJ 
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mice to generate the required genetic background. Stat1-/- mice are unable to initiate 

transcription of IFN-γ-inducible genes, and IFN-α-inducible genes, but show normal 

responses to IL-6 and IL-10. Due to the loss of IFN signaling, Stat1-/- mice are sensitive to 

viral infection and intracellular microbial pathogens (96), and more susceptible to tumor 

formation induced by chemical stress or loss of the tumor suppressor gene p53 (p53) 

(97), or the cyclin-dependent kinase inhibitor p21Cip1 (p21Cip1) (98).  

Finally, C3H/FeJ-Stat1tm1Rds mice were crossbread with RT2 mice to generate an 

IFN-dependent cancer model. 

1.2.5 TNF Therapy 

TNF is described as a factor that connects infection and cancer regression, more 

precisely as an endotoxin-inducing factor able to induce hemorrhagic necrosis of tumors 

in certain animal models (99). TNF is secreted by T cells, macrophages, NK cells, B cells, 

neutrophils, fibroblasts, and keratinocytes (28). TNF has been studied as a system 

therapy in humans with cancer, but treatment options are limited by severe side effects 

of the cytokine, ranging from influenza-like symptoms to the development of life-

threatening symptoms of shock.  

TNF-receptor signaling is precisely regulated and decides whether cells survive or 

go into apoptosis or regulated necrosis (100-102). In brief, TNF binds to two receptors 

of the TNF receptor superfamily, the surface receptors tumor necrosis factor receptor 1 

(TNFR1) and tumor necrosis factor receptor 2 (TNFR2). Most tissues constitutively 

express TNFR1, whereas expression of TNFR2 is expressed on immune cells.  

The first cell fate after TNF binding signals via a crosstalk of TNFR1 and TNFR2 

which promotes via complex I binding cell survival trough nuclear factor-κB (NF-κB) 

activation. NF-κB activation leads to the transcription of antiapoptotic factors such as 

cFLIP, XIAP, Bcl-2, Bcl-XL and others. Complex I consist of TRADD, RIPK1, TRAF2 or TRAF5 

and cIAP. RIPK1 further modulates the signaling via activating the MAPK and JUN N-

terminal kinase (JNK) pathway (100-102).  

The second cell fate following TNF stimulation is apoptosis, and for this, caspase 

activation is required. TNFR1 contains the protein-protein interaction domain (death 

domain (DD)), which binds other DD-containing proteins and couples the death receptors 

to caspase activation and apoptosis. TNFR1 is also a potent activator of gene expression 

via indirect recruitment of members of the TNFR-associated factor (TRAF) family, while 
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TNFR2 lacks a DD-domain and directly recruits TRAF2. The modulation of RIPK1 via 

deubiquitinating enzymes enables TRADD, RIP1, and TRAF2 to move to the cytosol. FAS-

associated death domain protein (FADD) and pro-caspase-8 bind to this cytosolic complex 

and form complex II, or death-inducing signaling complex (DISC). Pro-caspase 8 then 

forms a homodimer and autocatalytically cleaves its pro-domains. The initiator caspase-

8 cleaves downstream executer caspases, like caspase-3, -6, and -7 that modify proteins 

ultimately responsible for programmed cell death (100-102).  

The third cell fate after TNF stimulation is necroptosis, it occurs after formation of 

complex II when pro-caspase-8 cannot be activated. This stress response then leads to 

receptor-mediated swelling of the cell and rupture of the cell membrane (100-102). 

Tnfr1-/- mice yield normal T cells. Tnfr1-/- mice have an increased sensitivity to viral 

infections and intracellular pathogens. Since the animals are kept under specific-

pathogen-free conditions, the defect has no influence on their life expectancy. However, 

the absence of TNFR signaling largely abolishes the TNF response. To analyze the role of 

TNF-dependent signaling for the therapeutic effect of the immunotherapy, the 

homozygous TNFR1 knockout phenotyp (Tnfr1-/-) (103) was backcrossed to C3HeB/FeJ 

and crossbread with RT2 mice. 

1.2.6 Combined Effects of IFN- and TNF 

IFN-γ and TNF in combination for the treatment of tumors have synergistic effects 

on cytostatic control or cytotoxic killing of tumor cells (104-106). An important issue in 

in cancer control is the appropriate dosage finding and delivery to provide efficient 

control and overcome therapy resistance. To prevent side effects, the cytokines IFN-γ and 

TNF were administered, together in a study with the chemotherapeutic melphalan, by 

isolated limb perfusion in patients with melanoma metastases. This cytokine-based 

therapy is relatively well tolerated with a high local response rate (107). Targeted 

administration of the cytokines is achieved by using TH1 cells as carrier (1, 7, 8). 

Preclinical study of a tumor kinase inhibitor with adoptively transferred T cells shows 

that IFN-γ and TNF enhances the effect and induce cell cycle arrest in tumor cells (108). 

1.2.7 Mode of Action 

The mechanisms of the body to overcome a cancer disease can act through 

apoptosis, necroptosis or necrosis to kill the cancer cells. Cytolysis, mainly mediated by 
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CTL and NK cells. In addition, senescence induction is an additional mechanism leading to 

durable control of cancer growth (1, 7, 109). If all these mechanisms fail, tumor escapes 

from the immune responses, and start growing (Figure 2).  

 

Figure 2. Tumor responses to cancer immunotherapies.  

A developing tumor can either be destroyed via cytolysis, apoptosis, necrosis, necroptosis, or show 

resistance and continues to grow, or can be controlled via senescence by the anticancer immunity. The 

fate of the tumor depends on the immune composition and the signal transmission within the tumor 

cell. 

The topic of escape mechanisms is above described in the Chapter 1.1. The 

mechanisms of tumor immune control are summarized in review (3) Figure 3. First, CD8+ 

T cells via cytolysis, second receptor-mediated induction of apoptosis, third the NK cell-

mediated cytotoxicity, fourth antibody-dependent cellular cytotoxicity (ADCC), and fifth 

the induction of senescence are mechanisms to control tumor cells.  

In this thesis, senescence could be elaborated as a key mechanism of 

immunotherapy via CD4+ TH1 cells (1), and TH1 cells in combination with the application 

of ICB via blocking mAbs as an effective cancer therapy (7). Therefore, the mechanisms of 

senescence induction with special focus on CIS will be presented in the next chapter. 



29 

 

1.3 Cellular Senescence 

In 1961, cellular or replicative senescence was first described as a permanent 

growth arrest of fibroblasts that divide about 50 times before becoming growth-arrested, 

a phenomenon also known as Hayflick limit (110, 111). The physiological relevance of 

senescence mechanisms extends to tissue homeostasis in addition to aging and thus may 

play a significant role in the control of tumorigenesis. 

1.3.1 Modes of Senescence Induction 

The induction of replicative senescence is caused by the shortening of the 

telomeric ends of a linear chromosome, following persistent DNA damage response (DDR) 

signaling that lead to a stable growth arrest of the cell.  

Physiological, programmed cellular senescence was found as a mechanism during 

mammalian embryonic development, which protects cells from apoptosis via p21-

mediated senescence (112, 113). 

Oncogenic Ras induces accumulation of the tumor suppressor proteins p16Ink4a or 

p53, described as oncogene-induced senescence (OIS) (114, 115).  

Cytokine-induced senescence (CIS) triggers via IFN-γ and TNF also the 

upregulation of the tumor suppressor proteins p16Ink4a in vitro and in tumors in vivo and 

can acts as a barrier to cancer progression (1, 7, 8). In this thesis modes of senescence 

induction in the RT2 mice are studied. In RT2 mice β-cells transform into β-cancer cells 

through partial inactivation of Rb1 and p53 by viral Tag2. These tumor suppressor 

proteins are essential for maintaining the senescent state (116). However, genetic 

changes like loss-of function mutations of p16Ink4a can reverse cellular senescence (117, 

118). Therapeutic approaches were studied with an antibody-cytokine fusion protein to 

deliver IL-12 into tumor tissue. The IL-12 stimulus differentiates CD4+ T cells, which 

secrets IFN-γ and TNF and induces cancer killing and cancer cell senescence in human 

rhabdomyosarcoma (A-204) cells in vivo in fully humanized NSG mice (119). Senescence 

induction via AT with TAA-specific TH1 cells was detected via imaging methods in vivo 

(120). IFN-γ can induce p21-dependent senescence in human melanocytes (121), and can 

act via oxidative stress, leading to DDR and subsequent cellular senescence (122). IFN-γ 

and CD4+ T cells also establish a barrier against breast cancers by inducing senescence 

and apoptosis (123), and in a melanoma model the loss of IFN signaling leads to a loss of 

senescence and further melanoma progression (124). 
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Therapy-induced senescence (TIS) is established as direct senescence response of 

chemotherapy or small molecule inhibitor targeting the p16Ink4a and p53 tumor 

suppressor mechanisms (125). Targeting the inhibition of the cyclin-dependent kinases 

CDK4 and CDK6 (CDK4/6) with substances like palbociclib, ribociclib, and abemaciclib is 

an established approach for the treatment of breast cancers (126-130).  Since 2015, 

palbociclib has the FDA approval for treatment of hormone receptor-positive, advanced-

stage breast cancer patients. Application strategies were further developed to combine 

CDK4/6 inhibitors with MEK inhibitors to increase the effect of chemotherapy in 

pancreatic cancer (131). 

In melanocytic nevi, the common overexpression of BRAFE600 leads to senescence 

(132-135), which is associated with signs of DDR (136, 137). Primary human 

melanomas, often carry the driver mutation BRAFV600E that results in permanent 

activation of the serin/threonin kinase associated with a loss of p16Ink4a. Treatment with 

specific BRAF-inhibitors mainly destroys the targeted melanoma cells, but can also 

restore senescence in part of the melanoma cells (138). 

1.3.2 Senescence Marker 

Senescence, as a cellular condition of growth arrest cannot be distinguished from 

dormancy, quiescence, or terminal differentiation in tissues. Therefore, senescence-

specific markers are needed to define senescence growth arrested cells.  

In tissue cultures senescent cells differ from proliferating cells with their enlarged, 

irregular morphology (139). Senescence-associated beta-galactosidase (SA-β-gal) 

between pH 5.5 and pH 6.0 is the gold standard marker to characterize senescent cells in 

tissue cultures and in vivo (109, 111, 132, 140, 141). Because of its importance, we 

developed a method to quantify SA-β-gal in tissue slides (7) Suppl. Fig. 2.  

Increased expression of the tumor suppressor protein Cdkn2a also known as 

p16Ink4a (117, 118, 142, 143), as well as Cdkn1a also known as p21Cip1 (112, 113, 121) 

are functional markers for senescence. They prevent the progression of the cell cycle as 

they suppress cyclin-dependent kinases (CDKs) and act as natural CDK inhibitors (CDKis) 

namely CDK4/CDK6 (139). Suppression of CDK4/CDK6 results in a permanent 

dephosphorylation of Rb1, causing cell cycle arrest in the G1 phase, partly by suppressing 

E2F molecules. Further, proliferation capacity can be monitored as well as the 

proliferation marker Ki67 (144).  
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Senescence-associated epigenetic histone modifications can be detected by 

increased pHP1γ or H3K9me3, which are markers for senescence-associated 

heterochromatic foci (SAHF) (145, 146). A functional biomarker to address DDR is the 

phosphorylated histone variant H2AX (γH2AX). 

Moreover, senescent cells are highly metabolically active, and secrete pro-

inflammatory cytokines, chemokines, growth factors, and proteases, known as 

senescence-associated secretory phenotype (SASP) (147-152). 

1.3.3 Senescence in ICB Therapies 

From the first reports on ICB therapy in patients with advanced cancer (46, 47, 

83, 153), to the phase II to phase IV studies (38-40, 48, 84, 154-156), to the present  

(157), all studies have in common that in responder patients residual metastases remain. 

Mechanisms must exist that can control stable metastases in addition to tumor 

eradication. Senescence could be one mechanism (3). Based on the clinical regression of 

metastases, the response to ICB therapy can be divided into two phases: the first phase of 

tumor regression; followed by a second phase of stable disease. Immunotherapy mediated 

senescence or apoptosis mechanisms within tumor cells thereby keeping tumor growth 

under control. We speculate that ICB therapy has an effect on immunoediting and 

converts the tumor into an equilibrium state of immune-mediated senescence called this 

process consolidation phase, probably in combination with apoptosis of cells that escape 

from senescence (6) Figure 3c. 
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1.4 Project Outline 

Objectives 

Carcinogenesis results from the stepwise transformation of somatic cells growing 

inside an ordered system into cells with an autonomous growth pattern that increasingly 

ignores to their given rules of growing and functionary. This results in an invasive growth 

pattern and the capacity to settle at distinct sited by forming metastases. Melanoma is a 

particularly aggressive tumor disease that begins to metastasize at tumor thickness less 

than 1 mm and causes metastasis in about half of patients at ≥ 4 mm thickness. As cancer 

dissemination can occur very early during cancer development, almost all melanoma-

associated deaths result from cancer metastases. Despite high public awareness leading 

to enormous investment in broad research, there has been almost no progress in the 

medical treatment of disseminated metastases from melanoma. The major breakthrough 

in the treatment of melanoma metastases occurred in 2011 with the introduction of 

immune checkpoint blockade (ICB) inhibitor targeting CTLA-4 into the clinic; followed by 

ICB inhibitors targeting PD-1 or PD-L1, and research on LAG-3 as promising target. Yet, 

about 50% of the patients with metastatic melanoma die from this disease.  

Work program 

Develop a feasible, life-prolonging, quality-of-life-improving immunotherapy in 

mice; characterize the therapeutic outcome and the responsible mechanism; evaluate key 

cellular components, test transferability to other systems, and test relevant insights in the 

clinic. 

Topic 

Both, TH1 cell therapy and ICB therapy result in IFN-γ-dependent tumor cell 

senescence. 
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2. Results and Discussion 

The focus of this thesis was to show the effectiveness of cancer immunotherapy 

with TH1 cells. Therefore, we studied the mechanism in pancreatic insulinomas from the 

RT2 mouse model during different stages of carcinogenesis. RT2 mice develop 

hyperplastic β-cells in islets at 5 weeks of age, from which angiogenic spontaneous 

insulin-secreting β-cells develop, resulting in declining blood glucose levels. The clinically 

relevant decrease in blood glucose levels begins around 10 weeks of life in RT2 mice. By 

12 weeks of life, the mice have developed large tumors, leading to death from 

hypoglycemia between 13 and 14 weeks of life (9, 10, 158). Immunotherapy with 

genetically engineered tumor specific, viral activated CTLs can temporarily control the 

insulinoma of RT2 mice through β-cells killing. CTLs must be used with the awareness 

that significant side effects may occur due to cell destruction, such as in the case of β-cell 

destruction, the induction of autoimmune diabetes (159). Immunotherapy with TH1 cells 

showed even more promising strategy to control tumors in RT2 mice (8). Regarding to 

the multistage carcinogenesis, treatment of 5-7 weeks old RT2 mice are designed as 

prevention trials to test immunotherapies for their ability to contain the establishment of 

large tumors (1, 7, 8). Treatment of 10 week old mice are intervention trails on already 

diseased mice with established tumors to test the therapeutic outcome with 

normalization of the blood glucose levels and prolonged survival and to investigate 

mechanisms of ICB therapy (7). In order to generate an anticancer immune reaction, we 

generated autologous TAA-specific CD4+ TH1 cells. Figure 3 shows the scheme for 

priming and expansion of the therapeutic CD4+ TH1 cells in vitro and the mode of action in 

vivo with combined ICB administration.  

Freshly isolated β-cancer cells from RT2 mice are a tool to obtain insights in the 

tumor intrinsic signaling pathways by in vitro experiments and subsequent the 

determination of the responsible factors for senescence induction during 

immunotherapy. Further, β-cancer cells were used as engrafted tumors in wild type mice 

to analyze the role of the immune system during immunotherapy. 
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Chapter 2  a 

  

Figure 3. AT/ICB therapy with CD4+ TH1 cells, anti-PD-L1 mAbs, and anti-LAG-3 mAbs. 

a, in vitro: TAA-specific CD4+ T cell priming in the presence of APC, Tag2-peptide, IL-2, anti-IL-4, and 

CPG-DNA to generate functional TH1 cells, followed by expansion of TH1 cells for AT therapy. b, in vivo: 

mode of action of combined i.p. AT/ICB therapy. TH1 cell migrate to the tumor and secrete IFN-γ and 

TNF. IFN-γ induces PD-1 expression and after ligation with PD-L1 the expression of cytokines reduces 

and TH1 cells become dysfunctional. In parallel, LAG-3 is expressed, which inhibits T cell function by 

ligation with MHC II. Treatment with ICB mAbs block these inhibitory mechanisms. 

In addition, we investigated the role of senescence induction by immunotherapy in 

a B-cell lymphoma model. In this model, the human MYC oncogene acts as a tumor driver 

which is controlled by immunoglobulin-λ enhancers (160). This model was from broad 

relevance to address different senescence mechanisms, respectively suppressor proteins. 

Finally, we translated our finding from bench to bedside and studied the role of 

senescence for efficient ICB of metastatic melanoma in patients. 

2.1 Immunotherapy with AT and AT/ICB Controls Cancer 

Cells 

RT2 tumors are immunologically cold tumors, as no functional TAA-specific T cells 

can be detected in the animals. Therefore, a weekly adoptive transfer of T-cells is 

necessary for prolonged antitumor immunotherapy (8, 159). Immunotherapy with Tag2-

specific TH1 cells provided two important findings: First, half of the mice were alive after 

30 weeks. Second, T cells controlled the tumors without inducing islet cell destruction and 

without causing diabetes (8).  
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2.1.1 RT2 Mice with AT of TH1 Cells is Dependent on the TH1 Cell Cytokines 

As RT2 tumors are not expressing MHC II (1) Suppl. Fig. 3, β-cancer cells are not 

susceptible for TH1 cell mediated cancer cell killing. To test the role of the TH1 cell effector 

cytokines 6 week old RT2 mice, or RT2. Tnfr1−/− mice (1) Suppl. Fig. 1 or RT2.Stat1−/− 

mice (unpublished data) were treated once a week by TAA-specific TH1 cells. The 

therapeutic approach started at early times of the carcinogenesis in a prevention trials as 

previous work showed that AT with TAA-specific TH1 cells prolongs the overall survival 

the earlier the therapy starts (8). We measured the blood glucose level as therapeutic 

parameter. In RT2, AT with TH1 cells resulted in stabilization of the blood glucose level 

and prevention of the tumor outgrowth, whereas the blood glucose level from control-

treated mice as well as from RT2.Tnfr1−/− mice or RT2.Stat1−/− mice decreased 

progressively. At 12 weeks of age, the control-treated and Tnfr1- or Stat1-deficient mice 

reached the termination criterion due to low blood glucose levels and the trial had to be 

aborted. The histological sections of the pancreas showed a control of the tumor burden 

in RT2 mice, while the mice with low blood glucose levels had loss in the pancreas 

architecture due to large insulinomas (1) Suppl. Fig. 1. The data suggested that the TH1 

cell cytokines IFN-γ and TNF leads to tumor control. The required presence of TH1 cells 

after AT in the surrounding of the β-cancer was prior detected via fluorescent labeled TH1 

cells (72). We stained the specific T-cell marker CD4 in paraffin sections of AT-treated 

RT2 mice and were thus able to detect the presence of T cells, predominantly in the tumor 

microenvironment (1) Suppl. Fig. 2. The data showed that TH1 cells are present in the 

microenvironment of β-cancers in RT2 mice and Tnfr1-deficent RT2 mice after AT 

therapy, but without controlling the tumor growth in Stat1- and Tnfr1-deficent RT2 mice. 

This suggests that the TH1 cell cytokines IFN-γ and TNF are the effector molecules for the 

TH1 cell therapy. 

2.1.2 Stat1-dependent Control of Advanced Malignant Insulinomas with 

AT/ICB Therapy 

To analyze immunotherapy with TH1 cells after advanced tumor disease in an 

intervention trails we treated 10 week old RT2 mice bearing large insulinomas (7)  

Suppl. Fig. 7a. The presence of tumor burden was detected by magnetic resonance 

imaging (7)  Suppl. Fig. 7b. RT2 mice and RT2.Stat1-/- mice were treated with AT, ICB, AT 

plus ICB or isotype control mAbs. A combination of anti-PD-L1 and anti-LAG-3 mAbs as 
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ICB treatment was used because the therapeutic effect of CD4+ T with blockade of the PD-

1/PD-L1 pathway alone failed to control tumor growth, whereas the combination of PD-

L1 blockade with and anti-LAG-3 Abs showed therapeutic effect (60). We analyzed RT2 

mice in parallel with Stat1-/--deficient RT2 mice to target in detail the IFN-γ signaling 

pathway in the context of ICB therapy, as the IFN-γ gene signature was defined as essential 

for a response to the applied therapy (32, 71, 161). Immunotherapy with CD4+ TH1 cells 

prolonged the life of RT2 mice, but could not inhibit the tumor outgrowth and stabilize 

the parameters of blood glucose level. Combination therapy with AT/ICB improved the 

survival of RT2 mice significantly compared to sham-treated RT2 mice or AT/ICB-treated 

RT2.Stat1-/- mice. Importantly, the therapy showed lower tumor burden in the pancreas 

section and stabilization of the blood glucose level in RT2 mice, but no difference between 

AT/ICB- and sham-treated RT2.Stat1-/- mice (7) Figure 4 a-c. The progression of the 

tumor can be determined by the decrease in blood glucose levels, as growing insulinomas 

secrete continuously insulin. These data showed a successful, Stat1-dependent 

intervention trails in a preclinical cancer immunotherapy with combination of CD4+ T 

cells with anti-PD-L1 and LAG-3 mAbs. 

To address if the difference in the clinical efficacy of immunotherapy is dependent 

on the IFN-γ signaling and not due to reduced immune cell migration into Stat1-/--deficient 

cancers, we stained the T cell marker CD3 by immunohistochemistry. CD3+ T cells were 

present in the tumor microenvironment of RT2 or RT2.Stat1-/- mice after AT and AT/ICB 

treatment (7) Figure 5a. Next, we analyzed the expression of the SV40-Tag2 tumor 

antigen, which is recognized by the transferred TH1 cells, and found no difference in the 

Tag2 expression of RT2 or Stat1-/--deficient tumors on RNA or protein level (7) Figure 

5b, c. These data suggested that the transferred TAA-specific TH1 cells migrate to the β-

cancer independent of the genotype of the mice.  

To analyze putative differences between RT2 and RT2.Stat1-/- mice we further 

stained for the β-cancer cell markers insulin and synaptophysin and did not identify Stat1-

dependent differences in the expression pattern of β-cancer cells (7) Figure 5b. In 

addition, we performed immunofluorescence staining of the treatment groups isotype 

control (Ctr), ICB/AT, ICB alone, or AT alone. We stained β-cancers with synaptophysin 

and found MHC class II expressing APCs and CD3 expressing T cells near the tumor cells 

in all treatment condition, but with a much greater extend after ICB/AT treatment in 

pancreas of RT2 and RT2.Stat1-/- mice (7) Suppl. Fig. 8a. Using labeled TAA-specific TH1, 



37 

 

we confirmed a rapid migration of the TAA-specific TH1 cells in the tumor environment of 

RT2 and RT2.Stat1-/- mice using 3-dimensional light sheet fluorescence microscopy and 

FACS measurement (7) Suppl. Fig. 11. Next, we stained PD-L1 and β2-microglobulin 

(β2M) a component of MHC class I molecules, as IFN-γ signaling induces the expression of 

PD-L1 and β2M (56). PD-L1 and β2M were detectible in the tumor section of RT2 and 

RT2.Stat1-/- mice (7) Suppl. Fig. 8d. The data showed that therapy with TAA-specific 

CD4+ TH1, anti-PD-L1 mAbs, and anti-LAG-3 mAbs failed in Stat1-deficent mice not 

because of missing effector cells, antigen presentation or target receptor molecules. But 

rather because of the defect in the interferon signaling. 

2.2 Immunotherapy with AT and AT/ICB Induce Senescence 

in Cancer Cells 

The above described experiments showed that immunotherapy with AT and 

AT/ICB only partly destroyed the tumors. The mechanism is independent of CD8+ T cells 

and apoptosis (8), leaving residual tumors after immunotherapy. Senescence is a long-

lasting growth arrest that frequently results from a stress response and could be one 

mechanism for the residual tumors in RT2 mice. To address the underlying mechanisms 

of TH1 cell therapy we examined multiple leading markers characterizing senescence in 

vitro and in vivo. 

2.2.1 Characterization of Cancer Control after Immunotherapy in vitro 

In order to analyze the role of senescence for the growth arrest in the residual 

tumors we isolated the tumors after a prevention trial with AT therapy of 12 week old 

mice, digested the tumor capsule and dissolved the cell clusters to obtain a primary β-

cancer cell culture. We analyzed the growth capacity over several cell culture passages (p) 

in vitro. The culture of primary β-cancer cells starts with the cell number at p0 after 

isolation from sham- or AT-treated RT2 mice. A minority of the isolated cancer cells 

adhered to the cell culture plate, and the cell number of these β-cancer cells was analyzed 

in the following passages. β-cancer cells from sham-treated RT2 mice began to proliferate 

in vitro, whereas β-cancer cells from AT-treated RT2 mice remained growth arrested (1) 

Figure 4a and Suppl. Fig. 15. In sharp contrast, β-cancer cells from RT2.Tnfr1−/− mice (1) 

Figure 4a or RT2.Stat1−/− mice (unpublished data) started to grow exponentially in vitro, 

whether mice had received an immunotherapy or whether they were sham-treated. This 
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growth arrest was additionally performed after the intervention trails based on mice after 

therapy with ICB/AT with comparable results (7) Figure 7a, b. This data suggested that 

the therapeutic effect of TH1 cell immunotherapy stayed permanent in the β-cancer cells.  

Next, we determined the percentage of the senescence marker SA-β-gal after p ≥ 5, 

and found an significant higher SA-β-gal expression in β-cancer cells from RT2 mice after 

immunotherapy compared to sham-treated RT2 mice or AT/ICB-treated  RT2.Stat1−/− 

mice (7) Figure 7c. 

As the main characteristic of senescence is growth arrest we stained proliferation 

marker Ki67 and cell cycle inhibitor p16Ink4a in β-cancer cells after AT therapy and 

measured a significant reduction of the Ki67 and in parallel an induction of p16Ink4a (1) 

Figure 3c. Further, staining of the senescence markers pHP1γ and H3K9me3 showed 

significant induction in AT-treated RT2 mice compared to sham-treated mice. Whereas, 

analyzes of the apoptosis marker active caspase 3 was not induced by therapy (1) Figure 

3a, b. This data indicated that the immunotherapy in RT2 mice leads to cancer cell 

senescence as tumor control mechanism.  

2.2.2 Characterization of Cancer Control Mechanisms in vivo 

To determine whether the tumor cells from AT-treated mice were long-term 

growth arrested, β-cancer cells were isolated after therapy and subcutaneously (s.c.) 

injected into immunodeficient NOD–scidIL2rg-/- (NSG) mice. NSG mice combining the 

severe combined immune deficiency (scid) and the complete loss of the IL-2 receptor 

common gamma chain (IL2rg−/−) allele on the NOD/ShiLtJ genetic background (162) and 

can therefore be used as in vivo model system to monitor the tumor growth capacity in 

vivo in the absence of a functional immune system. β-cancer cells isolated from mice after 

AT therapy remained growth arrested for 10 weeks, while tumors from sham-treated 

controls of Tnfr1-deficient mice (1) Figure 4c, and Stat1-deficient mice (unpublished 

data) grew exponentially. This data determined a permanent growth arrest of TH1 cell 

treated tumor cells, not only after in vitro seeding experiments (chapter 2.2.1), but also 

in vivo. To investigate senescence as an underlying mechanism, fresh cryosections were 

used to analyze established senescence markers. For this purpose, pancreas of RT2- and 

Stat1-deficient RT2 mice were examined after immunotherapy with AT and ICB/AT at the 

time point when the sham-treated mice reached the termination criteria. 

Immunofluorescence staining for p16Ink4a and Ki67 in the area of the β-cancer with 
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quantification of individual mice for each treatment group, showed clear and significant 

induction of p16Ink4a exclusively after ICB/AT treatment and reduction of Ki67 only in 

mice with functional IFN-γ signaling (7) Figure 4d, e. p21Cip1, Ki67 double staining 

showed also a presence of p21Cip1 exclusively after ICB/AT in RT2 β-cancer with a loss of 

Ki67, and not in single-treated mice or in treated RT2.Stat1−/− mice (7) Figure 6a. To 

analyze heterochromatin formation as senescence marker we stained tumor sections of 

RT2 and RT2.Stat1−/− mice for pHP1γ and H3K9me3 (7) Figure 6b, c. pHP1γ expression 

was only detected in ICB/AT-treated RT2 mice. H3K9me3 nuclear staining was strongly 

detected after combined ICB/AT therapy while it revealed almost no signal in sham-

treated tumor samples. ICB or AT monotherapy showed a slight nuclear signal of 

H3K9me3. SA-β-gal activity is one of the main characteristic features of senescence, yet 

quantification of the SA-β-gal activity in histological section was until now not established 

in the literature. To overcome this problem, we established histological staining at pH 5.5 

on cryostat sections with subsequent objective color calculation of immunofluorescence 

signals within the tumor area. Using this technique (7) Suppl. Fig. 2, we evaluated strong 

expression of SA-β-gal in the tumor cells of RT2 mice only after combined AT/ICB 

immunotherapy (7) Figure 6d. Together, detection of p16Ink4a and p21Cip1 induction, loss 

of Ki67, heterochromatin formation by pHP1γ and H3K9me3, and SA-β-gal analysis 

provided a reliable combination of senescence-associated markers to evaluate the 

senescence status in vivo. Moreover, electron microscopy analysis revealed accumulation 

of SA-β-gal in the cytoplasm of senescent tumor cells (7) Suppl. Fig. 10a-c.  

Immunotherapies with AT are regularly performed with CD8+ T cells and lead to 

tumor infiltration by CTLs (see chapter 1.2.2 Adoptive T cell Transfer). However, in AT 

therapy with TH1 cells in combination with ICB therapy, hardly any infiltration of CD8+ 

CTLs or CD49b+ NK cells was detected (7) Suppl. Fig. 8c. Nevertheless, induction of 

apoptosis could be induced by combined AT/ICB therapy. Therefore, apoptosis induction 

via staining of DNA double-strand breaks (DSB) was investigated with the functional 

markers γH2AX or DNA-dependent protein kinase (DNA-PK), which participate together 

in DSB repair (163). However, no γH2AX or DNA-PK positive cells were detected in the 

tumor sections of RT2 mice in tumor sections from AT/ICB-treated or in sham-treated 

mice (7) Suppl. Fig. 9. The data suggested that apoptosis was not a major mechanism 

leading to cancer containment in this system. Together, sham-treated tumors and Stat1-

deficient tumors were strongly enriched in Ki67+ cells that were negative for p16Ink4a, 
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p21Cip1, H3K9me3, pHP1γ, and SA-β-gal. AT therapy alone, and ICB therapy alone showed 

intermediate results of these senescence markers. Only the combined AT/ICB treatment 

in advanced cancers showed tumor reduction and senescence induction. 

As AT therapy with TH1 cells in early cancers (1) and the combined AT/ICB therapy 

in advanced cancers (7) was entirely inefficient in RT2.Stat1−/− mice the soluble factors 

IFN-γ and TNF might be responsible for the immune control executed by TAA-specific TH1 

cells. To proof this concept, the following assays were performed in vitro with the direct 

application of the cytokines to genetically modified β-cancer cell lines. 

2.3 TH1 Cell Cytokine Induced Senescence in Cancer Cells  

To address the role of IFN-γ and TNF in TH1 cell-mediated immunotherapy, we 

used primary β-cancer cell lines, which were generated from 12 week old RT2 mice and 

treated them for 96 hours (h) with medium containing 100 ng ml−1 IFN-γ and 10 ng ml−1 

TNF. This treatment induced a cytokine-dependent G1 arrest (1) Figure 1, along with 

increased levels of p16Ink4a and hypophosphorylated Rb1 (1) Figure 2d, e. Cytokine 

treatment also increases SA-β-gal expression (7) Figure 3. In summary, the data showed 

that this combined cytokine treatment induced a cellular status of senescence, CIS. 

Functional analyses were performed using genetic knockout cell lines. 

2.3.1 Stat1/IFN--dependent Senescence Induction in Cancer Cells 

Growth arrest assay with Stat1−/− β-cancer cells were performed to address the 

role of IFN signaling in vitro. No growth-inhibitory effect of the cytokines in the absence 

of Stat1 were observed.  Measurement of SA-β-gal activity after 96 h treatment with the 

cytokine cocktail of IFN-γ and TNF showed no change in the enzyme activity when 

compared with the medium-treated cells (7) Figure 3a. Treatment with only one cytokine 

failed to control β-cancer cell growth, which confirmed the need of IFN-γ signaling for 

senescence induction (1) Suppl. Fig. 6. 

2.3.2 Tnfr1/TNF-dependent Senescence Induction in Cancer Cells 

Tnfr1-/- genetic knockout β-cancer cell lines did not achieve a status of senescence, 

which shows that the cofactor TNF is required for induction of senescence in a significant 

number of β-cancer cell lines from RT2 mice (1) Figure 2c.  
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2.3.3 Senescence Induction in Cytokine-dependent Cancer Immunotherapy 

To test whether CIS can be detected in other tumor entities, we isolated primary 

cell lines from polyomavirus middle T antigen (PyVmT)-transgenic mice and treated 

cancer cells with IFN-γ and TNF.  Induction of the senescence markers SA-β-gal and pHP1γ 

showed responsiveness of PyVmT-driven breast cancer cells to CIS (1) Suppl. Fig. 10. 

Further analysis were performed in human A-204 rhabdomyosarcoma cells and the 

induction of CIS was detected on the basis of proliferation and Rb1 phosphorylation (1) 

Suppl. Fig. 11. As A-204 cells are an established cell line with reliable CIS induction, the 

signal transduction was analyzed and gained insight in the Ago2 nuclear translocation and 

its potential importance for CIS (5) Figures 2-6.  

In addition, various other cancer cell lines like melanoma (MALME-3M), lung 

cancer (HOP-62), colon cancer (COLO-205), ovarian cancer (OVCAR-5), and cancer cells 

from the central nervous system (SNB-75, SF-295) performed a permanent growth arrest 

after IFN-γ and TNF treatment (1) Suppl. Tab 2, as well as in primary human cancer cells 

(1) Suppl. Tab 3, and (7) Figure 10e. The broad response of tumor cell lines to IFN-γ and 

TNF suggests a fundamental relevance of CIS as a tumor control mechanism. 

2.3.4 Cdkn2a-dependent Senescence Induction in Cancer Cells  

Cell cycle control genes, especially p16Ink4a, are functionally relevant for 

senescence induction (see chapter 1.3.1, 1.3.2). Thus, models to delete the responsible 

gene locus for p16Ink4a, Cdkn2a, were generated in order to directly address the 

senescence mechanism in β-cancer cells. To test the validity of the hypothesis, three 

different approaches for the Cdkn2a depletion were chosen. First, a pool of seven different 

short hairpin RNAs (shRNA) targeting Cdkn2a was used (1) Suppl. Fig. 9 to generate a 

p16Ink4a/p19Arf β-cancer cell line (shp16-p19). Growth arrest assay analysis revealed that 

CIS was Cdkn2a-dependent (1) Figure 2f. Second, a Cdkn2a-specific CRISPR/Cas9 

transfected β-cancer cell line (RT2.CRISPR-Cdkn2a) was generated. Growth arrest and SA-

β-gal staining assay showed, that RT2.CRISPR-Cdkn2a β-cancer cells were resistant to 

senescence induction, whereas control-transfected β-cancer cells were susceptible to CIS. 

(7) Figure 3c. Third, spontaneous Cdkn2a loss mutants (RT2.Cdkn2a-/-) were analyzed 

(7) Suppl. Fig. 5. These RT2.Cdkn2a-/- β-cancer cells were resistant to CIS, but susceptible 

to apoptosis in vitro (7) Figure 3b. Together, depletion of Cdkn2a, resulted in loss of 

senescence induction in β-cancer cells, suggesting that IFN-γ- and TNF-induced 
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senescence via regulation of the p16Ink4a/Rb1 cell cycle checkpoints is a crucial 

mechanism for immune therapy-mediated cancer control. 

2.4 Tumor Intrinsic Conditions for Efficient Immunotherapy 

We have shown that CIS requires IFN-γ-, TNF- and p16Ink4a-signaling within the 

tumor cells in vitro. Solid tumors are known to evolve immunoediting strategies and 

create favorable conditions for their growth by recruitment of protumoral immune cells. 

Therefore, we asked whether CIS takes place in immunocompetent mice in vivo. We 

transplanted β-cancer cells with in wild type mice to analyze the role of the immune 

system during immunotherapy with anti-PD-L1 and anti-LAG-3 mAbs.  

2.4.1 Efficient Responses in Mice with Ectopic Insulinomas using ICB Therapy 

We used genetic knockout β-cancer cells to address the tumor intrinsic signaling 

pathways. We depleted the CD8+ T cell with mAbs to focus on the CD4+ TH1 cell response. 

Once tumor had reached the critical size of 3 mm in diameter, established tumors were 

treated with isotype control or ICB therapy (7) Suppl. Fig. 1b. We used RT2-, 

RT2.Stat1−/−-, RT2.Cdkn2a−/−-, and RT2.CRISPR-Cdkn2a-cancer cells, which were 

previously characterized by in vitro experiments. All tumors, irrespective of their genetic 

background, grew subcutaneously in mice. In the control groups the tumor volume 

increased exponentially (7) Figure 1. ICB therapy induced either a growth arrest or a 

continuous tumor regression in mice injected with the RT2 β-cancer cells. Six of ten 

analyzed tumors were completely eradicated; in three mice small residual tumor load 

were found, and in one mouse the tumor size was retained at the initial level. In sharp 

contrast, RT2.Stat1−/− cancer cells were completely resistant to ICB therapy. Highlighted 

the role of IFN- signaling for ICB therapy. Likewise, RT2.Cdkn2a−/−-, and RT2.CRISPR-

Cdkn2a-cancer cells, did not respond to ICB therapy, showing that senescence induction 

via Cdkn2a induction is required for tumor control in ICB therapy (7) Figure 1. These 

experiments clearly demonstrate that efficient ICB did not only require Stat1-signaling, 

but Stat1-induced Cdkn2a. These proof of concept experiments showed that a functional 

senescence-signaling pathway is needed within the RT2 β-cancer cells for an efficient ICB 

therapy. 

To examine senescence markers, immunofluorescence staining of Ki67 in 

combination with p16Ink4a were performed using tumor sections of the isolated s.c. tumor 
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lesions (7) Figure 1b, c. For each experimental group, isotype antibody control and ICB 

were compared. Immunofluorescence staining showed that Ki67 was absent and p16Ink4a 

was exclusively expressed in the RT2-cancer receiving ICB therapy. Only these tumors 

also expressed other senescence marker like p21Cip1, pHP1γ, H3K9me3, and SA-β-gal (7) 

Figure 2. Together these data revealed that ICB required Stat1- and Cdkn2a-signaling 

within the tumor cells for senescence induction and tumor control in immunocompetent 

mice. 

2.5 CIS is Required for Efficient ICB Therapy of λ-MYC 

Lymphomas 

Stat1-deficient cancers expressed neither p16Ink4a nor p21Cip1 in 

immunofluorescence staining of endogenous RT2-cancers (7) Figure 4d, e and Figure 6a 

and transplanted RT2-cancers (7) Figure 1b, c and Figure 2a. Thus, besides p16Ink4a, 

senescence induction can also function via p21Cip1 activation. As Tag2 expression causes 

a defect in p53 activation (164), the downstream protein p21Cip1 cannot be appropriate 

investigated in this model. Therefore, different cancer type sensitive to T cell-mediated 

rejection were used to investigate the role of p21Cip1 for cancer immunotherapy. In -MYC 

mice, the human MYC oncogene is expressed under the control of the immunoglobulin 

enhancer leading to the development of endogenous B-cell lymphomas (160). In -MYC 

mice and double transgenic λ-MYC.p21−/− mice the combination of anti-PD-1 and anti-

CTLA-4 mAbs were used in a treatment regime of two to four times every ten days, 

starting at day 55 after birth.

2.5.1 IFN--dependent Senescence Induction in λ-MYC Lymphomas 

To investigate the role of IFN- signaling during ICB therapy in the -MYC mouse 

model, mice were treated with anti-IFN- mAbs before ICB treatment and compared the 

overall survival of the mice with ICB-treated mice and untreated mice. ICB therapy 

significantly prolonged the life of -MYC mice. The cancer progression was delayed in 18 

% of the mice for more than 250 days, whereas all untreated mice died within 150 days. 

Inhibiting the IFN- signaling with blocking mAbs abolished the effect of the ICB therapy 

completely (7) Figure 8a. Immunotherapy effectively delayed the growth of these B-cell 

lymphomas and preserves normal lymph node structure (7) Suppl. Fig. 12a. 

Immunofluorescence staining of B cells in the lymph node showed an increase of p16Ink4a 
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and p21Cip1 after ICB therapy, whereas the untreated and ICB/anti-IFN- treatment group 

showed no expression of the cell cycle inhibitors (7) Figure 8b. Quantification of 

individual mice for each treatment group revealed a clear and significant induction of 

p16Ink4a exclusively after ICB treatment with simultaneous reduction of Ki67. These 

markers of senescence were absence in untreated and ICB/anti-IFN- B cells (7) Figure 

8c, suggesting that only mice with a functional IFN-γ signaling can respond to ICB therapy. 

2.5.2 p21Cip1-dependent Senescence Induction in λ-MYC Lymphomas 

To test whether ICB-mediated lymphoma prevention required the senescence-

inducing p21Cip1, we generated syngeneic-MYC.p21Cip1-/- mice. In -MYC.p21Cip1-/- mice, 

ICB treatment failed to significantly improve the overall survival compared to untreated 

-MYC mice. B cells were Ki67 positive and negative for the CDK inhibitors p16Ink4a, p21Cip1 

(7) Figure 8b, e.  

Immunotherapy failure could be part of an immune evasion mechanism of the 

cancer cells. Therefore, the expression of PD-L1 and 2M was measured under all 

treatment conditions. As their expression was detected in the B-cell regions of the lymph 

node (7) Suppl. Fig. 12b, silencing of the IFN- pathway did not prevent PD-1 binding 

ability or antigen presentation.  

-MYC mice did not respond to immunotherapy if the IFN- or p21Cip1 signaling was 

disturbed. To investigate whether this effect is due to senescence, we stained markers for 

senescence-associated epigenetic histone modifications pHP1γ and H3K9me3 expression 

were present in ICB-treated B cells of the lymph nodes and absent in the control group, in 

the ICB/anti-IFN- treatment group, and in the ICB-treated -MYC.p21Cip1-/- group. 90% of 

B cells in the lymph nodes of ICB-treated mice were SA--gal positive, whereas ICB-

treated--MYC.p21Cip1-/- mice had only 14% SA--gal positive B cells. In IFN-depleted ICB-

treated mice and untreated mice, the average value was 8% SA--gal staining. These data 

demonstrated that treatment of -MYC mice with ICB resulted in strong induction of the 

biomarker for cellular senescence (7) Figure 8c.  

As ICB therapy can modulate T cell population frequencies and can activate CD8+ 

T cells, and NK cells as effector cells, we stained cytotoxic T cells in fresh cryosections of 

the lymph nodes. Both, CD8+ T cells and NK cells were present in small numbers in the 

pre-malignant B cell regions of ICB-treated mice and in the regions of B-cell lymphomas 
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of untreated, ICB/-MYC.p21Cip1-/-- and ICB/anti-IFN--treated mice, suggesting that T cell 

dependent lysis were not substantially involved in ICB therapy in -MYC mice (7) 

Suppl. Fig. 12d. 

Cancer control mechanisms via immunotherapy can act via stress response on 

DNA level, hence we analyzed γH2AX and DNA-PK. No signs of DNA double strand breaks 

after ICB therapy in -MYC mice were found (7) Suppl. Fig. 12e, suggesting that the delay 

of B-cell lymphoma development is a result of CIS.  

The ICB treatment of -MYC mice revealed that p21Cip1 activation was required to 

prevent the transition of pre-malignant B cells into B-cell lymphomas and that this 

mechanism was IFN--dependent and leads to an upregulation of senescence markers in 

B cells. 

2.6 CIS is Required for Efficient ICB Therapy of Human 

Melanoma Metastases 

ICB therapy can control tumor growth through by activating cell cycle arrest via 

cytokines. Figure 4 shows molecules that are involved in CIS. 

  

Figure 4. Immunotherapy activates senescence mechanisms within the tumor cell. 

Immunotherapy with the TH1 cell cytokines IFN-γ and TNF or ICB leads to increased expression of the 

tumor suppressor proteins p16Ink4a, p19Arf (p14Arf respectively in humans), and p21Cip1. This leads to 

suppression of the cyclin-dependent kinases CDK2, 4, 6. This suppresses the phosphorylation of the 

tumor suppressor protein Rb1 and thus the transcription of E2F-regulated promoters leading to 

induction of senescence of the tumor cells. Tumor control was measured via growth arrest, G1-arrest 

and loss of Ki67 expression. Senescence-associated epigenetic and metabolic modifications was 

detected by increased pHP1γ, H3K9me3 and SA-β-gal. 



46 

 

To determine, whether ICB of melanoma metastases requires CIS, we genetically 

analyzed the frequencies of functionally inactivating mutations, losses or amplifications 

of these key signaling molecules in the senescence pathways. Therefore, we 

retrospectively analyzed melanoma metastases from patients with either regressing or 

with progressing metastases during ICB treatment. We sequenced melanoma biopsies 

after ICB therapy and compared the genetic alterations with the appropriate healthy 

tissue controls. In total, 42 patient samples collected during clinical routine were analyzed 

by targeted panel sequencing of 678 established cancer-associated genes. The panels 

were designed to detect somatic mutations (SNVs), small insertions and deletions 

(INDELs), copy number variations (CNVs,) and selected structural rearrangements. The 

sequencing reads were aligned to the human genome reference sequence. We focused 

exclusively on genes potentially relevant for IFN-dependent induction of senescence. 

Gene mutations from non-responder and responder patients were compared. Precisely 

named the gene sequences of the protein-tyrosine kinases JAK1/2/3 that plays a key role 

in IFN signal transduction, the tumor suppressor genes RB1 and TP53, the nuclear-

localized E3 ubiquitin ligase MDM2/4 proto-oncogenes that can promote tumor 

formation by suppressing p53 (MDM2/4), the MYC proto-oncogene (MYC), the kinase 

inhibitors p21Cip1, p27Kip1, p16Ink4a/p14Arf, p15Ink4b, and p18Ink4c (CDKN1A/B, 

CDKN2A/B/C), the cyclin-dependent kinases 4/6 (CDK4/6), the cyclins D1/2/3 

(CCND1/2/3), and cyclin E1 (CCNE1). Melanoma metastases of non-responder patients 

had significantly higher numbers of genes with severe fully inactivating mutations in 

CNVs of senescence-inducing cell cycle genes (JAK1/2/3, RB1, TP53, CDKN1A/B, 

CDKN2A/B/C) or more than threefold amplifications of genes promoting cell cycle 

progression (MDM2/4, MYC, CDK4/6, CCND1/2/3, CCNE1) than the melanoma metastases 

from responder patients (7) Figure 10c, Suppl. Fig. 13 and 14. These data confirmed 

that severe genetic aberrations of the CIS signaling pathways, which had previously 

identified as important for functional inactivation of CIS and ICB therapy in mice, were 

also significantly associated with a poor response to ICB therapy in humans. 

To examine, whether melanoma metastases from patients not responding to 

cancer immunotherapy, are also resistance to CIS, we used isolated cells cultured from 

melanoma metastases to perform growth arrest assays. Indeed, primary melanoma cell 

lines generated from patients resistant to ICB therapy (7) Figure 10d also did not 

respond to CIS. In contrast, isolated primary melanoma cell lines from patients 
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responding to ICB therapy respond to CIS (7) Figure 10e. In conclusion, it seems 

reasonable to conclude that senescence pathways in melanoma metastases were 

necessary for responsiveness to ICB therapy. Mapping of senescence pathways will 

predict the efficacy of immunotherapy in patients with metastatic melanomas and 

possible also other cancers, but this prediction has yet to be confirmed by larger cohorts. 

As impaired senescence pathways in melanomas seem to be of high relevance for 

resistance to ICB, it is important to develop strategies to overcome these resistance 

mechanisms. It is likely that IFN-γ-induced immune effects are not only required for ICB 

therapy-induced senescence but also other IFN-γ-induced immune effects. Therefore, 

combining ICB therapy with CDK4/6 inhibitors may be a promising approach to overcome 

resistance in patients with melanoma that carry major defects in the senescence signaling 

pathways required for CIS. 
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Figures 

Figure 1. Cytokine therapy as soluble anticancer immunity. 24 

Figure 2. Tumor responses to cancer immunotherapies. 28 

Figure 3. AT/ICB therapy with CD4+ TH1 cells, anti-PD-L1 mAbs, and anti-LAG-3 

mAbs. 34 

Figure 4. Immunotherapy activates senescence mechanisms within the tumor cell. 45 
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Figures Appendix 

(1)  T-helper-1-cell cytokines drive cancer into senescence 

Figure 1 Combined, the TH1 cytokines IFN-γ and TNF induce stable growth arrest 

of Tag-driven β-cancer cells in vitro. A2 

Figure 2 Stat1- and TNFR1-dependent stabilization of the p16Ink4a–Rb senescence 

pathway in β-cancer cells by the combined action and TNF in vitro. A2 

Figure 3 TNFR1-dependent induction of growth arrest and senescence in β-

cancer cells by TH1 immunity in vivo. A3 

Figure 4 TH1 immunity induces TNFR1-dependent, permanent growth arrest of β-

cancer cells that remains stable for ≥10 weeks, even after transfer into 

immune-deficient NOD–ScidIl2rg-/- mice. A4 

Suppl. Fig. 1 Treatment of RIP1-Tag2 mice with IFN-γ- and TNF-secreting Tag- TH1 

cells leads to TNFR1-dependent stabilization of blood glucose levels, and 

arrests islet cancer growth in vivo. A8 

Suppl. Fig. 2 CD3-positive T cells surrounding an endocrine β-cell tumor. A9 

Suppl. Fig. 3 β-cancer cells fail to express MHC class II either in vivo or in vitro and 

are not lysed by Tag- TH1 cells in vitro. A10 

Suppl. Fig. 4 Treatment of RIP1-Tag2 mice with Tag- TH1 cells leads to inhibition of 

β-cancer cell proliferation in vivo and ex vivo. A11 

Suppl. Fig. 5 TH1 immunity and IFN-γ do not suppress Tag expression. A12 

Suppl. Fig. 6 Combined IFN-γ and TNF treatment but neither IFN-γ alone nor TNF 

alone induce stable growth arrest in isolated β-cancer cells in vitro.  A13 

Suppl. Fig. 7 Nuclear recruitment of pHP1γ into senescence-associated 

heterochromatin foci (SAHF) after IFN-γ, TNF, or combined IFN-γ and TNF 

treatment in isolated β-cancer cells in vitro.  A14 

Suppl. Fig. 8 SA-β-galactosidase activity in synaptophysin-positive β-cancer cells 

after treatment with IFN-γ in vitro. A15 

Suppl. Fig. 9 Knock-down of p16Ink4a by the use of shRNA. A16 

Suppl. Fig. 10 Induction of SA-β-galactosidase activity and nuclear recruitment of 

pHP1γ into SAHF after combined IFN-γ and TNF treatment in isolated 

PyVmT-driven breast cancer cells in vitro.  A17 
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Suppl. Fig. 11 Combined IFN-γ and TNF treatment induces stable growth arrest and 

profound Rb hypophosphorylation in A-204 rhabdomyosarcoma cells.  A18 

Suppl. Fig. 12 Expression of the proliferation marker MIB and the senescence 

marker p16Ink4a in regressing melanoma. A19 

Suppl. Fig. 13 Induction of nuclear and cytoplasmic p16Ink4a by TH1 immunity in vivo 

(higher magnification from Fig. 3c). A20 

Suppl. Fig. 14 Failure of Tag- TH1 cells to induce senescence markers in TNFR1-/-

xRIP1-Tag2 mice in vivo. A21 

Suppl. Fig. 15 TH1-immunity induces permanent growth arrest of β-cancer cells 

which remains stable for 6 passages of in vitro culture. A22 

Suppl. Fig. 16 p16Ink4a-independent induction of the chemokines CXCL9 and CXCL10 

by combined IFN-γ and TNF in RIP1-Tag2 β-cancer cells. A23 

(2)  Changing T-cell enigma 

Figure 1 Eradication vs. control of tumors. A30 

Figure 2 Suggested cytokine signaling leading to tumor cell senescence. A31 

Figure 3 Cytokine-mediated control of tumor cell growth by senescence 

induction. A23 

(3)  Immunotherapy of melanoma: efficacy and mode of action 

Figure 1 Clinical appearance of a melanoma with areas marked both by 

regression and progression. A38 

Figure 2 Overall survival of melanoma patients with metastatic disease. A40 

Figure 3 Mechanisms of immunotherapies. A40 

Figure 4 Targets of modern cancer therapy.  A42 

(4)  Cytokine-induced senescence for cancer surveillance 

Figure 1 Cellular senescence in aging, embryogenesis, and tumorgenesis. A47 

Figure 2 Pathways of therapy-induced tumor cell senescence.  A49 

Figure 3 Toxic and non-toxic pathways of immune system-mediated tumor 

suppression. A50 
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 (5)  Nuclear Translocation of Argonaute 2 in Cytokine-Induced 

Senescence  

Figure 1 Doxorubicin induces growth arrest, SA-β-galactosidase activity, 

inhibition of BrdU incorporation and nuclear Ago2 translocation in MCF-

7 cells. A60 

Figure 2 IFN-γ and TNF induce senescence and nuclear Ago2 translocation in 

human cancer cells. A61 

Figure 3 Kinetics of cytokine-induced Ago2 translocation. A62 

Figure 4 Ago2 shuttling between the nucleus and cytosol. A63 

Figure 5 Repression of Ago2-regulated cell cycle control genes after cytokine 

treatment of cancer. A64 

Figure 6 Knockdown of Ago2 in A-204 cells by the use of siRNA. A65 

Figure 7 Influence of Ago2 knockdown on INF-γ- and TNF-mediated growth 

behavior of A-204 cells. A66 

(6)  Immune checkpoint blockade therapy 

Figure 1 Time course of immune responses with or without immune therapy. A72 

Figure 2 Molecular mechanisms of T-cell inhibition by immune checkpoints. A73 

Figure 3 Cytotoxic tumor reduction and consolidation phase during ICB. A74 

Figure 4 The dual role of IFN signaling during ICB: cytokine-induced regulation of 

PD-1 versus cytokine induced antitumor effects. A77 

 (7)  Cancer immune control needs senescence induction by 

interferon-dependent cell cycle regulator pathways in 

tumours 

Figure 1 Stat1- and Cdkn2a-dependent immune control of transplanted RT2-

cancers and induction of Ki67-p16Ink4a+ senescent cancer cells. A85 

Figure 2 Stat1- and Cdkn2a-dependent induction of the senescence markers 

pHP1γ, H3K9me3, and of SA-β-gal in transplanted RT2-cancers. A87 

Figure 3 Stat1- and Cdkn2a-dependent induction of cytokine-induced senescence 

(CIS) in RT2-cancer cells, but independent induction of apoptosis. A89 

Figure 4 Stat1-dependent immune control of endogenous RT2-cancers and 

induction of Ki67−p16Ink4a+ senescent cancer cells. A91 
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Figure 5 Infiltration of either RT2 or RT2.Stat1-/- cancers by CD3+ T cells, mRNA 

expression of tumour associated antigens (TAA) and protein expression 

of the SV40-Tag tumour antigen recognised by the transferred TAA-

specific TH1 cells. A92 

Figure 6 Stat1-dependent induction of the nuclear senescence markers p21Cip1, 

pHP1γ, H3K9me3, and of SA-β-gal in RT2-cancers by combined ICB/AT 

therapy.  A93 

Figure 7 Stat1-dependent induction of senescence in RT2-cancers by combined 

ICB/AT therapy.  A94 

Figure 8 IFN-γ and p21Cip1-dependent immune control of λ-MYC-induced 

lymphomas by ICB therapy.  A95 

Figure 9 IFN-γ and p21Cip1-dependent senescence induction in B cells of λ-MYC 

mice during ICB.  A96 

Figure 10 Loss of senescence-inducing and amplification of senescence-inhibiting 

cell cycle regulator genes in melanoma metastases of patients resistant 

to ICB.  A97 

Suppl. Fig. 1 Treatment protocol depicting the immune therapy of transplanted 

RT2-cancers and the ability for CD8 T cell-mediated killing of RT2 and of 

RT2.Stat1-/--cancer cells in vitro. A103 

Suppl. Fig. 2 Illustration of the digital image-processing, and of the calculation of 

the percentage of SA-β-gal positive tumour cells within a tumour area. A104 

Suppl. Fig. 3 Absence of ICB-induced DNA double-strand break-associated γH2AX or 

DNA-PK expression.  A105 

Suppl. Fig. 4 PD-L1 or β2-microglobulin protein expression.  A106 

Suppl. Fig. 5 Genomic profiles of Cdkn2a-deficient variants of RT2-cancer cells and 

their parental RT2-cancer cells, expression of Cdkn2a mRNA and their 

engraftment in vivo. A108 

Suppl. Fig. 6 Infiltration of CD3+CD8- T cells and of F4/80+ macrophages but absence 

of CD49b+ NK cells in transplanted tumours after immune checkpoint 

blockade therapy.  A110 

Suppl. Fig. 7 Treatment protocol depicting the immune therapy of either RT2 mice 

or RT2.Stat1-/- mice with advanced RT2-cancers. A111 

Suppl. Fig. 8 Immune infiltration and PD-L1 expression in cancers from RT2 mice or 

RT2.Stat1-/- mice.  A112 



53 

 

Suppl. Fig. 9 Absence of DNA double-strand break-associated γH2AX or DNA-PK 

expression following immune therapy of RT2-cancers.  A114 

Suppl. Fig. 10 Cytoplasmic localisation of SA-β-gal in ultrathin sections. A115 

Suppl. Fig. 11 Presence of CD4+ T cells, CD11c+- and CD11b+ leukocytes in the 

tumour microenvironment of RT2-cancers from either RT2 mice or 

RT2.Stat1-/- mice following the injection of Tag-specific TH1 cells (AT).  A116 

Suppl. Fig. 12 Immune therapy with anti-CTLA-4 mAb and anti-PD-1 mAb of λ-MYC 

mice preserves the normal lymph node structure without inducing DNA-

double strand breaks.  A117 

Suppl. Fig. 13 Function-determining aberrations of IFN-γ-dependent cell cycle 

regulator genes are increased in melanoma metastases not responding 

to ICB therapy.  A118 

Suppl. Fig. 14 Schematic overview of the cell cycle control genes and their 

functional gains and losses in metastases of non-responder patients. A119 
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Tables 

Table 1. Immune checkpoints used in this study and their clinical description. 22 
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Tables Appendix 

(1) T-helper-1-cell cytokines drive cancer into senescence 

Suppl. T 1 Expression of cytokine receptors, and IFN-γ- and TNF-induced anticancer 

effects in 6 murine cancer cell lines. A24 

Suppl. T 2 Expression of cytokine receptors, and IFN-γ- and TNF-induced anticancer 

effects in 11 human cancer cell lines.  A25 

Suppl. T 3 IFN-γ- and TNF-induced anticancer effects in 6 primary human cancer 

cell preparations.  A26 

Suppl. T 4 Clinical and pathological characterization of patients. A27 

Suppl. T 5 shRNA sequence for deletion of Cdkn2a in primary RT2-cell lines. A28 

(6)  Immune checkpoint blockade therapy 

Suppl. T 1 Frequently applied treatment algorithm for patients with metastatic 

melanoma where surgery is no longer applicable. A79 
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T-helper-1-cell cytokines drive cancer into
senescence
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Cancer control by adaptive immunity involves a number of defined
death1–8 and clearance9–11 mechanisms. However, efficient inhibi-
tion of exponential cancer growth by T cells and interferon-c (IFN-
c) requires additional undefined mechanisms that arrest cancer
cell proliferation1–5,12,13. Here we show that the combined action
of the T-helper-1-cell cytokines IFN-c and tumour necrosis factor
(TNF) directly induces permanent growth arrest in cancers. To
safely separate senescence induced by tumour immunity from
oncogene-induced senescence9–11,14–17, we used a mouse model
in which the Simian virus 40 large T antigen (Tag) expressed
under the control of the rat insulin promoter creates tumours by
attenuating p53- and Rb-mediated cell cycle control18,19. When
combined, IFN-c and TNF drive Tag-expressing cancers into sen-
escence by inducing permanent growth arrest in G1/G0, activation
of p16INK4a (also known as CDKN2A), and downstreamRbhypo-
phosphorylation at serine 795. This cytokine-induced senescence
strictly requires STAT1 and TNFR1 (also known as TNFRSF1A)
signalling in addition to p16INK4a. In vivo, Tag-specific T-helper
1 cells permanently arrest Tag-expressing cancers by inducing
IFN-c- and TNFR1-dependent senescence. Conversely, Tnfr12/2

Tag-expressing cancers resist cytokine-induced senescence and
grow aggressively, even in TNFR1-expressing hosts. Finally, as
IFN-c and TNF induce senescence in numerous murine and
human cancers, this may be a general mechanism for arresting
cancer progression.
Recent studies from targeted cancer immunotherapies show that

adaptive immunity can efficiently control human cancer20–24. Many
cancer immunotherapies do not cause cytotoxic cancer cell elimina-
tion, but instead arrest cancer growth or induce slow cancer regres-
sion21,22, despite the fact that immunotherapeutic strategies generally
focus on CD81 cytotoxic T lymphocytes (CTL) or natural killer
cells1–8,23,24. Moreover, where studied, growth arrest and cancer regres-
sion correlate with tumour-specific, IFN-c-producing CD41 T-helper
1 (TH1) cells rather than CTLs

20–23. In addition, profiling of patients in
clinical cancer trials shows a critical role for IFN-c and TNF in cancer
control25,26.
Similarly, efficient immune control ofmurine cancers resulting from

aberrant cell cycle control, oncogene expression and chemical or viral
transformation strictly requires IFN-c3–7,12,27. In consequence, IFN-c-
andTNF-producingTH1 cells specific for the tumour antigenTag (Tag-
TH1 cells) restrain Tag-induced islet cancers in mice expressing Tag

under the control of the rat insulin promoter (RIP-Tag2mice; in which
Tag2 indicates amouse strain that carries five copies of the transgene) in
all pancreatic islet cells12,18. TH1 immunity doubles the lifespan of mice
through strictly IFN-c- and TNFR1-dependentmechanisms12, without
causing detectable signs of cytotoxicity, tumour cell necrosis or apop-
tosis12. This was surprising, as Tag expression causes invasive b-cell
cancers (b-cancers) in 2% of the islets by incomplete Rb suppression
and p53 silencing18,19.
Only CD41 TH1 cells that produce IFN-c and TNF and are specific

for Tag peptide induce IFN-c- and TNFR1-dependent arrest of RIP-
Tag2 tumours (Supplementary Fig. 1a–c)12. This arrest occurs also in the
absence of notable T-cell infiltration (Supplementary Figs 1c and 2)12

and is independent of both CTLs12 and enhanced apoptosis, as deter-
mined by TdT-mediated dUTPnick end labelling (TUNEL) assay12 and
caspase 3 staining, respectively. Moreover, IFN-c-exposed b-cancer
cells failed to express major histocompatibility complex (MHC) class
II in vivo as well as in vitro, a prerequisite for cancer killing by TH1 cells.
In consequence, Tag-TH1 cells failed to kill IFN-c-stimulated b-cancer
cells in vitro (Supplementary Fig. 3). In addition, as Tag-TH1 cells
enhance, rather than attenuate, the growth of Tnfr12/2 b-cancers12

(Supplementary Fig. 1), TNFR1-independent killing—for example,
by perforin–granzyme B-mediated lysis—could not account for sub-
stantial control of b-cancers by Tag-TH1 cells. Instead, Tag-TH1 cells
form follicle-like structures around the islets, where they interact with
antigen-presenting cells12. Ki67 staining confirmed that Tag-TH1 cells
arrested proliferation of b-cancers in vivo (Supplementary Fig. 4a).
Freshly isolated b-cancer cells from Tag-TH1-cell-treated RIP-Tag2
mice failed to proliferate in vitro, whereas b-cancer cells from sham-
treated mice strongly incorporated 3H-thymidine (Supplementary
Fig. 4b). This suggests that TH1 cytokines induce growth arrest in vivo,
despite normal Tag expression (Supplementary Fig. 5).
To assess directly whether IFN-c and TNF induce senescence in

b-cancers, we cultured freshly isolated b-cancer cells from sham-
treated mice treated with either control medium, or with IFN-c and
TNF. In cell cycle analysis, untreated b-cancer cells were$25% in S
phase and 40% in G1/G0, explaining their rapid proliferation. When
combined, IFN-c and TNF arrested most b-cancer cells in G1/G0
within 3 days (Fig. 1a). They reduced S-phase cells to 3% and increased
the G1/S ratio 20-fold (Fig. 1b) without increasing the apoptotic sub-
G1 fraction (Fig. 1a). As IFN-c and TNF arrested the b-cancer cells in
G1/G0, a state characterizing cellular senescence, we wanted to know
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whether IFN-c and TNF caused senescence-defining permanent
growth arrest.
Freshly isolated b-cancer cells proliferated rapidly in medium.

When cultured in the presence of IFN-c and TNF, b-cancer cells were
fully growth arrested (Fig. 1c). To determine whether the growth-
arrested b-cancer cells were really senescent, we washed the cells on
day 5 and cultured them for another 2weeks with medium only.
Although untreated b-cancer cells continued to expand, b-cancer
cells that had been exposed for 5 days to the combined action of
IFN-c and TNF were truly senescent, as they remained fully growth
arrested (Fig. 1c). Even 2weeks after withdrawal of IFN-c and TNF,
the b-cancer cells failed to incorporate 5-bromo-2-deoxyuridine
(BrdU), whereas untreated controls strongly incorporated BrdU
(Fig. 1d, e and Supplementary Fig. 6).
IFN-c and TNF also induced characteristic senescence-associated

epigenetic and lysosomal changes, such as nuclear recruitment
of phosphorylated heterochromatin protein 1c (pHP1c) into
senescence-associated heterochromatin foci or senescence-associated
b-galactosidase (SA-b-gal) activity. Time–course studies revealed that
within 3 days, IFN-c and TNF induced the early senescence marker
pHP1c in 75% (Supplementary Fig. 7a, b) and SA-b-gal in 50% of
the b-cancer cells (Fig. 2a, b). However, induction of stable growth
arrest and the late senescence marker SA-b-gal in 80% of the cells
needed$4 days of incubation with both IFN-c and TNF (Fig. 2c).
Double-staining with synaptophysin, an islet cell marker, confirmed
SA-b-gal expression by b-cancer cells (Supplementary Fig. 8).
Combined IFN-c and TNF treatment established the senescence-
defining permanent growth arrest in b-cancers cells, whereas neither
IFN-c nor TNF alone was sufficient to induce full growth arrest
(Supplementary Fig. 6), although early signs of senescence, such as
pHP1c recruitment to senescence-associated heterochromatin foci
(Supplementary Fig. 7a, b) and SA-b-gal positivity in 40% of the cells,
were observed (Fig. 2c).

As combined stimulation of islets or islet tumours with IFN-c and
TNF strongly induces JUNB28, the combined IFN-c STAT1 and
TNFR1 signalling may activate the JUNB downstream target
p16INK4a and thus stabilize the p16INK4a–Rb senescence pathway
inTag-expressing b-cancers. Indeed, IFN-c andTNF strongly induced
p16INK4a in subconfluent cultures within 48 h (Fig. 2d), whereas
p16INK4a remained weak in medium-treated subconfluent b-cancer
cells (Fig. 2d). This induction of p16INK4a also caused sustained and
severe hypophosphorylation of Rb at Ser 795 (Fig. 2e). Corresponding
to the conjoint IFN-c- and TNF-induced senescence through stabili-
zation of the p16INK4a–Rb pathway in b-cancer cells, short hairpin
RNA (shRNA)-mediated knockdown of p16INK4a and p19 (hereafter
termed p16–p19, in which p19 refers to an alternate reading frame of
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Figure 1 | Combined, the TH1 cytokines IFN-c and TNF induce stable
growth arrest of Tag-driven b-cancer cells in vitro. a, b, Cell cycle analysis
(a) and mean G1/S-phase ratio (b) of b-cancer cells cultured either in the
presence or absence of IFN-c and TNF. Ctrl, control; FITC, fluorescein
isothiocyanate. 7-AAD, 7-Aminoactinomycin. c–e, Cell numbers (c), BrdU
incorporation (d) and mean numbers of BrdU-positive spots (e) of b-cancer
cells treated for 5 days with medium only, or with IFN-c and TNF. Thereafter,
cells were washed and then cultured with medium in the absence of cytokines
for another two passages. After the second passage 3,000 viable cells were
seeded in 96-well plates and cell proliferation was analysed by BrdU staining.
*P, 0.05. Error bars are mean6 s.e.m. n5 3–6 (b, c, e).
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Figure 2 | STAT1- and TNFR1-dependent stabilization of the p16INK4a–
Rb senescence pathway in b-cancer cells by the combined action of IFN-c
and TNF in vitro. a, SA-b-gal activity of b-cancer cells after 72 h of treatment
with medium, IFN-c, TNF, or IFN-c and TNF. Scale bar, 100mm.
b, Concentration-dependent induction of SA-b-gal1 cells by TNF, either in the
presence or absence of IFN-c, within 72 h in b-cancer cells from RIP-Tag2 or
Tnfr12/2RIP-Tag2 mice. c, Induction of SA-b-gal activity by IFN-c, TNF, or
IFN-c and TNF within 96 h. d, Detection of p16INK4a or b-actin by western
blotting in b-cancer cells treated with medium or with IFN-c and TNF.
e, Detection of phosphorylated Rb (p-Rb), total Rb or b-actin by western
blotting in b-cancer cells treated with medium or IFN-c and TNF. f, b-cancer
cells were transduced with shCtrl or shp16–p19murine stem cell virus (MSCV)
vectors, and then treated for 5 days withmedium only, or with IFN-c and TNF.
Thereafter, cells were washed and cultured with medium in the absence of
cytokines. Mean cell numbers of three cultures are shown. g, SA-b-gal activity
ofb-cancer cells isolated fromeitherRIP-Tag2 or Stat12/2RIP-Tag2mice after
72 h of treatment with medium or with IFN-c and TNF. *P, 0.05. Error bars
are mean6 s.e.m. n5 3–9 (b, c, f, g).
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the Ink4a/Arf (Cdkn2a) locus) fully abrogated senescence induction by
IFN-c and TNF (Fig. 2f and Supplementary Fig. 9). In line with this,
STAT1- or TNFR1-deficient b-cancer cells fully resisted senescence
induction by IFN-c and TNF, showing that hypophosphorylation of
Rb strictly requires the combined action of the STAT1 and TNFR1
signalling pathways (Fig. 2b, g).
IFN-c and TNF induced senescence in breast cancers from poly-

omavirus middle T antigen (PyVmT)-transgenic mice (Supplemen-
tary Fig. 10), in 3 out of 6mouse tumour lines (SupplementaryTable 1),
in humanA204 rhabdomyosarcoma cells (Supplementary Fig. 11), in 6
out of 11 IFN-receptor- and TNF-receptor-expressing human cancers
from the National Cancer Institute’s NCI-60 panel (Supplementary
Table 2), and in freshly isolated primary melanoma or sarcoma cells
(Supplementary Table 3). Interestingly, primary melanomas fre-
quently showareas of inflammation and regression. Such tumour areas
harboured senescent melanoma cells strongly expressing p16INK4a
but not the proliferation marker Ki67, whereas p16INK4a-deficient
melanoma cells strongly expressed Ki67 even in the presence of an
inflammatory infiltrate (Supplementary Fig. 12). Thus, cytokine-
induced senescence was not restricted to Tag-expressing b-cancers,
but seems to be of broad relevance for tumour immunotherapy and
may cause tumour dormancy in sporadic human melanomas.
Combined IFN-c and TNFR1 signalling is also necessary to arrest

b-cancers in vivo12 (Supplementary Fig. 1) and a senescence-like
phenotype was observed in spontaneously regressing melanomas.
Thus, the in vitro and in vivo data suggest that TH1 immunity arrested
cancer progression through IFN-c- and TNF-induced senescence
in vivo. To test this hypothesis, we first quantified senescence-
associated chromatin changes by counting cancer cells positive for
pHP1c, trimethylation of histone 3 lysine 9 (H3K9me3), or apoptosis-
associated active caspase 3 by immunohistology in either sham-treated
mice or mice treated with Tag-TH1 cells. TH1 immunity significantly
increased pHP1c- and H3K9me3-positive nuclei in b-cancers, but not
caspase-3-positive cells (Fig. 3a, b).
To address whether TH1 immunity also activated the p16INK4a–Rb

pathway in vivo, we double-stained sections for p16INK4a and the
proliferation marker Ki67. In sham-treated mice, the b-cancer cells
were$30% Ki67 positive and only 5% p16INK4a positive. TH1
immunity diminished Ki671 cells to 3%, and increased the fraction
of p16INK4a1 cells (nuclear and cytoplasmic) to$20% (Fig. 3c, d and
Supplementary Fig. 13).
Senescence induction byTH1 immunity in vivo also strictly required

TNFR1 signalling. Tnfr12/2 b-cancers failed to increase pHP1c,
H3K9me3 or active caspase 3 when treated with Tag-TH1 cells
(Supplementary Fig. 14a, b). In addition, whether isolated from sham-
or Tag-TH1-treated mice, Tnfr12/2 b-cancer cells expressed Ki67 but
not p16INK4a (Fig. 3c, d), even though Tag-TH1 cells migrate into
pancreata of Tnfr12/2RIP-Tag2 mice12. As TH1 immunity severely
impairedb-cancer growth in vivo12, these data strongly suggest that the
combined IFN-c and TNFR1 signalling also drove cancers into sen-
escence in vivo.
The most stringent criterion defining senescence is stable and per-

manent growth arrest in the absence of TH1 immunity9,15,16. We there-
fore cultured freshly isolated b-cancer cells from 12-week-old mice
with medium only. Cells from sham-treated RIP-Tag2 mice first suf-
fered a critical loss and then re-initiated proliferation, yielding 10–
203 105 b-cancer cells per pancreas after three passages (Fig. 4a).
By contrast, b-cancer cells from RIP-Tag2 mice treated with Tag-
TH1 cells were truly senescent, as they failed to proliferate over three
passages and stably yielded only 0.5–2.03 105 cells per pancreas
(Fig. 4a). The TH1-induced growth arrest remained stable when cul-
tures were extended for six passages (Supplementary Fig. 15). At 12
weeks, b-cancers from Tnfr12/2RIP-Tag2 mice yielded similar cell
counts as those from RIP-Tag2 mice (Fig. 4a). In vitro, Tnfr12/2

b-cancer cells grew exponentially, yielding 1003 105 cells within three
passages even when derived from Tag-TH1-treated mice (Fig. 4a).

To determine whether senescence was also maintained in vivo,
we re-implanted the four different b-cancer cell lines after the third
passage under the skin of non-obese diabetic–severe combined immu-
nodeficient (NOD–SCID) Il2rg2/2 mice, as growth at ectopic sites
characterizes cancers2. Within 7weeks, as few as 1.23 105 b-cancer
cells from sham-treated RIP-Tag2 mice significantly decreased blood
glucose (Fig. 4b) and increased the serum insulin levels (Fig. 4c),
demonstrating the metastatic potential of b-cancer cells from sham-
treated mice. Senescent b-cancers from RIP-Tag2 mice treated with
Tag-TH1 cells also remained growth arrested in vivo, as blood glucose
remained stable in all transplanted mice throughout the 7weeks
(Fig. 4b). Minute adenomas in some NOD–SCID Il2rg2/2 mice and
marginally increased serum insulin (Fig. 4c) showed that the trans-
planted cells survived but remained growth arrested for$10weeks of
in vitro and in vivo culture. Again, senescence-resistant Tnfr12/2RIP-
Tag2 b-cancer cells grew rapidly after transplantation and as little as
1.23 105 Tnfr12/2RIP-Tag2 cancer cells rapidly decreased blood glu-
cose (Fig. 4b), irrespective of whether they were derived from sham-
treated or Tag-TH1-treated mice. Transplanting 60% of total b-cancer
cells from sham-treated RIP-Tag2 mice generated tumours within
7weeks, whereas b-cancer cells from Tag-TH1-cell-treated mice failed
to grow (Fig. 4d). Only 10% of b-cancer cells from sham- or Tag-TH1-
treated Tnfr12/2RIP-Tag2 mice generated large tumours within the
same timeframe (Fig. 4d).
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Figure 3 | TNFR1-dependent induction of growth arrest and senescence in
b-cancer cells by TH1 immunity in vivo. a, b, Analysis of the senescence
markers pHP1c and H3K9me3, or the apoptosis marker active caspase 3, by
immunohistochemistry (a), and percentage of pHP1c-, H3K9me3- or active
caspase-3-positive cells in b-cancers from RIP-Tag2 mice that were either
sham- or Tag-TH1-cell-treated (b). Scale bars, 100mm. c, d, Double-staining for
the senescence marker p16INK4a (red) and the proliferation marker Ki67
(blue) (c), and percentage of p16INK4a- andKi67-positive cells in cancers from
RIP-Tag2 orTnfr12/2RIP-Tag2mice that were sham- or Tag-TH1-cell-treated
(d). Nuclei are depicted in green. Scale bars, 25mm. *P, 0.05 from sham-
treated control. Error bars are mean6 s.e.m. n5 5–6 (b, d).
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Oncogenes, DNA damage and chemotherapeutics induce sen-
escence that, in human cells, is reinforced by the senescence-associated
secretome14–17,29,30. Uncovering that adaptive TH1 immunity directly
restrains cancer proliferation through IFN-c- and TNF-induced
cancer cell senescence provides a long-searched-for direct mechanism
explaining the anti-proliferative effects of TH1 immunity on cancers2,3.
TH1 immunity can induce antiangiogenic chemokines12, even in
cancer cells (Supplementary Fig. 16a, b), and permanent growth arrest
leading to cancer cell senescence. Although both effects protect against
cancer12,18, p16–p19 knockdown experiments revealed that the arrest of
cancer growth strictly needed TH1-induced senescence. shRNA-
mediated knockdown of p16–p19 affected neither the IFN-c- and
TNF-induced mRNA expression nor protein production of anti-
angiogenic chemokines, but it fully abrogated senescence. Following
the p16–p19 knockdown, b-cancer cells grew exponentially in the

presence of IFN-c, TNF and the antiangiogenic chemokines CXCL9
and CXCL10 (Fig. 2f and Supplementary Fig. 16c, d). Importantly, this
is also valid in vivo. Despite the absence of antiangiogenic signals,
senescent cancers remained growth arrested when transferred into
NOD–SCID Il2rg2/2mice (Fig. 4b, c). As the TH1-induced cancer cell
senescence thus explains the therapeutic efficiency of tumour-specific
TH1 immunity in early cervical cancer21 and disseminated mela-
noma20, TH1-cytokine-induced senescence may be of broad relevance
for cancer control, also in humans under therapeutic conditions.

METHODS SUMMARY
RIP-Tag2 and Tnfr12/2RIP-Tag2 mice were either sham-treated or treated with
Tag2-specific TH1 cells starting atweek 6. Cancer cells were isolated by consecutive
collagenase–trypsin digestion from tumour tissues of RIP-Tag2, Stat12/2RIP-
Tag2, Tnfr12/2RIP-Tag2, or PyVmT-transgenic mice. Isolated b-cancer cells
were identified by immunofluorescence using anti synaptophysin (early b-cell
marker) antibodies. Proliferation in vivo and in vitro of tumour cells wasmeasured
by BrdU incorporation, Ki67 staining, 3H-thymidine incorporation or cell cycle
analysis. Senescence was assessed by SA-b-gal staining, immunofluorescence,
immunohistochemistry or western blotting using anti-pHP1c, anti-p16INK4a,
anti-Rb, anti-phospho-Rb, or anti-H3K9me3 antibodies, or by in vitro and in vivo
growth assays. Apoptosis was determined by cell cycle analysis, or immunohisto-
chemistry with an anti-active-caspase-3 antibody. p16INK4a was knocked down
in b-cancer cells by the use of shp16–p19MSCV vectors. For transfer experiments,
b-cancer cells from sham- or TH1-cell-treated mice (either RIP-Tag2 or
Tnfr12/2RIP-Tag2) were injected subcutaneously into NOD–SCID Il2rg2/2

mice, and tumour growth was monitored with a caliper and by measuring blood
glucose and insulin levels.

Full Methods and any associated references are available in the online version of
the paper.
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METHODS
Animals. C3HeB/FeJ (C3H) mice from The Jackson Laboratory, transgenic RIP-
Tag2 mice31, double-transgenic Tnfr12/2RIP-Tag212,32 and Stat12/2 RIP-Tag2
mice (backcross of Stat12/2 mice from Taconic over 12 generations to C3H),
TCR2 mice33 all on a C3H background, and PyVmT-transgenic mice on a
C57BL/6 background34, were bred under specific pathogen-free conditions.
NOD–SCID Il2rg2/2 mice (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ)35 were from The
Jackson Laboratory. Animal experiments were approved by the local authorities
(Regierungspräsidium Tübingen, Germany; reference numbers HT 2/03, HT2/07
and K1/07).
Isolation of primary human cancer cells. Two human rhabdomyosarcoma
and four human melanoma cancer cell preparations were isolated from patients.
The isolation of cancer cells from patient-derived material and histology of
cancers were approved by the local ethics committees (Ethik-Kommission an
der Medizinischen Fakultät der Eberhard-Karls-Universität und am Univer-
sitätsklinikum Tübingen, Germany, reference numbers 072/2011BO2, 105/
2008BO1 and 017/2012BO2; and Ethik-Kommission (KEK), Gesundheitsdirek-
tion Kanton Zürich, Switzerland, reference number Nr. 647). Informed consent
was obtained from all patients.
Cell culture and single-cell analysis. Tag-specific TH1 cells were isolated and
generated from female TCR2 mice and characterized by flow cytometry12.
Tumours were isolated from sham- or Tag-TH1-cell-treated female RIP-Tag2

mice, sham- or Tag-TH1-cell-treated female Tnfr12/2RIP-Tag2 mice, female
Stat12/2RIP-Tag2 mice, or mammary-tumour-bearing PyVmT-transgenic mice
by collagenase digestion (1mgml21, Serva) for 10min at 37 uC, and then sepa-
rated under a dissection microscope (Leica Microsystems). Tumour cells were
obtained by incubation in 0.05% trypsin/EDTA solution (Invitrogen) at 37 uC
for 10min, and seeded on tissue culture plates. Adherent cells were cultured for
2–7 weeks in RPMI 1640 supplemented with 10% fetal calf serum, non-essential
amino acids, antibiotics and 50mM2-mercaptoethanol at 37 uC and 5% CO2. The
murine cancer cell lines B16, LLC and CT26 EpCam36 in addition to 11 human
cancer cell lines from the NCI-60 panel37, six primary human cancer cell prepara-
tions and human rhabdomyosarcoma cells (A204 cells) were grown in complete
RPMI 1640 medium. If not otherwise stated, subconfluent cells were treated with
100ngml21 mouse or human IFN-c (R&D Systems), or 10 ngml21 mouse or
human TNF (R&D Systems), or with a combination of mouse or human IFN-c
(50–100 ngml21) and mouse or human TNF (0.1–10ngml21) for 2–6 days. b-
cancer cells were identified by immunofluorescence using an anti-synaptophysin
antibody (undiluted; Lifespan Biosciences).
Knockdown of p16INK4a. 53 104 b-cancer cells were seeded in 6-well culture
plates. After 72 h, cells were transfected with 2ml cell culture supernatant contain-
ing shCtrl or shp16–p19MSCV vectors38,39 in the presence of 1mgml21 polybrene
(Sigma) for a total transduction time of 12 h. After 5 days, transduced cells were
selected by treatment with 1mgml21 puromycin (Sigma) for 72 h. The transduc-
tion rate was determined by counting green fluorescent protein-positive cells
under a Zeiss Axiovert 200 microscope (Zeiss).
In vitro proliferation assays. After treatment, cancer cell proliferation was mea-
sured either by the [3H]-thymidine-incorporation assay40, or by the BrdU-based
Cell Proliferation ELISA and XTT-based Cell Proliferation Kit II according to the
manufacturer’s protocols (RocheDiagnostics). [3H]-thymidine incorporation was
quantified using a MicroBeta TriLux counter (PerkinElmer) and colorimetric
analyses were performed on aMultiskan EXmicroplate reader (ThermoElectron).
In vitro growth-arrest assays. The different cancer cells were seeded at a density
of 13 104 cells cm22. Next, the cells were treated with control medium or cyto-
kines as described above for 4–5 days. After treatment, the cells were trypsinized
and viable cells (trypan blue exclusion) were counted under a Zeiss Axiovert 25
microscope (Zeiss) using aNeubauer counting-chamber (KarlHechtGmbH). The
cellswere seeded at 23 104 cells cm22 and grown in completeRPMI 1640medium
until the control cultures reached confluence. Then, the cells were trypsinized,
counted and seeded again. After passage 1–2, 1,000–3,000 viable cells were seeded
onMultiscreenTMHTS 96 well Filtration Plates (Millipore), and proliferation was
measured by the BrdU-based Cell Proliferation ELISA (Roche Diagnostics) in
combination with the VectorSG Substrate Kit for Peroxidase from Vector
Laboratories to visualize BrdU-incorporating cell clusters. BrdU-positive spots
were counted with an ELISPOT reader (Bioreader-3000; Bio-Sys). In addition,
some cultures were stained with 49,6-diamidino-2-phenylindole (DAPI; Invi-
trogen) to visualize the nuclei of adherent cells.
Analysis of CXCL9 or CXCL10 in the supernatant of b-cancer cells. b-cancer
cells were either treated with medium alone or with IFN-c and TNF. After 24 h
incubation, CXCL9 or CXCL10 levels were determined in the cell culture super-
natants using themouse CXCL9 ormouse CXCL10 ELISA kit fromR&DSystems.
Treatment of mice with Tag-TH1 cells. Before the first Tag-TH1-cell-based ther-
apy, all mice received 2-Gy total-body irradiation. Then, 13 107 Tag-TH1 cells in

0.9% NaCl solution (Tag-TH1) or NaCl solution alone (sham) was injected intra-
peritoneally once per week starting at week 6 (ref. 12). After 6 weeks of Tag-TH1
treatment, all mice received a second 2-Gy total-body irradiation12. Blood glucose
was measured using an Accu-Check sensor (Roche Diagnostics). If not otherwise
stated, mice were euthanized at week 12.

Transfer of b-cancer cells into immune-deficient mice. b-cancer cells isolated
from the various groups ofmice were cultured for three passages. Then, 10–60%of
the b-cancer cells were injected subcutaneously into immune-deficient NOD–
SCID Il2rg2/2 mice. Tumour growth was monitored with a caliper, and blood
glucose was measured using an Accu-Check sensor for up to 7weeks. Serum
insulin levels were determined using the rat/mouse insulin ELISA kit from
Millipore.

Immunofluorescence and immunohistochemistry. The different cancer cells
were grown on chamber slides (BD Biosciences). After treatment, the cells were
fixed with acetone/methanol 1:1. The slides were washed with PBS buffer and
0.05% Tween 20 at room temperature (21–23 uC), blocked with serum-free
DAKO-Block (DAKO), washed again, and then incubated with the following
antibodies: anti-Ki67 (dilution 1:100; Abcam), anti-PCNA (dilution 1:100; Cell
Signaling Technology), anti-pHP1c (dilution 1:100; Abcam), anti-H3K9me3
(dilution 1:500; Millipore,), anti-p16INK4a (dilution 1:100; Santa Cruz
Biotechnology), anti-SV40 Tag (dilution 1:100; BD Biosciences), anti-MHCII
(dilution 1:50; eBioscience) or anti-synaptophysin (undiluted; Lifespan
Biosciences). After washing, the slides were incubated with anti-rabbit Alexa488
(Invitrogen), anti-rabbit-Cy3 (Dianova), anti-mouse Alexa555, or anti-mouse
Alexa488 (both from Cell Signaling Technology), washed again and incubated
with DAPI (Invitrogen). Finally, the slides were washed, mounted with fluor-
escence mounting medium (DAKO) and analysed using a Zeiss Axiovert 200
microscope (Zeiss) with the VisiView software (Visitron Systems).

Fresh–frozen cryostat sections of whole pancreata were stained as described40.
In brief, the sections were fixed with periodate–lysine–paraformaldehyde, blocked
with donkey serum (dilution 1:20), and then incubated with rabbit anti-pHP1c
(dilution 1:80), mouse anti-PCNA (dilution 1:50), mouse anti-p16INK4a (dilu-
tion 1:50), or rabbit anti-Ki67, rat-anti-MHCII (dilution 1:50), or rabbit-anti-
synaptophysin (undiluted) antibodies. After washing, the sections were incubated
with Cy3-conjugated donkey anti-rabbit, donkey anti-mouse, or Cy5-conjugated
donkey-anti-rabbit, donkey-anti-mouse, or donkey-anti-rat-dylight 549 and
donkey-anti-rabbit-dylight 649 IgG (all from Dianova). Before mounting the
slides with Mowiol (Hoechst), nuclei were stained with Yopro (1:2,000; Invi-
trogen). The sections were analysed using a Leica TCS-Sp/Leica DM RB confocal
laser scanning microscope (Leica Microsystems). Images were processed with the
Leica Confocal Software LCS (Version 2.61).

Formalin-fixed pancreata were embedded in paraffin. Sections (3–5-mm thick)
were cut and stained with haematoxylin and eosin. Immunohistochemistry was
performed on an automated immunostainer (VentanaMedical System) according
to the manufacturer’s protocol, with minor modifications41. The antibody panel
used included activated caspase 3 (Cell Signaling Technology), Ki67 (DCS
Innovative Diagnostik-Systeme), pHP1c (Abcam) and H3K9me3 (Cell Sig-
naling Technology). Formalin-fixed and paraffin-embedded melanoma were
stained using monoclonal mouse-anti human Ki67 (clone MIB-1; DAKO) or
the CINtec p16INK4a Cytology Kit (Roche mtm laboratories AG).

SA-b-gal activity assay. Cancer cells were fixed for 15min at room temperature,
and then stained for 16 h at 37 uC using the b-Galactosidase Staining Kit (United
States Biological). SA-b-gal-positive and -negative cells were then counted using a
Zeiss Axiovert 200 microscope (Zeiss). In some experiments, the cells were coun-
terstained for synaptophysin by immunofluorescence, and synaptophysin–SA-b-
gal double-positive cells were counted.

Cell cycle analysis. After treatment of b-cancer cells, cell cycle analysis was per-
formed using the BD Pharmingen FITC-BrdU Flow Kit according to the manu-
facturer’s protocol (BD Biosciences). The samples were analysed by flow
cytometry on a LSR II from Becton Dickinson, and the following cell cycle phases
were determined as a percentage of the total population: sub-G1 (apoptotic cells),
G1/G0 (2n, BrdU-negative), S (2n to 4n, BrdU-positive) and G2/M phase (4n,
BrdU-negative).

Western blotting. After treatment, cancer cells were lysed in lysis buffer (50mM
Tris-HCl, pH7.5, 150mM NaCl, 1% Triton X-100, 0.5% SDS, 1mM NaF, 1mM
Na3VO4 and 0.4% b-mercaptoethanol) containing a protease inhibitor cocktail
and a phosphatase inhibitor cocktail (PhosSTOP, Roche Diagnostics). Alterna-
tively, cytoplasmic protein extracts were obtained from the cell cultures using the
NE-PER extraction kit (Thermo Fisher Scientific) according to themanufacturer’s
protocol. Before use, protease inhibitors and PhosSTOP were added to the lysis
buffers CER I and NER. After determination of protein content by the bicincho-
ninic acid assay (Thermo Fisher Scientific), proteins were resolved by 12% SDS–
PAGE or by Mini-PROTEAN TGX Precast Gels (4–15%; BioRad), transferred
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onto a polyvinylidene difluoride (PVDF) membrane and blocked with 3% non-
fat milk in TBS/0.1% Tween 20 (TBST) as described42. The membrane was incu-
bated with anti-p16INK4a (1:1,000; Santa Cruz), anti-Rb (Ab-780) (1:1,000),
anti-Rb(phospho-Ser-795) (1:1,000; both from SAB Signalway Antibody), anti-
CXCL9 (1:2,000), anti-CXCL10 (1:2,000; both from R&D Systems), or anti-b-
actin antibody (1:1,000; BioVision). After washing with TBST and subsequent
blocking, the blots were incubated with goat anti-mouse horseradish peroxidise
(HRP)-conjugated antibody or with goat anti-rabbit HRP-conjugated antibody
(1:3,000; Cell Signaling Technology), washed again, and antibody binding was
detected with the ECL detection reagent (Amersham). Immunoreactive bands
were quantified using the ImageJ software (National Institutes of Health), and
the phospho-Rb/Rb ratio of the samples was calculated.
Chromium release assay. 2.53 106 target cells were labelled with 250 mCi (9.25
MBq) 51NaCr (Hartmann Analytic) at 37 uC for 1.5 h. After incubation, cells were
washed and plated into microtitre round bottom plates at 13 104 cells per
well. Effector cells were added at different effector to target ratios and incubated
at 37 uC for 4 h. Spontaneous release in the absence of effector cells was always less
then 30% of the maximal release induced by Triton X-100 (1%). After incubation,
50ml supernatant per well was mixed with 200ml scintillation cocktail (Ultima
Gold, PerkinElmer) and measured in a liquid scintillation counter (MicroBeta,
PerkinElmer).
Gene-expression analysis. The gene expression of b-cancer cells and different
mouse and human cancer cell lines was analysed after RNA purification and
reverse transcription by PCR essentially as described43. The following primers
were used: mouse Cdkn2a (p16INK4a) (146 base pairs (bp)): sense TTGCCC
ATCATCATCACCT and antisense GGGTTTTCTTGGTGAAGTTCG; mouse
Ifngr1 (474 bp): sense AGGAGGAAGAAGGAAGAACAG and antisense
TACCACAGAGAGCAAGGAC; mouse Ifngr2 (533 bp): sense TCATACACTTC
TCCCCTCCC and antisense CACATCATCTCGCTCCTTTTC; mouse Tnfrsf1a
(531 bp): sense TTCCCCTCCTACCTTCTCTCT C and antisense TGCCCTTTT
CACACTCCCTG; mouse Hprt (90 bp): sense TCCTCCTCAGACCGCTTTT and
antisense CCTGGTTCATCATCGCTAATC; mouse Eef1a1 (119 bp): sense
ACACGTAGATTCCGGCAAGT and antisense AGGAGCCCTTTCCCATCTC;
mouse Cxcl9 (80 bp): sense TTTTCCTCTTGGGCATCATCTT and antisense
AGCATCGTGCATTCCTTATCACT; mouse Cxcl10 (111 bp): sense GCTGCCG
TCATTTTCTGC and antisense TCTCACTGGCCCGTCATC; human IFNGR1
(417 bp): sense TCTCCTCTTTCTCCTACCCC and antisense ATTTGCTTCTCC

TCCTTTCTG; human IFNGR2 (558 bp): sense GTACACAGATCACAGC
AACAG and antisense TCAGGACCAGGAAGAAACAG; human TNFRSF1A
(580 bp): sense GGACAGGGAGAAGAGAGATAG and antisense GAGGAGGG
ATAAAAGGCAAAG.

Statistics. If not otherwise stated, data were expressed as arithmetic means6
s.e.m., and statistical analyses weremade by unpaired t-test, or analysis of variance
using Dunnett’s or Tukey’s test as a post hoc test, where appropriate. P, 0.05 was
considered statistically significant.
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Suppl. Fig. 1 | Treatment of RIP1-Tag2 mice with IFN-γγγγ- and TNF-secreting Tag-TH1 cells 
leads to TNFR1-dependent stabilization of blood glucose levels, and arrests islet cancer 
growth in vivo.

a, Intracellular staining of IFN-γ (left), TNF (middle) and IL-4 (right) in Tag-TH1 cells stimulated with 
PMA/ionomycin. b, Blood glucose levels in RIP1-Tag2 or TNFR1-/-x RIP1-Tag2 mice that were 
treated with either NaCl (Sham) or with 1x107 Tag-TH1 cells. c, H&E staining of pancreata of RIP1-
Tag2 mice or TNFR1-/-xRIP1-Tag2 mice that were either sham-treated or treated with Tag-TH1 
cells. The dashed lines indicate the size of the tumors. Bar, 400 µm. *P<0.05 from sham-treated 
control. n=3-4 (b).
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Suppl. Fig. 2 | CD3-positive T cells surrounding an endocrine ββββ-cell tumor 
Immunohistochemistry of CD3+ lymphocytes in the peritumoral microenvironment of Tag-TH1 cell-
treated RIP1-Tag2 mice. Exo., exocrine tissue; Endo., endocrine tissue. Bar, 50 µm. Arrows point 
to clusters of CD3+ lymphocytes.
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Suppl. Fig. 3| ββββ-cancer cells fail to express MHC class II either in vivo or in vitro and are not 
lysed by Tag-TH1 cells in vitro

a, Double-staining for MHC II (red) and the islet cell marker synaptophysin (blue) in cancers from 
RIP1-Tag2 mice that were Tag-TH1 cell-treated. Nuclei are green. Bar, 50 µm. Note that the 
synaptophysin+ tumor areas are devoid of MHC II. A higher magnification of an antigen-presenting 
cell is shown on the right. Bar, 10 µm. b, Staining for MHC II (green, upper panel) or the islet cell 

marker synaptophysin (red, lower panel) of isolated β-cancer cells treated with IFN-γ and TNF. 
Nuclei are blue. Peritoneal macrophages (M ) are shown on the right and were used as a positive 

control. Bars, 50 µm. c, Antigen-specific cytotoxicity of Tag-TH1 cells against β-cancer cells in vitro. 
Lysis of β-cancer cells  was measured by chromium-51 release and is given in % (mean ± s.e.m., 
n=8). d, Cytotoxicity of CD8+ T cells against C57Bl/6 spleen cells in vitro. Mean lysis of C57Bl/6 
spleen cells as assayed in triplicate is given in % ± s.e.m. and was used as a positive control.
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Suppl. Fig. 4 | Treatment of RIP1-Tag2 mice with Tag-TH1 cells leads to inhibition of ββββ-
cancer cell proliferation in vivo and ex vivo.

a, Ki67 staining of pancreata from sham- or Tag-TH1 cell-treated RIP1-Tag2 mice. Exo., exocrine 

tissue; Endo., endocrine tissue. Bar, 50 µm. b, Ex vivo 3H-thymidine incorporation of β-cancer cells 

isolated from sham- or Tag-TH1 cell-treated RIP1-Tag2 mice.
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Suppl. Fig. 5| TH1 immunity and IFN-γ γ γ γ do not suppress Tag expression.

Triple-staining for Tag (green), the β-cell marker protein synaptophysin (red) and nuclei 
(blue) of β-cancer cells isolated from RIP1-Tag2 mice that had been treated with Tag-TH1 
cells. Some cell cultures were in addition treated with IFN-γ. Bar, 10 µm.
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Suppl. Fig. 6| Combined IFN-γγγγ and TNF treatment but neither IFN-γγγγ alone nor TNF alone 

induce stable growth arrest in isolated ββββ-cancer cells in vitro.

a, β-cancer cells isolated from RIP1-Tag2 mice were treated for 4-5 days with medium (Co.), IFN-γ, 
TNF, or IFN-γ and TNF. After incubation, the cells were washed and trypsinized and then grown in 
the absence of the cytokines for another two passages. After passage two, 3,000 viable cells were

seeded in 96 well plates and cell proliferation was analyzed by BrdU staining. b, Mean numbers of 

BrdU-positive spots of β-cancer cells after treatment with medium (Co.), IFN-γ, TNF, or IFN-γ and 
TNF, and subsequent removal of the cytokines as described in a. *P<0.05 from control. n=8-20 (b).
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Suppl. Fig. 7| Nuclear recruitment of pHP1γγγγ into senescence-associated heterochromatin 
foci (SAHF) after IFN-γγγγ, TNF, or combined IFN-γγγγ and TNF treatment in isolated ββββ-cancer cells 
in vitro.

a, β-cancer cells isolated from RIP1-Tag2 mice were treated for 72 h with medium (Co.), IFN-γ, 
TNF, or IFN-γ and TNF. After incubation, the cells were analyzed by pHP1γ-staining. Nuclei are 
blue. Bar, 25 µm. b, Mean percentage of pHP1γ-positive β-cancer cells (i.e., cells with more than 5 
nuclear dots) after treatment with medium (Co.), IFN-γ, TNF, or IFN-γ and TNF. *P<0.05 from 
control. n=6-10.
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Suppl. Fig. 8| SA-ββββ-gal activity in synaptophysin-positive ββββ-cancer cells after treatment with 
IFN-γγγγ in vitro

Double-staining for SA-β-gal activity (blue) and the β-cell marker protein synaptophysin (red) of β-
cancer cells after incubation for 72 h with medium (Co.) or IFN-γ. The yellow arrows point to SA-β-
gal+/synaptophysin+ cells. Bar, 100 µm.
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Suppl. Fig. 9| Knock-down of p16Ink4a by the use of shRNA.
a, Mscv vectors (shControl = sh Luc mir) used for the p16Ink4a knock-down experiments. b, Growth 

curves of RIP1-Tag2 β-cancer cells transfected with shControl or shp16/19 particles. At passage 4, 
the transfection rates (green numbers, GFP+ cells) and the p16Ink4a expression levels (red 
numbers, p16Ink4a+ cells) of the two cell lines were determined by (immuno-) fluorescence

microscopy. c, Experimental set up for the growth arrest assay of the shRNA-transfected cell lines.

d, Knock-down of p16Ink4a expression by shp16/19 as measured by quantitative RT-PCR. 

Data represent the mean of two determinations (b, d). The experiment was repeated with similar 

results using β-cancer cells from a second RIP1-Tag2 mouse.
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Suppl. Fig. 10| Induction of SA-ββββ-gal activity and nuclear recruitment of pHP1γγγγ into SAHF 
after combined IFN-γγγγ and TNF treatment in isolated PyVmT-driven breast cancer cells in 

vitro.

a, b, SA-β-gal activity (a) and mean percentage of SA-β-gal+ cells (b) in breast cancer cells 
isolated from PyVmT-transgenic mice after treatment for 72 h with medium (Co.) or IFN-γ and TNF. 
Bar, 50 µm. *P<0.05 from control. n=9-10. c, d, Immunofluorescence images of pHP1γ (c) and 
percentage (d) of pHP1γ-positive cells (i.e. cells with more than 5 nuclear dots) in breast cancer 
cells isolated from PyVmT-transgenic mice after treatment for 96 h with medium (Co.) or IFN-γ and 
TNF. Nuclei are shown in blue and pHP1γ stainings in green. Bar, 5 µm. *P<0.05 from control. n=8-
9.
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Suppl. Fig. 11| Combined IFN-γγγγ and TNF treatment induces stable growth arrest and 
profound Rb hypophosphorylation in A204 rhabdomyosarcoma cells.

a, Mean proliferation of A204 cells as measured by BrdU incorporation in % after treatment for 72 h

with medium (Co.), IFN-γ, TNF, or IFN-γ and TNF. *P<0.05 from control. n=6. b, c, A204 cells were
seeded at low density and then treated for 4-5 days with medium (Co.) or IFN-γ and TNF. After 
incubation, the cells were washed and trypsinized, and then grown in the absence of the cytokines

for one passage with medium only, and counted. Finally, 1,000 viable cells were seeded in 96 well 

plates and analyzed by BrdU staining. Mean cell numbers (b) and BrdU staining (c) of A204 cells 

after treatment with medium (Co.) or IFN-γ and TNF, and subsequent removal of the cytokines for
one week are shown. *P<0.05 from control. n=4-6 (b). d, e, Detection of phosphorylated Rb (pRb) 

and total Rb (Rb) by Western blot in A204 cells treated for 48 h with medium (Co.) or IFN-γ and 
TNF (d), and quantification of the p-Rb/Rb ratio by videodensitometry (e). *P<0.05 from control. 

n=4 (e).

Culture condition before washing
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a b

Suppl. Fig. 12| Expression of the proliferation marker MIB and the senescence marker 
p16Ink4a in regressing melanoma

a, c, e, Staining for MIB (red) of a regressing halo nevus (a), a superficial spreading melanoma 
with inflammation-associated regression (c) and proliferating melanoma metastasis again in 
association with mononuclear cells (e). b, d, f, Staining for p16 Ink4a (red) of a regressing halo nevus 
(b), a superficial spreading melanoma with inflammation-associated regression (d) and proliferating 
melanoma metastasis again in association with mononuclear cells (f). Bars, 50 µm. Melanin-
containing cells appear brown. The regressing halo nevus shown in (a) and (b) was used as a 
positive control for non-proliferating, p16 Ink4a+ cells (Michaloglou, C. et al. BRAFE600-associated 
senescence-like cell cycle arrest of human naevi. Nature 436, 720-724 (2005)). The melanoma 
metastasis shown in (e) and (f) was used as a highly proliferating, p16Ink4a- control (Monahan, KB. 
et al. Somatic p16Ink4a loss accelerates melanomagenesis. Oncogene 29, 5809-5817 (2010)).

c d

e f

p16MIB

p16MIB

MIB p16
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Tag-TH1

Suppl. Fig. 13| Induction of nuclear and cytoplasmic p16Ink4a by TH1 immunity in vivo (higher 

magnification from Fig. 3c).

Triple-staining for either p16Ink4a (red), Ki67 (blue) and nuclei (green) in cancers from RIP1-Tag2 
mice that had been treated with Tag-TH1 cells. Overlay of red (p16Ink4a staining) and green (nuclear 
staining) appears yellow. Arrows point to p16Ink4a-positive nuclei of cancer cells from mice treated
with Tag-TH1 cells. Bar, 10 µm.
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TNFR1-/-xRIP1-Tag2a

TNFR1-/-xRIP1-Tag2b

Suppl. Fig. 14| Failure of Tag-TH1 cells to induce senescence markers in TNFR1-/-xRIP1-Tag2 
mice in vivo

a, Immunohistochemical detection of pHP1γ*, tri-methylated H3K9 (H3K9me3), and active 
caspase-3 in tissue sections from TNFR1-/-xRIP1-Tag2 mice that were treated with NaCl (Sham) or 

Tag-TH1 cells. b, Mean percentage of pHP1γ-*, H3K9me3-, and active caspase-3-positive cells in 
five high-power fields in tumors derived from Tag-TH1- or sham-treated TNFR1-/-xRIP1-Tag2 mice. 
Note that Tag-TH1 cell treatment did not increase the expression of the senescence markers 

pHP1γ and MeH3, or of the apoptosis marker active caspase-3. For RIP1-Tag2 controls see Fig. 
3a, b which was done in parallel. Bar, 100 µm. *pHP1γ binds to spread chromosomes during 
mitosis (Minc, E. et al. Localization and phosphorylation of HP1 proteins during the cell cycle in 
mammalian cells. Chromosoma 108, 220-234 (1999)).
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Suppl. Fig. 15 | TH1-immunity induces permanent growth arrest of ββββ-cancer cells which 
remains stable for 6 passages of in vitro culture.

Mean cell numbers of β-cancer cells isolated from RIP1-Tag2 mice that were sham- or Tag-TH1 

cell-treated. The number of cell passages (p) is indicated, and the data are presented as log10 of 
the number of living β-cancer cells per mouse s.e.m.

*P<0.05 from sham-treated control. n=3-4.

*

*

* * * **
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Suppl. Fig. 16| p16Ink4a-independent induction of the chemokines CXCL9 and CXCL10 by 

combined IFN-γγγγ and TNF in RIP1-Tag2 ββββ-cancer cells.
a, Mean relative expression of CXCL9 or CXCL10 after treatment of β-cancer cells with medium

(Co.) or IFN-γ and TNF as measured by quantitative RT-PCR (n=3-6). Expression of medium-

treated β-cancer cells was set as 1. b, Detection of CXCL9, CXCL10 or β-actin as loading control 

by Western blot in β-cancer cells treated with medium (Co.) or IFN-γ and TNF. c, β-cancer cells 
were transduced with shControl or shp16/19 Mscv vectors. Then, the relative expression of CXCL9 

or CXCL10 after treatment of the cells with medium (Co.) or IFN-γ and TNF was measured by

quantitative RT-PCR. Expression of medium-treated β-cancer cells was set as 1. d, Amount of 

CXCL9 or CXCL10 released into the supernatant of non- or shp16/19-transduced β-cancer cells 

after treatment with medium (Co.) or IFN-γ and TNF as measured by ELISA. 

The data show one representative example of transduced β-cancer cell lines assayed in duplicate 
out of three shp16/19-, two shControl- and two non-transduced RIP1-Tag2 preparations (c, d). 
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Suppl. Table 1 | Expression of cytokine receptors, and IFN-γγγγ- and TNF-induced 
anticancer effects in 6 murine cancer cell lines.  
 
Cell line IFNGR1 IFNGR2 TNFRSF1 Inhibition of 

proliferation (%) 
Growth 

arrest (%) 

PyVmT 
breast 

+  +  + 75 ± 19 100 ± 29 
 

STAT1-/-xRIP1-
Tag2 
pancreas 

+ + + 26 ± 9 13 ± 4 

RIP1-Tag2 
pancreas 

+ + + 100 ± 32 
 

100 ± 30 
 

B16 
melanoma 

+ + + 36 ± 11 
 

25 ± 3 
 

LLC 
lung carcinoma 

+ + + 72 ± 24 
 

100 ± 38 
 

CT26 EpCam 
colon 

+ + + 92 ± 37 
 

83 ± 37 
 

 

The expression of IFN-γ receptors IFNGR1 and IFNGR2, and TNF receptor 
TNFRSF1 was detected in untreated cancer cell lines by RT-PCR. The antipro-

liferative effect was measured by counting living cells at p0 after 4-5 days of IFN-γ 
and TNF treatment. Permanent growth arrest was determined by counting living cells 

at p1 after 3-4 days of IFN-γ and TNF removal (see also Suppl. Fig. 9b). Data 
represent the mean ± s.e.m. of three independent cultures. yellow = responder; white 
= non-responder. 
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Suppl. Table 2 | Expression of cytokine receptors, and IFN-γγγγ- and TNF-induced 
anticancer effects in 11 human cancer cell lines.  
 

Cell line IFNGR1 IFNGR2 TNFRSF1 Inhibition of 
proliferation (%) 

Growth 
arrest (%) 

HOP-62 
small cell lung  

+  +  + 92 ± 24 
 

100 ± 33 
 

COLO-205 
colon 

+ + + 96 ± 25 
 

100 ± 35 
 

MDA-MB-231 
breast 

+ + + 89 ± 18 
 

94 ± 16 
 

OVCAR-5 
ovar 

+ + + 98 ± 35 
 

100 ± 33 
 

K562 
leukemia 

+ + + 17 ± 6 
 

16 ± 3 
 

SR 
leukemia 

+ + + -7 ± 1 
 

11 ± 6 
 

CAKI-1 
kidney 

+ + + 66 ± 20 
 

20 ± 5 
 

786-O 
kidney 

+ + + 35 ± 7 
 

84 ± 17 
 

MALME-3M 
melanoma 

+ + + 100 ± 29 
 

100 ± 22 

SNB-75 
brain 

+ + + 97 ± 41 
 

100 ± 20 

SF-295 
brain 

+ + + 95 ± 36 
 

100 ± 44 
 

 

The expression of IFN-γ receptors IFNGR1 and IFNGR2, and TNF receptor 
TNFRSF1 was detected in untreated cancer cell lines by RT-PCR. The antipro-

liferative effect was measured by counting living cells at p0 after 4 days of IFN-γ and 
TNF treatment. Permanent growth arrest was determined by counting living cells at 

p1 after 3-4 days of IFN-γ and TNF removal (see also Suppl. Fig. 9b). Data represent 
the mean ± s.e.m. of three independent cultures. yellow = responder; white = non-
responder.  
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Suppl. Table 3 | IFN-γγγγ- and TNF-induced anticancer effects in 6 primary human 
cancer cell preparations.  
 
Internal code  Cancer type 

and origin 
Passage 
number 

Inhibition of 
proliferation 

(%) 

Growth arrest 
(%) 

SRH embryonic 
rhabdomyosarcoma 

6 35 100  
 

ZCRH alveolar 
rhabdomyosarcoma 

5 100 >100a  
 

TüMel75 melanoma 
lung  

2 94 ± 13 
 

100 ± 34 
 

TüMel74H melanoma 
brain 

1 100 ± 40 
 

>100a 
 

ZüMel1H melanoma 
brain 

50 85 ± 17 
 

88 ± 16 
 

ZüMel1 melanoma 
lymph node 

50 89 ± 13 
 

100 ± 12 
 

 
The antiproliferative effect on primary human cancer cells was measured by counting 
living cells at p0 after 4 (melanoma cells) or 12 days (rhabdomyosarcoma cells) of 

IFN-γ and TNF treatment. SRH, TüMel75, TüMel74H, ZüMel1H, or ZüMel1 were 

treated with standard cytokine concentrations of 100 ng/ml IFN-γ and 10 ng/ml TNF. 

ZCRH were treated with 10 ng/ml IFN-γ and 1 ng/ml TNF. Permanent growth arrest 
was determined by counting living cells at p1 after 4 (melanoma cells) or 10 days 

(rhabdomyosarcoma cells) of IFN-γ and TNF removal (see also Suppl. Fig. 9b). The 
data show one representative out of 3 independent experiments (SRH and ZCRH) or 
the mean ± s.e.m. of three independent cultures (TüMel75, TüMel74H, ZüMel1H, and 
ZüMel1). yellow = responder; white = non-responder. ahere stable growth arrest was 
combined with cytotoxic effects, as determined by cell loss. 
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Clinical and pathological characterization of patients 
Internal code/ 
Histology 
number  

Cancer type 
and site of excition 

Passage 
number 

Prior systemic 
therapy 

Metastases Mutational 
status 

Staging Gender and 
age  

SRH embryonic 
rhabdomyosarcoma 
 
muscle 

6 vincristine, 
actinomycinD, 

Ifosfamide, 
doxorubicin, 
carboplatin, 
etoposide 

progressive: 
multifocal 

brain, lung, 
bone  

p53 mutated pT2bpNxpMx,  
L0, V0 

tumor size: 
23x11x12 cm 

degree of 
regression 

according to 
Salzer-

Kuntschik: 5 

Female, 24 

ZCRH alveolar 
rhabdomyosarcoma 
 
muscle 

5 None 
 

progressive: 
subpleural, 

intrapulmonal, 
mesentheric, 

thoracal, 
peritoneal, 

intramuscular, 
lung, bone 

marrow, skin 

translocation 
at 13q14 

breakpoint  

pT3bpN1pM1 Female, 8 

TüMel75 melanoma 
lymph node 

2 None 
 

progressive BRAF V600E 
NRAS WT 

pT1aN1bM1a Male, 45 

TüMel74H melanoma 
brain 

1 fotemustine 
 

progressive BRAF WT 
NRAS WT 

pT2bN3M1c Female, 52 

ZüMel1H 
M000301 

melanoma 
brain 

50 None 
 

progressive BRAF WT 
NRAS Q61R 

pT2N2bM1c Male, 54  

ZüMel1 
M981201 

melanoma 
lymph node 

50 None 
 

progressive BRAF WT 
NRAS Q61R 

pT2N2bM1c Male, 54 

        

15386-07 Halo nevus, 
compound type, 
skin 

n.a. Excision, no 
recurrence 

primary Not done n.a. Female, 16 

6606-07 Melanoma primary 
tumor, skin 

n.a. Excision, no 
recurrence 

primary Not done pT1a, N0, M0 Male, 72 

14298-06 Melanoma 
metastasis, skin 

n.a. Excision and 
intralesional 
IL-2, 5 years 
recurrent 
metastases, 
then 5 years 
NED  

progressive Not done pTX, N2c, 
M0 

Female, 75 

n.a., not applicable 
NED, no evidence of disease 
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Changing T-cell enigma

Cancer killing or cancer control?

Thomas Wieder1,†, Heidi Braumüller1,†, Ellen Brenner1, Lars Zender2, and Martin Röcken1,*
1Department of Dermatology; Eberhard Karls University; Tübingen, Germany; 2Division of Molecular Oncology of Solid Tumors; Department of Internal 

Medicine I; Eberhard Karls University; Tübingen, Germany 
†These authors contributed equally to this work.

Data from different laboratories and 
theoretical considerations chal-

lenge our current view on anticancer 
immunity. Immune cells are capable of 
destroying cancer cells under in vitro 
and in vivo conditions. Therefore, cel-
lular immunity is considered to con-
trol cancers through mechanisms that 
kill cancers. Yet, therapeutic anticancer 
immune responses rarely delete cancers. 
If efficient, they rather establish a life 
with stable disease. This raises the ques-
tion of whether killing is the sole mecha-
nism by which immune therapy attacks 
cancers. Here, we show that, besides 
cancer eradication by cytotoxic lympho-
cytes, other modes of action are operative 
and strictly required for cancer control. 
We show that T helper-1 cells arrest 
cancer growth by driving cancers into 
a state of stable or permanent growth 
arrest, called senescence. Such immune 
cells establish cytokine-producing walls 
around developing cancers. When pro-
ducing interferon-γ and tumor necro-
sis factor, this cytokine-induced tumor 
immune-surveillance keeps the cancer 
cells in a permanently non-proliferating 
state. Simultaneously, antiangiogenic 
chemokines cut their connections to the 
surrounding tissues. This strategy signif-
icantly reduces tumor burden and pro-
longs life of cancer-bearing animals. As 
human cancers also undergo senescence, 
the current data suggest tumor-immune 
surveillance through cytokine-induced 
senescence, instead of tumor eradication, 
as the more realistic and primary goal of 
cancer control.

Old Ideas, New Insights

The best and probably only real eradi-
cation of solid cancers is complete surgical 
excision. This is important, as most can-
cer patients die from cancer metastases 
and disseminated disease and not from 
the primary cancer. Only very few can-
cers, like basal cell carcinomas (BCC), 
can definitely be eradicated by surgery. 
Analysis of single disseminated tumor 
cells and experimental data from mice 
strongly suggest that most cancers are 
already disseminated at the time of exci-
sion.1,2 Thus, tumor dissemination seems 
to occur very early during tumor devel-
opment. Nonetheless, a large propor-
tion, and sometimes even the majority of 
patients are “clinically” cured. Most can-
cers seem to survive definitely at a state of 
“dormancy” in various organs, mainly the 
bone marrow.3,4 As the risk of dying from 
cancer seems to depend on the tumor 
burden caused by the metastases and is 
related to the extend of micrometastasis 
observed, surgery is frequently followed 
by complementary treatments. The main 
goal of such complementary strategies is 
the reduction of cancer load.

The “magic bullets” concept was origi-
nally introduced by Paul Ehrlich more 
than 100 years ago. Today this concept, 
based on the eradication of the remain-
ing tumor mass, was extended to concepts 
that include cellular destruction using 
chemotherapy, different physico-chem-
ical regimen such as radiation therapy, 
or immune therapy using cytotoxic T 
cells (CTL) or natural killer (NK) cells 

Keywords: immune therapy, tumor 
dormancy, cancer therapy, growth 
arrest, cell cycle control, senes-
cence, T helper-1 cells, interferon-γ, 
tumor necrosis factor, p16Ink4a
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(Fig. 1A). The clinical realization of this 
concept was reflected on one side by the 
extensive cancer surgery that included 
large excision of cancers, the cancer sur-
rounding tissues, and all related lymph 
node areas, as exemplified by the Hal-
sted procedure in case of breast can-
cer,5,6 a method which was most popular 
between 1960 and 1980.7 On the other 
side, the discovery of methotrexate and its 
therapeutic effects by Sidney Farber and 
the subsequent beneficial effects of the 
multi-drug chemotherapy as treatment 
of childhood leukemia helped to declare 
the “war on cancer” that was developed 
to ultimately delete the cancer disease (for 
a review, see refs. 8 and 9). Subsequently 
multiple strategies were developed, all 

with the common principle based on the 
induction of cell death through different 
mechanisms. They include apoptosis,10 
various modes of necrosis,11 autophagy,12 
or lysis of cancer cells by T cells or NK 
cells.13,14 Recent strategies combine che-
motherapy and immune responses.15

In the last 2 decades, great intellectual 
and financial efforts were made to fur-
ther develop the “magic bullets” concept. 
New drugs, including biologic response 
modifiers such as monoclonal antibodies 
(mAb), antibody fusion constructs such as 
bispecific antibodies,16 monoclonal anti-
bodies drug conjugates like Trastuzumab 
emtansine,17 or recombinant proteins 
like interferon-α59 have been successfully 
introduced as cancer treatment. Yet, most 

of these therapies help only a minority of 
patients, and the mean prolongation of 
life is only in the range of months, even 
for the most aggressive therapies. The 
recurrence of drug- or radiation-resistant 
cancer cells and metastases remains the 
most important problem of those strate-
gies. In addition, this problem is compli-
cated by the unavoidable side effects of 
many cytotoxic treatments on normally 
proliferating tissues, like hair follicle, 
bone marrow, or mucosa and, in some 
cases, hormone-producing cells. The col-
lateral damages such as those resulting 
from the impairment of normal hormone-
producing cells still represent important 
problems of those strategies.

Given that tumors share a quite diverse 
spectrum of mechanisms to secure their 
growth and to escape from treatment-
mediated or the body’s “counter-attack,”18 
alternatives to “war-based” fighting strat-
egies should be sought to cope with this 
devastating disease.

The “defensive wall“ concept is an 
alternative approach that relies on a less 
militant approach of cancer control9 
(Fig. 1B). Such a strategy tries to create 
conditions of normal life in the presence 
of tumor dormancy, rather than focusing 
on maximal killing of disseminated can-
cer cells. This approach has not been thor-
oughly tested. Yet, the benefit of different 
treatment strategies may be subsumed 
under such a “tumor dormancy strategy.”

One well-established cancer treatment 
that may work by building a “defensive 
wall” against cancer is hormone with-
drawal for prostate19 or breast cancer.20 
Neither testosterone nor estrogen with-
drawal has chemotherapeutic properties; 
nonetheless, both treatments are among 
the most efficient anticancer therapies cur-
rently available. For example, testosterone 
withdrawal for prostate cancer prolongs 
the progression-free survival of patients by 
8 mo.19 On the other hand, estrogen with-
drawal by combination therapy for breast 
cancer prolongs the life of patients by 6 
mo, with a median overall survival of 47.7 
mo.20 In comparison, the median overall-
advantage of Trastuzumab emtansine for 
HER2-positive breast cancer is 5 mo, with 
a median overall survival of 30.9 mo.17 One 
has to be extremely careful in comparing 
different patient populations with different 

Figure 1. Eradication vs. control of tumors. (A) Treatment of tumor cells with chemotherapeutic 

drugs or radiation, or targeting TAA-, e.g., Tag-expressing tumor cells with cytotoxic T cells either 

induce apoptosis or necrosis (left) or lysis (right). Both mechanisms should finally lead to com-

plete eradication of the cancer cells. Note that only CD8+ CTL can specifically bind to MHC-I+, TAA-

presenting cancer cells. (B) Intrinsic, oncogenic signals (left) or immune surveillance by cytokines, 

i.e., IFN-γ- and TNF, produced by T helper-1 cells (right) that specifically bind to TAA-presenting 

MHC-II+, antigen-presenting cells in the vicinity of the tumor, induce permanent growth arrest, or 

senescence, of tumor cells without destruction of the cells. Both mechanisms in (B) lead to cancer 

control. Note that CD4+ T
H
1 cells cannot directly bind to MHC-I+, TAA-presenting cancer cells. For 

details, see text. Abbreviations: CTL, cytotoxic T cells; IFN-γ, interferon-γ; MHC, major histocompat-

ibility complex; TAA, tumor-associated antigen; Tag, T antigen; TCR, T-cell receptor; T
H
1, T helper-1 

cells; TNF, tumor necrosis factor.
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Figure  2. Suggested cytokine signaling leading to tumor cell senescence. (A) In proliferating 

cells, phosphorylation of Rb by the cyclin D1-CDK4/6 kinase complex leads to release of the tran-

scription factor E2F2, which, in turn, helps to overcome the G
0
/G

1
 restriction point and induces 

G
0
/G

1
-S transition of the cells. (B) After binding to its receptor on the surface of the tumor cells, 

IFN-γ leads to phosphorylation and activation of Stat1, which, in turn, translocates to the nucleus 

and induces the expression of IFN-γ-regulated genes, e.g., CXCL9 or CXCL10. These IFN-γ-induced 

gene products and other unknown IFN-γ-induced factors may then directly inhibit the CDK4/6 

by modulating cyclin D1 activity. On the other hand, TNF leads to NFκB-mediated JunB upregula-

tion, which, in turn, induces the CDK4/6 inhibitor p16Ink4a. Together, both signaling pathways lead to 

severe hypophosphorylation of Rb, which retains the transcription factor E2F2 and keeps the cell in 

the G
0
/G

1
 phase of the cell cycle. Abbreviations: CDK4/6, cyclin-dependent kinase 4/6; CXCL9, also 

known as monokine induced by IFN-γ (MIG); CXCL10, also known as interferon-inducible protein 10 

(IP-10); E2F2, transcription factor E2F2; IFN-γ, interferon-γ; IFNGR1, interferon-γ receptor 1; IFNGR2, 

interferon-γ receptor 2; JunB, transcription factor JunB; NF-κB, nuclear factor κB; p16Ink4a, also 

known as CDKN2A or Cyclin-dependent kinase inhibitor 2A; Rb, retinoblastoma protein; TNF, tumor 

necrosis factor; TNFR1, tumor necrosis factor receptor 1.

types of cancer; nonetheless the data above 
urge the question, why may non-cytotoxic 
cancer therapies be so effective?

Following multiple therapies, patients 
may arrive at a stage where they suffer 
from drug- and radiation-resistant meta-
static cancer. A phase I/II trial recently 
suggested that in the case of metastatic 
melanoma, up to 30–40% of these des-
perate patients improve clinically and 
show objective responses when treated 
with antibodies that simultaneously 
suppress the negative, T cell-inhibitory 
CTLA-4 and the PD-1/PD-L1 signaling 
cascade.21 This treatment success can be 
interpreted as enhanced cancer cell kill-
ing by cytotoxic T cells. Yet, is it possible 
that a tumor burden consisting of several 
billions of cancer cells is controlled over 
months and years by rapidly proliferating 
killer cells?

Similarly in mice, interferon-γ 
(IFN-γ)- and tumor necrosis factor 
(TNF)-producing CD4+ T helper cells 
can arrest either endogenously, grow-
ing insulin-producing β-cell cancers that 
develop as a result of transgenic suppres-
sion of the cell cycle regulators p53 and Rb, 
or adoptively transferred cancer cells.22,23 
Similar results have been reported by oth-
ers.24-27 Until now, the underlying mecha-
nisms had been interpreted either as a 
consequence of cancer killing by CD4+ T 
cells,24,26 induction of CD8+ killer cells,14 
or activation of cytotoxic macrophages. 
While in some models dependence on 
CTL or NK cells could be demonstrated,14 
cancer cell killing was rather associative in 
other studies. Together the current state 
suggests that cancer cell destruction is a 
real phenomenon, yet it remains question-
able to what extent cancer control relies on 
killing mechanisms, and to what extent on 
other mechanisms that are fundamentally 
different from killing.

Treatment of mice with IFN-γ- and 
TNF-producing T helper (T

H
1) cells spe-

cific for a tumor-associated antigen (TAA) 
more than doubles the entire lifespan of 
a cancer-prone mouse. Interestingly, this 
cancer control occurs in the absence of 
detectable tumor/β-cell destruction. In 
consequence, the treatment does not cause 
autoimmune diabetes,22 and the tumor-
specific T helper cells poorly infiltrate 
the endocrine β-cell tumors. They rather 

surround the diseased tissue,28 resembling 
a defensive wall. Further elaboration of 
this treatment regimen revealed that the 
TAA-specific T

H
1 cells induce a cytokine-

dependent permanent growth arrest of the 
β-cell cancers4 that will be discussed in 
detail below.

Cancer Eradication

Destruction of cancers by chemother-
apy, immune therapy, or radiation therapy 
is still considered a cornerstone of cancer 
treatment. The relevance of the 3 main 
death pathways, i.e., lysis, apoptosis, and 
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necrosis, for cancer chemotherapy has 
long been anticipated.29,30 Further elabo-
ration of the signaling pathways revealed 
that drug-induced apoptosis might either 
be death receptor-dependent10 or death 
receptor-independent and mediated by 
the mitochondrial apoptosis pathway.31 
In both cases, apoptosis depends on the 
activation of caspases, the main effec-
tor pathways of programmed cell death. 
Necrosis signaling by drug treatment 
clearly differs from apoptosis induction, 
as drug-induced regulated necrosis causes 
a caspase-independent cell death.11,30 In 
the case of TNF treatment under speci-
fied conditions (e.g., high leukotriene A4 
hydrolase levels), programmed necrosis 
(necroptosis) may be mediated through 
RIP1 and RIP3, cyclophilin D, and acid 
sphingomyelinase.32

Cancer immune therapy also mainly 
focuses on cancer eradication. These strat-
egies generally rely on CD8+ cytotoxic 
T lymphocytes (CTL) or natural killer 
cells.14,33 Especially during the elimination 
phase of cancer, cytotoxic lymphocytes 
seem to be capable of destroying highly 
immunogenic transformed tumor cells.34 
Alternatively, macrophages may clear 
cancer cells that underwent oncogene-
induced senescence.35 Therefore, immune 
surveillance is discussed as being critically 
involved in cancer control.18 One prevail-
ing concept suggests that dendritic cells 
orchestrate CD4+ T helper cells and CD8+ 
cytotoxic T cells to contribute to the bod-
ies anticancer machinery.36 Eventually, 
poorly immunogenic or death-resistant 
tumor cells may escape immune surveil-
lance and reestablish tumor growth.34 
Thus, the critical question which lympho-
cyte is most effective for the treatment of 
cancer disease may differ with the cancer 
developmental stage and the specific phase 
of immune surveillance.

Tumor Dormancy

Besides cancer cell killing, various 
studies show that cancers often acquire 
a kind of non-proliferative state, and the 
term tumor dormancy has been coined 
in the early seventies of the last century. 
This state was originally described in vivo 
and induced by prevention of neovascu-
larization of the tumor tissue.37 Further 

elaboration of the model in 3-dimen-
sional in vitro cell culture experiments 
led to the description of tumor dormancy 
as an equilibrium of cell death (necro-
sis) in the center and proliferation in the 
periphery of spherical tumors.38 Later, 
tumor dormancy was discussed either as 
an equilibrium between cancer cell kill-
ing and cancer cell proliferation,39 or as 
an active suppression of cancer growth 
and tumor-angiogenesis.22 Since then, 
this concept was extended by two impor-
tant aspects: the induction of permanent 
tumor growth arrest and the role of the 
tumor environment.

Permanent Growth Arrest or 

Senescence, and the Intrinsic Signals

Permanent growth arrest (senescence) 
of eukaryotic cells was first observed in 
freshly isolated and cultured fibroblasts40 
and thought to define the final lifespan of 
a normal cell, when it has lost the capacity 
to devide. It was shown that normal cells 
harbor an intrinsic aging program that 
determines their lifespan, and 3 different 
Hayflick factors regulating the lifespan of 
an organism, namely telomere shorten-
ing, p16Ink4a derepression, and DNA dam-
age, were defined (for review, see ref. 41). 
Senescence is different from any type of 
killing, as growth-arrested cells can live 
for long periods of time. More impor-
tantly, senescence was found to be the 
major difference that distinguishes a “nor-
mal“ from a “cancer“ cell. The concept 
of senescence changed fundamentally, 
when oncogene activation,42 DNA dam-
age,43 and cellular stress44 were described 
as fundamental endogenous triggers for 
transcriptional gene silencing.45 These 
data showed that premature senescence 
provides a natural barrier against can-
cer development and thus represents a 
genuine protective physiological barrier 
against cancer. The concept was further 
supported by data showing that impair-
ing this barrier promotes the progression 
of benign tumors into malignant can-
cers.46,47 Although these data from inde-
pendent research groups clearly reveal 
that senescence is a physiological defense 
mechanism against cancer, the questions 
remain whether oncogene-induced senes-
cence relies only on an intrinsic signaling 

cascade originating from the tumor cells 
themselves, or whether extrinsic signals 
may prevent cancer by driving potential 
cancer cells into a state of permanent dor-
mancy. In order to ultimately solve the 
problem of these dormant, yet still haz-
ardous cells, the organism should also pro-
vide a mechanism to clear senescent cells 
in the long run. Indeed, immune cells can 
clear senescent cells as a final act of cancer 
clearance. This step seems to play a critical 
role in cancer prevention and was termed 
“senescence surveillance”.35

Induction of Permanent 

Growth Arrest and Senescence 

through Extrinsic Signals

Recently, Braumüller et al. found for 
the first time that not only intrinsic but 
also extrinsic factors can drive cancer cells 
into the senescence program.4 This first 
description showing that extrinsic factors 
can induce senescence has multiple impli-
cations. An important one is that it fun-
damentally changes the current concept 
on the interaction of the immune system 
with cancers. Until then, it was believed 
that the immune system can only be con-
sidered in terms of killing. The authors, 
however, showed that IFN-γ- and TNF-
producing TAA-specific T

H
1 cells are 

capable to drive cancer cells into senes-
cence-defining permanent growth arrest, 
a process occurring even in the absence 
of oncogene-stress or substantial DNA 
damage.4 Detailed in vitro and in vivo 
analysis revealed that the combined action 
of IFN-γ and TNF is needed to stabilize 
the p16Ink4a-Rb pathway by keeping Rb in 
a hypophosphorylated state, to arrest the 
cells in the G

0
/G

1
 phase of the cell cycle, 

and to induce a permanent cell cycle arrest 
(Fig. 2A and B). Importantly, this growth 
arrest was permanent, i.e., cancer cells did 
not restart to proliferate after cytokine 
removal. Others had reported that sig-
naling for a cell cycle arrest can only be 
converted into senescence when the cell 
cycle arrest is associated with a second sig-
nal, e.g., inappropriate growth-promotion 
through mTOR activation.48 In line with 
this, the cytokine-induced permanent 
growth arrest also needs at least 2 simul-
taneously acting input signals: IFN-γ 
and TNF receptor 1-dependent signaling 
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(Fig. 2B). This recent experimental evi-
dence showing that extrinsic signals 
can induce senescence4 will encourage 
researchers and clinicians to investigate 
other extrinsic senescence inducers and 
address senescence induction as a special 
form of cancer immune therapy. In addi-
tion to the immunotherapeutic approaches 
using tumor-specific lymphocytes and/
or immune-modulating cytokines, 
p53-enhancing approaches, modulation of 
the cell cycle machinery by kinase inhibi-
tors, or targeting replicative senescence by 
telomerase inhibitors may serve as promis-
ing strategies for the therapeutic activation 
of the senescence program, and may be 
especially suitable for the development of 
novel types of cancer immune therapies.49 
In this context, it is interesting that newly 
developed cancer therapies targeting other 
cellular signal transduction pathways, 
e.g., the mutant BRAFV600E, may also 
cause permanent growth arrest.50 Taken 
together, senescence is not only an intrin-
sic process that protects the organism 
from harmful proliferation of transformed 
cells; senescence can also be triggered 
either by small molecules interfering with 
intrinsic signaling cascades, like the Ras-
Raf phosphorylation cascade, and, most 
importantly, also by extrinsic signals, such 
as cytokines when delivering coordinated 
senescence signals.4 In this respect, active 
senescence induction resembles the apop-
tosis program which can also be activated 
by either intrinsic or extrinsic signals, and 
is therefore an established target of mul-
tiple anticancer strategies, e.g., chemo-
therapy or radiation therapy.

Tumor Environment

Tumor dormancy occurs not only cell 
autonomously, but also strictly depends 
on the tumor environment (for review, 
see ref. 51). An intact immune system is 
required for the remodeling of the tumor 
microenvironment and the induction 
of sustained tumor regression in mice 
suffering from lymphoma or leukemia. 
Interestingly, this cancer-protective effect 
of the immune system is at least in part 
mediated through chemokines, such as 
thrombospondins.52 Using another trans-
genic mouse lymphoma model, it was 
demonstrated that apoptotic lymphoma 

cells activate macrophages of the tumor 
stroma. Stimulated macrophages then 
secrete transforming growth factor β that 
acts as a critical non-cell-autonomous 
inducer of cellular senescence. The tumor 
stroma may therefore serve as a reservoir 
for signals mediating the feedback senes-
cence induction loop necessary to limit 
tumor development.53 Yet, this control 

mechanism strictly depends on an appro-
priate microenvironment. Thus, loss of 
p53 in cancer-surrounding macrophages 
leads to an inflammatory microenviron-
ment that promotes lymph node metas-
tasis of colorectal tumors.54 This tumor 
microenvironment is affected by multiple 
genetic and acquired factors; it is definitely 
not only affected by the tumor itself, and 

Figure  3. Cytokine-mediated control of tumor cell growth by senescence induction. 

(A)  Characterization of TAA-, e.g., Tag-specific T
H
1 cells22 that were restimulated in vitro using 

antigen-presenting cells in the presence of Tag peptide 362–384. After different incubation times, 

IFN-γ in the cell culture supernatant was measured by ELISA. Tag-T
H
2 cells were used as controls. 

(B)  β-cancer cells from RIP-Tag2 mice were either treated with medium alone (control) or medium 

containing IFN-γ and TNF. After treatment, senescence-associated β-galactosidase (SA-β-gal) activ-

ity was determined. Senescent, SA-β-gal+ cells show blue staining around the nucleus and a flat-

tened morphology (right, see arrow). (C) CD4+ T
H
1 cells home around the tumors in the pancreas, 

where they bind to TAA-presenting MHC-II+ cells and subsequently secrete IFN-γ and TNF (upper 

left). The 2 proinflammatory cytokines together induce senescence in cytokine receptor-expressing 

tumor cells and, in parallel, the release of the antiangiogenic chemokines CXCL9 and CXCL10. This 

finally leads to senescent tumors with degenerated vascular supply (lower right). For details, see ref-

erences 4,22, and the text. Abbreviations: APC, antigen-presenting cell; CXCL9, also known as mono-

kine induced by IFN-γ (MIG); CXCL10, also known as interferon-inducible protein 10 (IP-10); IFN-γ, 

interferon-γ; MHC, major histocompatibility complex; RIP, rat insulin promoter; TAA, tumor-asso-

ciated antigen; Tag, T antigen; TCR, T-cell receptor; T
H
1, T helper-1 cells; TNF, tumor necrosis factor.
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T
H
1 immunity, for example, can heavily 

change the cancer surrounding milieu.4,22 
The key importance of such a microenvi-
ronment for cancer control and prognosis 
in humans was best demonstrated for gas-
trointestinal cancers. Here, the descrip-
tion of the cellular microenvironment 
surrounding and infiltrating the cancers 
provides by far the best prognostic insight, 
with functional T

H
1 cytokines-producing 

clusters and IFN- and TNF-associated 
cytokines or chemokines indicating the 
best prognosis.55 Thus, the concept of an 
immunoscore to predict the clinical out-
come in cancer and to classify human can-
cers has recently been proposed.56

Clinical Impact

Classical cytotoxic chemotherapy often 
shows dramatic adverse effects. Besides 
this, drug resistance is one of the most 
important drawbacks of chemotherapy. 
After initial regression of the tumors, some 
malignant cells survive and eventually 
restart growing. Interestingly, the authors 
of a recent publication introduced a discon-
tinuous dosing strategy for Vemurafenib, a 
drug that specifically targets BRAF muta-
tions in melanoma patients.57 In addition, 
the combination of 2 drugs by using an 
antibody–drug conjugate, i.e., Trastu-
zumab emtansine, improved the clinical 
outcome in patients with HER2-positive 
advanced breast cancer.17 Very recent clini-
cal results showed that a combination of T 
cell-activating anti-PD-1 and anti-CTLA-4 
antibodies provided clinical activity that 
differed from monotherapy, with objec-
tive response rates in up to 40% of the 
patients.21 Thus, future clinical research 
will not only concentrate on the introduc-
tion of new drugs, but also on optimized 
drug combination and/or dosing.

Conclusion

In the present perspective, we sum-
marized recent work dealing with the 
antitumoral effects of T

H
1 cells and their 

cytokines IFN-γ and TNF in the context 
of new anticancer strategies, which do not 
rely on cancer cell destruction. Based on 
our data, we propose the following mecha-
nism (Fig. 3): small amounts of intracel-
lular tumor-associated antigens (TAAs), 

including antigenic peptides of tumor 
drivers, like the tumor driver T antigen 
(Tag), are generally released by damaged 
tumor cells. TAAs are then taken up and 
presented by dendritic cells in the drain-
ing lymph node22 or in the cancer sur-
rounding lymphoid tissues, where they 
stimulate adoptively transferred TAA-
specific T

H
1 cells when presented by 

MHC class II-positive antigen-presenting 
cells.4,22 These T

H
1 cells subsequently 

migrate to the hyperproliferative islets,4,22 
where they secrete high amounts of IFN-γ 
and TNF after restimulation with anti-
gen through antigen-presenting cells, 
like macrophages4,22-24 (Fig. 3A). The 
cytokines together then drive the tumor 
cells into senescence4 (Fig. 3B). Ulti-
mately, such senescent cancer cells may 
be cleared.35 Importantly, this mecha-
nism is different from the well-known 
toxic antitumor effect of proinflammatory 
cytokines,58 and even independent of the 
antiangiogenic effect mediated by CXCL9 
and CXCL104 (see also Fig. 3C). These 
insights may pave the way for a combina-
tion of a targeted chemotherapy regimen, 
such as BRAF inhibition for reduction of 
cancer burden, with an immune therapy 
based on TAA-specific T

H
1 cells that ulti-

mately induce cancer cell senescence.4,22-24

Outlook

The description that immunity cannot 
only destroy cancers, but can also drive 
cancers into senescence raises many ques-
tions. Thus, where does the immune sys-
tem present intracellular tumor antigens 
to MHC class II-dependent CD4+ T cells? 
How can T-cell cytokines from T helper 
cells best affect the MHC class II-negative 
cancer cells? What is the relation between 
tumor dormancy, senescence, and can-
cer stem cells? How stable is senescence 
in vivo? What is the role of the Warburg 
effect and the metabolic transition of 
tumor cells, and how can clinicians target 
this hallmark of cancer cells. Indepen-
dent of these questions, the insight that 
extrinsic signals like T-cell cytokines can 
drive cancers into senescence liberates cli-
nicians and scientists from the military 
“war on cancer” that searches for ever 
more efficient killer mechanisms and ear-
lier targets. Showing a path that will allow 

peaceful life with a domesticated cancer 
opens a long-sought door to basic and 
clinical research to develop more efficient 
and, most importantly, long-lasting and 
significantly less toxic treatments for this 
life-threatening group of diseases.4
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Immunotherapy of melanoma:  

efficacy and mode of action

Summary
Forty years of research have brought about the development of antibodies that induce 

effective antitumor immune responses through sustained activation of the immune 

system. These �immune checkpoint inhibitors� are directed against immune inhibi-

tory molecules, such as cytotoxic T lymphocyte antigen 4 (CTLA-4), programmed 

death 1 (PD-1) or programmed death ligand 1 (PD-L1). Disruption of the PD-1/PD-L1 

interaction improves the intermediate-term prognosis even in patients with advanced 

stage IV melanoma. One and a halfyears after treatment initiation, 30�60 % of these 

patients are still alive. While cancer immunotherapies usually do not eradicate metas-

tases completely, they do cause a regression by 20�80 %. It is well established that 

the immune system is able to kill tumor cells, and this has also been demonstrated for 

immunotherapies. Preclinical data, however, has shown that anti-cancer immunity is 

not limited to killing cancer cells. Thus, through interferon gamma and tumor necrosis 

factor, the immune system is able to induce stable tumor growth arrest, referred to as 

senescence. Ensuring patient survival by long-term stabilization of metastatic growth 

will therefore become a central goal of antitumor immunotherapies. This therapeutic 

approach is effective in melanoma and non-small-cell lung cancer. Once immunothe-

rapies also have an indication for common cancer types, drug prices will have to drop 

considerably in order to be able to keep them available to those dependent on such 

therapies.
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Fundamentals and historic review of 

melanoma therapy

Melanoma ranks among those tumors that are able to me-

tastasize even when they are still very thin. Applying to all 

patients with stage I to III disease, the most important prog-

nostic factors in melanoma include tumor thickness, the pre-

sence of absence of ulceration, the number of mitoses in thin 

melanomas, and micrometastases in the sentinel lymph node 

[1]. In addition to surgical melanoma removal, immunothe-

rapy with 3 million units of alpha-interferon three times a 

week for 18 months may improve recurrence-free survival, 

especially in patients with melanomas thicker than 2.0 mm, 

ulcerated melanomas, or micrometastases [2]. In case of 

macroscopic lymph node metastases or those diagnosed by 

ultrasound, the 5-year survival rate drops to roughly 30 % 

[3]. Until 2008, the 3-year survival rate of stage IV mela-

noma with disseminated metastases was only 6–12 % [4]. 

At that time, the only standardized therapeutic option was 

dacarbazine (DTIC) [5], an alkylating cytostatic agent given 

every four weeks, either at a higher (single) dose or daily for 

five days at a dose of 250 mg/kg. However, chemotherapeutic 

agents have been unable to improve overall survival in ad-

vanced melanoma patients. A prospective study published in 

2011 showed an overall survival after three years of 10–15 % 
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in patients with metastatic melanoma after four cycles of da-

carbazine [6]. While the introduction of “targeted therapies” 

and immunotherapies [7] has markedly increased the like-

lihood of longer survival in stage IV melanoma patients, the 

spectrum of possible side effects has also broadened [8].

Developmental stages of immunotherapy  

in metastatic melanoma

Although various therapeutic approaches – chemotherapy, 

polychemotherapy, or chemoimmunotherapy – in metastatic 

melanoma yielded better response rates and even long-term 

remission in individual cases, none of these therapies led to 

a statistically significant improvement in overall survival [5].

Melanoma was one of the first tumors in which the pos-

sibility of immunotherapy was investigated [9–11]. Many 

basic science-oriented but relatively few randomized clinical 

studies provide evidence for the theoretical possibilities of 

successful immunotherapy. Important clinically translated 

immunotherapies include intracutaneous treatment with in-

terleukin-2 [12], systemic interleukin-2 therapy with simul-

taneous peptide vaccination [13], systemic interferon alpha 

therapy [14], vaccination with peptide-pulsed dendritic cells 

[15], or adoptive T-cell therapies [16], to name but a few. Two 

important observations have shaped melanoma immunothe-

rapy: (i) On principle, melanomas may regress with and ra-

rely also without immunotherapy, and may sometimes even 

completely resolve (Figure 1a, b). This regression is usually 

associated with an oligoclonal T-cell infiltrate [17]. On im-

munotherapy, melanomas and melanoma metastases cons-

tantly regress, either partially or completely. However, these 

therapeutic studies rarely led to statistically significant and 

sustained tumor regression. Peptide vaccination combined 

with interleukin-2 achieved a statistically significant prolong-

ation of progression-free survival of about one month com-

pared to treatment with interleukin-2 alone [13]. Adoptive 

T-cell transfer, too, may result in metastatic regression and 

sustained clinical improvement in individual patients [16, 

18]. (ii) Conversely, however, tumor immunotherapy may 

also accelerate tumor growth and metastasis if it induces the 

“wrong” immune response [19–22]. With respect to every-

day clinical practice, these data show that, outside of clinical 

studies, tumor patients should receive neither a tumor vacci-

ne nor immunostimulants that are not supported by studies. 

Moreover, while illustrating the risks and difficulties in de-

veloping adequate tumor-protective immunotherapies, they 

also demonstrate that immune responses are able to influence 

tumor growth.

Collected over the course of more than 40 years, these 

data raised serious doubts regarding the rationale behind the 

development of immunotherapies [23]. Until the treatment of 

metastatic melanoma directed against cytotoxic T lympho-

cyte antigen 4 (CTLA-4) was described [6, 24], the subject of 

tumor immunotherapy had been regarded very critically in 

clinical practice, research, and the pharmaceutical industry.

Immunotherapy in the treatment of 

melanoma

Every immune response – whether directed against infectious 

agents, autoantigens, or tumors – is characterized by a prime 

and boost phase as well as a ‘stop phase’ in which the res-

ponse is once again subdued. The vast majority of tumor im-

munotherapies has focused on initiating the strongest possib-

le immune responses, however, these therapies have not yet 

found their way into clinical practice. This situation changed 

when the opposite approach was adopted in studies that in-

vestigated whether releasing the immune brake could be used 

therapeutically. This had been repeatedly attempted since the 

discovery of “immunosuppression”. The breakthrough came 

when studies began to examine the inhibitory signaling pa-

thways of CTLA-4 or programmed death 1 (PD-1) and its 

ligand, programmed death ligand 1 (PD-L1), in patients with 

stage IV melanoma.

In 2011, a prospective study showed that tumor im-

munotherapy in stage IV melanoma patients was able to 

Figure 1 Clinical appearance of a melanoma with areas 

 marked both by regression and progression. View from above 

of a melanoma lesion with a regressing part (a) and a highly 

pigmented, progressing part (b).
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achieve a small but statistically significant improvement in 

3-year survival. The overall survival of patients who received 

the anti-CTLA-4 antibody ipilimumab in combination with 

dacarbazine was 20 % and thus about 5 % greater than in 

individuals treated with dacarbazine and placebo [6]. In this 

study, patients received four one-day doses of dacarbazine 

at four-week intervals. At the same time, one group was gi-

ven placebo, while the other received a monoclonal antibody 

(mAb) directed against CTLA-4. The latter was given at a 

dose of 10 mg/kg instead of 3 mg/kg, which today is the usual 

therapeutic dose. Induction therapy included four doses of 

anti-CTLA-4 antibody at four-week intervals. This was fol-

lowed by maintenance therapy with 10 mg/kg every three 

months for three years; the control group received placebo. 

The study yielded the following important results: (i) At the 

end of the study, after 45 months, the number of survivors 

in the anti-CTLA-4-treated group was roughly 5 % greater 

than in the placebo group; the difference was significant. 

This observation marked a breakthrough, as this was the 

first placebo-controlled study that showed that, compared to  

placebo, tumor immunotherapy indeed improves survival in 

stage IV melanoma patients. (ii) Although this therapy re-

sulted in a statistically significant survival advantage, even 

continued anti-CTLA-4 antibody therapy, using a five- to 

seven-fold higher anti-CTLA-4 dose than currently licensed,  

led only to a slight improvement in survival. Patients sho-

wing a treatment-induced immune response, in which  

T lymphocytes that produce interferon gamma (IFN-γ) and 

tumor necrosis factor (TNF) prevail, appear to particularly 

benefit from “immune checkpoint inhibitor” therapy [25].

The currently licensed therapy with ipilimumab (four do-

ses of 3 mg/kg at four-week intervals) differs markedly from 

the aforementioned regimen. It would therefore be necessary 

to compare the currently approved treatment regimen with 

placebo and dacarbazine in order to ascertain whether this 

form of immunotherapy (as monotherapy) is able to achieve 

a significant therapeutic advantage over dacarbazine. A ran-

domized, placebo-controlled trial that investigated the effect 

of adjuvant anti-CTLA-4 therapy in patients with stage III 

disease showed significantly improved recurrence-free sur-

vival at three years [26]. However, a conclusion regarding 

overall survival using adjuvant anti-CTLA-4 therapy cannot 

be drawn at this time.

Immunotherapy with antibodies against 

PD-1 or PD-L1

Following reports of the efficacy of anti-CTLA-4 antibodies, 

five publications showed that non-depleting monoclonal an-

tibodies (mAbs) with a similar mode of action – blocking the 

interaction between PD-1 and its ligand PD-L1 – resulted in 

stabilization or regression of metastases in a strikingly large 

number of patients with metastatic melanoma and a range 

of other tumors [27–31]. Moreover, even this initial data ob-

tained from phase I and II studies suggested that mAbs direc-

ted against the PD-1/PD-L1 interaction were able to prolong 

overall survival not only in patients with stage III or IV mela-

noma but also with other tumors such as lung cancer. While 

all previous immunotherapies had only been successful in in-

dividual cases, these studies provided evidence of a broader 

efficacy, also impacting overall survival. Four recently publis-

hed clinical metastatic melanoma trials yielded the following 

important results: (i) 18 months after treatment initiation, 

70 % of patients treated with anti-PD-1 antibodies were still 

alive, marking a clear improvement in overall survival by 

roughly 50 % compared to the dacarbazine control group [32].  

(ii) Direct comparison between anti-CTLA-4 and anti-PD-1 

antibody therapy showed a significant advantage for patients 

treated with anti-PD-1 antibodies with respect to overall 

survival after 18 months and also progression-free survival 

after ten months [33]. (iii) The combination of anti-CTLA-4 

and anti-PD-1 antibodies resulted in progression-free survi-

val at twelve months in 55 % of patients without a BRAF-

V600E mutation, which, compared to anti-CTLA-4 mono-

therapy, was a significant improvement by 32 % [34]. (iv) 

Another study was able to confirm the greater therapeutic 

benefit of combined anti-CTLA-4 and anti-PD-1 antibody 

therapy compared to the respective monotherapies. Moreo-

ver, that particular study also showed that only patients with 

PD-L1-negative tumors benefited from additional anti-CT-

LA-4 antibody treatment [35].

In patients with non-small cell lung cancer, too, the 

overall survival rate at one year may roughly be tripled by 

anti-PD-1 mAbs compared to classic therapy [36]. Thus, 

using immunotherapy, two to three times as many patients 

with tumors that up to now have been considered treat-

ment-refractory at the metastatic stage will in the future be 

rendered stable for at least two years. The introduction of 

immune checkpoint inhibitors has therefore markedly im-

proved the prognosis of patients with metastatic melanoma 

and numerous other tumors (Figure 2). Further prognostic 

improvement may be achieved by combining anti-CTLA-4 

and anti-PD-1 treatment. Despite the frequently severe side 

effects associated with this form of therapy [26], successfully 

treated patients will be symptom-free after the conclusion of 

treatment.

Not only will these new anti-tumor therapies improve 

the prognosis of patients with stage IV disease, they will also 

change our understanding of tumor immunotherapy. While 

therapeutic strategies have so far focused on attempts aimed 

at complete tumor eradication, new therapies show us that 

this is obviously neither possible nor necessary. Although tu-

mors regress partially, residual tumors or residual metastases 

A39



Review Article Cancer control by immune system-mediated senescence

31© 2015 Deutsche Dermatologische Gesellschaft (DDG). Published by John Wiley & Sons Ltd. | JDDG | 1610-0379/2016/1401

persist in a long-term resting state [6, 11, 27–30, 32, 34, 35], 

also known as tumor dormancy.

Mechanisms of tumor immune control

Up to now, the therapeutic goal has been to eradicate tumors 

as completely as possible, using chemotherapeutic agents or 

genetically targeted therapies [23], such as BRAF or MEK 

inhibitors in the case of melanoma [37]. Within a short time, 

these therapies can lead to marked, clinically almost com-

plete metastatic regression [37]. However, this regression is 

nearly always followed by a V-shaped recurrence of metasta-

ses. Thus, the effect of these targeted treatment approaches 

– BRAF inhibitors and chemotherapies – on overall survival 

has been insignificant [37, 38]. Even in case of a good initial 

response, the overall survival of patients with stage IV me-

lanoma at nine to ten months usually corresponds to that of 

patients on dacarbazine.

With the conviction that tumors have to be removed 

completely, immunological approaches have been aimed at 

inducing as many efficient killer cells as possible. Here, the 

focus has been on cytotoxic T lymphocytes (CTLs) characte-

rized by the CD8 molecule and natural killer cells (NK cells). 

A central therapeutic function of these two immune cells is 

the destruction of target tumors. There are two basic me-

chanisms for killing target cells: (i) Following activation, 

the killer cells produce lytic granules that contain perforin 

and granzyme B. These substances induce holes in the cell 

membrane of the target cells, thereby initiating lytic cell de-

ath (Figure 3a). For tumors to be recognized specifically by 

CTLs, it is necessary that they express antigens that may only 

be found on them, designated as tumor-associated antigens 

(TAA). This was first demonstrated for melanoma-associ-

ated molecules known as cancer/testis antigens. The most 

important tumor antigens expressed by melanomas inclu-

de MAGE-1, MAGE-3 [39], and the NY-ESO antigen [40].  

(ii) Apart from lysis, the most important way of killing cells 

is by induction of apoptosis. Here, the tumor cell receives a 

signal, leading to active self-destruction by nuclear fragmen-

tation (Figure 3b). This signal cascade is initiated through 

Figure 2 Overall survival of melanoma patients with metas-

tatic disease. The figure depicts the estimated overall survival 

in % of melanoma patients with metastatic disease receiving 

standard chemotherapy (green curve, [6]), antibody-based 

immunotherapy with anti-CTLA-4 (violet curve, [6]) or with 

anti-PD-1/anti-PD-L1 antibodies (red curve, [32]). Note: actual 

percentages of the survival curves have to be validated in 

future clinical trials. Thus, only the 100 % value and the 0 % 

value are marked on the y-axis.

Figure 3 Mechanisms of immunotherapies. The figure 

 depicts established immunotherapy mechanisms: cytolysis by 

CD8-positive killer cells (a), receptor-mediated induction of 

programmed cell death or apoptosis (b), MHC-independent 

NK cell-mediated cytotoxicity (c), NK cell-mediated antibo-

dy-dependent cellular cytotoxicity (ADCC) (d), and the newly 

described mechanism of Th1 cytokine-induced permanent 

growth arrest or cellular senescence (e).
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specific death receptors such as the Fas molecule [41]. The  

T lymphocytes involved in transmitting the death signal to tu-

mor cells have to express the corresponding Fas ligand (FasL).

Just like CTLs, NK cells, too, are able to kill tumor 

cells through the two aforementioned mechanisms [42, 43]  

(Figure 3c). However, the recognition mechanism is funda-

mentally different. Cytotoxic T lymphocytes can only recog-

nize tumor cells if they present the correct major histocompa-

tibility complex (MHC) molecule together with the TAA. In 

order to evade this immune response, tumors have developed 

various evasive strategies that prevent presentation of their 

TAA. One of the most important strategies involves the sup-

pression of the MHC molecule to such an extent that CTLs 

are no longer able to recognize the tumor cells. In this case, 

NK cells intervene [42] recognizing all those cells that have 

suppressed the MHC molecule and thus can no longer acti-

vate inhibitory receptor molecules on the surface of NK cells. 

In addition to inhibitory receptor molecules, NK cells also 

express activating receptors such as the Fcγ receptor IIIa, also 

known as CD16, which in turn is able to bind the nonspecific 

F
c
 segment of antibodies. The Fcγ receptor IIIa is then able to 

trigger antibody-dependent cellular cytotoxicity (ADCC) in 

tumor cells marked by specific antibodies (Figure 3d).

Although these cell-killing mechanisms have been 

meticulously studied in detail for 30 years, it has so far only 

rarely been possible to successfully and effectively use CTL 

and NK cells in the treatment of tumors [9, 10, 44]. Possible 

causes for the frequently inadequate tumor control by cyto-

toxic therapies include killing-resistant tumor stem cells [45] 

and highly immunosuppressant myeloid-derived suppressor 

cells (MDSC) [46].

Tumor control by induction of tumor 

cell senescence

While therapeutic studies have primarily focused on ef-

fectively killing tumor cells, it has been shown that that 

in some tumors a favorable prognosis for long-term survi-

val or successful therapy is associated with the expression 

of the two cytokines IFN-γ and TNF [47, 48]. By contrast, 

tumor-specific immune responses predominantly marked 

by interleukin-17, interleukin-4, or TGF-β1 are associated 

with a poor prognosis or unsatisfactory therapeutic response  

[22, 49–51]. Together, this data suggests that there is another 

tumor control mechanism besides the induction of tumor 

cell death through cytolysis or apoptosis. Given that patients 

frequently live in a stable disease state for many years, IFN-

and TNF-dominated immune responses apparently result in 

long-term tumor growth arrest.

A few years ago, it was first shown that IFN-γ- and 

TNF-producing T lymphocytes that do not themselves have 

the capacity to kill tumor cells induce permanent growth ar-

rest in various tumors [22, 52–54]. Common to all these stu-

dies was that control of tumor growth was strictly dependent 

on the T helper 1 (Th1) cell cytokines IFN-γ and TNF [22], 

thus precisely those cytokines associated with overall survi-

val in clinical trials.

The underlying mechanism has therefore long been 

sought. Recent studies have shown that the joint action of 

IFN-γ and TNF in many tumor cells, especially in primary 

human tumor cells such as melanoma, induces permanent 

growth arrest [11] (Figure 3e). This means that the tumor 

cells remain alive but – for a period of weeks and months 

– lose their ability to divide. Biologically speaking, these tu-

mors become too old to grow. Such growth arrest is referred 

to as cellular senescence. There are basically two forms of se-

nescence. The first form is associated with growing old, and 

prevents cells from proliferating like young cells. The second 

form of senescence involves a permanent proliferation stop 

of tumor cells – otherwise growing unchecked – through se-

nescence mechanisms [11, 55]. It has hitherto been assumed 

that cell cycle arrest in tumors is solely mediated by endo-

genous signals. This cell cycle arrest is coupled, for instan-

ce, with aging or with oncogenes such as the mutated BRAF 

gene, or is triggered by certain chemotherapeutic agents [56]. 

By demonstrating cytokine-induced senescence in tumors, it 

has been shown that senescence mechanisms are not only ac-

tivated by endogenous signals but also by signals delivered 

to the cell from the outside. This has been confirmed under 

immunotherapy conditions [11].

Only in the correct concentration and composition do 

IFN-γ and TNF induce senescence in tumor cells (Figure 3e). 

Adverse cytokine combinations, such as the presence of TNF 

in the absence of interferons or the presence of interferons 

in the absence of TNF receptor 1 signals may even promote 

tumor growth or tumor recurrence after successful thera-

py [22, 57]. Conversely, not only the observation that Th1 

cytokines IFN-γ and TNF are able to inhibit tumor growth 

by senescence induction but also insights into cytokine-in-

duced growth arrest have been confirmed and expanded. For  

instance, IL-12-coding gene constructs that elicit IFN-γ pro-

duction induce senescence in human tumors in vivo [58], 

and liposomes containing interleukin-12 inhibit the growth 

of breast cancer cells through the induction of an IFN-γ/

TNF signature [59]. Moreover, the soluble messenger throm-

bospondin-1 may induce senescence in lung tumor cells [60].

Clinical relevance of cytokine-induced 

senescence for tumor immunotherapy

The observation that kinase inhibitors specifically block di-

sease-relevant molecules such as the BRAF-V600E molecule, 
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thereby leading to clinical regression of melanoma metasta-

ses, ushered in a new era of melanoma therapy [61]. Howe-

ver, given the rapid recurrence of metastases, these therapies 

were only able to prolong average survival in patients with 

metastatic melanoma by a mere few months, if at all [37]. 

Results of phase I to III studies with mAbs, known as im-

mune checkpoint inhibitors and directed against the mole-

cules CTLA-4, PD-1, or PD-L1 [6, 25, 27–30, 32–35], have 

so far shown effects and disease courses previously unknown 

in tumor therapies. Three aspects ought to be highlighted: 

(i) Following treatment initiation, tumors appear to initially 

grow radiographically. This must not be misinterpreted as 

melanoma growth, as metastases tend to swell due to the 

accompanying inflammation. Only after partial destruction 

and regression of inflammation (after three to six months) 

do they also regress radiographically. (ii) While patients 

with advanced metastases frequently display disease symp-

toms, patients clinically recover with tumor regression. For 

years, patients thus exhibit no clinical symptoms, while still 

affected by a demonstrable tumor burden. (iii) Following 

the regression phase, “residual metastases” remain stable  

[27–30, 32–35]. They may remain dormant for 24 to 30 

months without significantly changing in size.

The new therapies show that the original goal of com-

plete tumor eradication by killing all tumor cells is no 

longer required in every case. In this respect, the primary 

treatment objective is changing from an all-out “war on 

cancer” – necessitating tumor eradication – to the concept 

of living nearly symptom-free with few and smaller tumors 

that are kept in check by the immune system. According to 

the classic concept [9, 10], it is postulated that the stability 

of metastases following treatment with CTLA-4, PD-1, or 

PD-L1 antibodies is solely based on the equilibrium between 

tumor cell growth, on the one hand, and continuous kil-

ling of tumor cells on the other [27–32]. Given that immune 

cells are able to arrest tumor growth through proinflammat-

ory cytokines, one might argue whether successful tumor 

immunotherapies induce such growth arrest in melanoma 

metastases at least partially through Th1 cytokines IFN-γ 

and TNF. Tumor-infiltrating T cells [47] with a high interfe-

ron/interleukin-4 ratio [48, 51] are surrogate markers for a 

good prognosis in various malignant diseases. Thus, besides 

killing tumor cells, there have to be other mechanisms in 

play that inhibit tumor growth either directly or through 

the tumor-surrounding tissue. These mechanisms have also 

been summarized as cell death-independent “tumor immune 

surveillance model” [62–64]. Non-toxic tumor control me-

chanisms play a key role in modern targeted cancer therapy 

(Figure 4).

This type of tumor immune surveillance displays great 

similarities with mechanisms leading to organ-specific au-

toimmune disorders. Thus, side effects of effective tumor im-

munotherapies, such as mAbs against CTLA-4 or PD-1 and 

IFN alpha therapy, may include the triggering of organ-spe-

cific autoimmune diseases [65–67]. Conversely, experiments 

have shown that effective inhibition of TNF- or IL-12-induced  

Figure 4 Targets of modern cancer 

therapy. Therapeutic approaches of 

cancer therapy (without surgery) are 

depicted. With the exception of angio-

genesis inhibitors [74], which inhibit the 

formation of tumor-supplying blood 

vessels, all other cytotoxic, apoptosis- or 

senescence-inducing agents, including 

the immune checkpoint inhibitors, are 

described in detail in the text.
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IFN-γ in autoimmune disorders may increase the risk for 

 developing malignant tumors [68, 69].

Outlook and comments on clinical 

 implementation

Monoclonal antibody-mediated blockade of the immune 

brakes CTLA-4, PD-1, and PD-L1 is therapeutically use-

ful in the treatment of melanoma and other tumors such 

as non-small cell lung cancer [31, 36]. The clinical use of 

immune checkpoint inhibitors has ushered in a new era 

of cancer therapy. In particular, patients with treatment- 

refractory cancers might now be helped long-term, and 

 immunotherapy could, in the near future, become a real op-

tion for many patients with advanced or metastatic  tumors. 

However, as exemplified by chronic myeloid leukemia in 

an analysis by 119 hematooncologists, a certain therapy 

can only be implemented if its costs remain acceptable for 

society. In their article, the authors discuss that even rich 

nations cannot afford annual treatment costs of € 50,000 

to € 100,000 per patient in the long term [70]. With the 

successful introduction of mAb-based therapeutic agents, 

the costs of modern cancer therapy have risen yet again. In 

the ongoing discussion, clinically active cancer researchers 

have proposed the need for a cost-benefit assessment, inclu-

ding the demand for lower prices [71]. Based on current pri-

cing, the new “immune checkpoint inhibitors” will lead to 

two-year drug costs of up to 250,000 € per patient. These 

costs have to be considered problematic insofar as they are 

even higher than those of the kinase inhibitors, which the 

hematooncologists already deemed problematic. Moreover, 

these costs will not only be incurred in the context of rare 

tumors but in common cancers as well. What is more, the 

financial or scientific justification for the current pricing of 

innovative cancer drugs is not immediately understandable,  

either [72, 73], especially considering the fact that the 

majority of research findings that have ultimately led to 

the development of new drugs come from state-sponsored 

and tax-funded research projects [72, 73]. It is therefore 

time for physicians, politicians, health system institutions, 

and society to negotiate with the pharmaceutical industry 

over the prices of these modern cancer drugs. This is the 

only way to ensure the long-term financing of medically  

promising drugs.
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Abstract The immune response is a first-line systemic defense

to curb tumorigenesis and metastasis. Much effort has been

invested to design antitumor interventions that would boost the

immune system in its fight to defeat or contain cancerous growth.

Tumor vaccination protocols, transfer of tumor-associated-

antigen-specific T cells, T cell activity-regulating antibodies,

and recombinant cytokines are counted among a toolbox filled

with immunotherapeutic options. Although the mechanistic un-

derpinnings of tumor immune control remain to be deciphered,

these are studied with the goal of cancer cell destruction. In con-

trast, tumor dormancy is considered as a dangerous equilibrium

between cell proliferation and cell death. There is, however,

emerging evidence that tumor immune control can be achieved

in the absence of overt cancer cell death. Here, we propose

cytokine-induced senescence (CIS)by transfer ofThelper-1 cells

(TH1) or by recombinant cytokines as a novel therapeutic inter-

vention for cancer treatment. Immunity-induced senescence trig-

gersastablecellcyclearrestofcancercells. Itengagestheimmune

system to construct defensive, isolating barriers around tumors,

and prevents tumor growth through the delivery or induction of

TH1-cytokines in the tumor microenvironment. Keeping cancer

cells in anon-proliferating state is a strategy,whichdirectly copes

with the lost homeostasis of aggressive tumors. As most studies

show that even after efficient cancer therapies minimal residual

disease persists, we suggest that therapies should include

immune-mediated senescence for cancer surveillance. CIS has

the goal to control the residual tumor and to transform a deadly

disease into a state of silent tumor persistence.

Keywords Receptor-mediated growth arrest . Tumor

dormancy . Inflammation . Cytokine-induced senescence

1 Cellular senescence

1.1 The concept of cellular senescence

Cellular senescence has been linked to a number of physiological

and patho-physiological conditions such as aging, age-related

diseases, tissue homeostasis, and embryogenesis (for review see

[1]). In the context of aging of multicellular organisms, cellular

senescence has been described as one of the nine hallmarks of

aging. Besides, senescence is considered to be part of the com-

pensatory or antagonistic damage responses [2]. Some

senescence-associated biomarkers, foremost the cell cycle inhib-

itorcyclin-dependentkinaseinhibitor2A(p16Ink4a)andtelomere-

damageinducedfoci(TIFS),accumulateincellsofvarioustissues

of aged individuals, indicating that senescence and aging are

closely linked [3, 4]. Importantly, elimination of senescent cells

from aged tissues improves overall tissue fitness [5], whereas the

tissue-degenerativeeffectsof senescenceare likely tobe transmit-

ted by the senescence-associated secretory phenotype (SASP), at

least in part [6] (Fig. 1a).Developmental senescence (Fig. 1b) is a

physiologicallyprogrammedsenescencepathwaythathasrecent-

ly been described to actively contribute to embryonic patterning

[7, 8]. This process is also accompanied by a SASP that attracts

macrophages which in turn seem to be necessary to remove se-

nescent cells in a coordinatemanner inorder to foster thephysical
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development of the embryo (Fig. 1b). In contrast, oncogene- or

therapy-induced premature senescence is a mere stress response

mechanism (Fig. 1c). It is a cell intrinsic anticancer mechanism

that is triggered by various genetic or epigenetic perturbations

including hyperactive oncogenes [9, 10], cytotoxic drugs [11,

12], or by cytokines [13–15] leading to an essentially irreversible

cell cycle arrest. Oncogene-induced senescence is eventually ac-

companiedbymacrophage-mediatedremovalof theaffectedcan-

cer cells, and this clearancemechanismof senescent cancers sub-

stantially improves the anti-cancer defense machinery of the im-

munesystem[16].On theotherhand, it is still unclearwhether the

SASP,which is an integral part of oncogene- aswell as cytokine-

induced senescence, and leads to the secretion of various

chemokines and growth factors, may play a tumor-promoting

role, and should therefore be considered as harmful [17]. Thus,

it is currently believed that it is necessary to clear senescent cells

from the organism.

1.2 Cytokine-induced senescence

Cytotoxic cancer therapy is currently the gold standard of

clinical practice. A bevy of cytotoxic regimens has been
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Fig. 1 Cellular senescence in aging, embryogenesis, and tumorgenesis. a

During aging of the organism, normal cells may enter the cell cycle. After

several cell divisions, the chromosomal telomere length decreases and the

expression of the cell cycle inhibitor p16Ink4a increases. This leads to

permanent arrest of the cell cycle and in the case of “old” cells to

replicative senescence. Senescent cells produce secretory factors, and

the SASP may contribute to enhanced tissue degeneration in older

individuals. b During embryogenesis, some embryonic cells may run

through the cell cycle leading to p53-independent p21 accumulation

and permanent cell cycle arrest. On the one hand, these “old”

embryonic cells produce secretory factors (SASP), and on the other

hand, the senescent cells are cleared by macrophages. Both mechanisms

then contribute to the tissue shaping during embryogenesis. c During

tumorigenesis, normal cells may enter an accelerated cell cycle (for

example by activation of oncogenes). These rapidly cycling tumor cells

upregulate p53 and the cell cycle inhibitor p16Ink4a leading to permanent

cell cycle arrest or oncogene-induced senescence. The tumor cells can

also be driven into senescence by other cellular stressors, e.g., by drugs or

cytokines. Interestingly, tumor cell senescence can both exert a pro- or

antitumoral effect. Whereas the components of the SASP have been

shown to enhance tumor growth, the macrophage-mediated clearance of

senescent tumor cells inhibits tumor growth. MΦ macrophages, p16Ink4a

cyclin-dependent kinase inhibitor 2A, p21 cyclin-dependent kinase

inhibitor 1, p53 cellular tumor antigen p53, SASP senescence-associated

secretory phenotype
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developed over six decades to destroy or remove cancerous

tissue. The complete surgical excision of cancer tissue includ-

ing all adjacent or distant metastases is the most effective

curative treatment option. It may be accompanied or followed

by other mainly cytotoxic therapies, i.e., radiation therapy

[18], chemotherapy [19], or cytotoxic immunotherapy [20,

21]. These therapies rely on (i) the induction of programmed

cell death [19, 22]; (ii) caspase-independent programmed ne-

crotic cell death [23, 24] or necroptosis, that is dependent on

the ripoptosome [25]; (iii) autophagic cell death [26]; (iv)

target cell lysis [21]; and (v) respiratory burst mediated by

neutrophils [27].

The common goal of all cytotoxic therapies is the ultimate

destruction of the cancer cells [28]. In clear contrast, pro-

senescence therapy is not aimed at destroying cancer cells

but to contain their expansion and thus can be considered as

a non-destructive alternative tumor control mechanism [14,

15, 29–31]. In principle, cancer cell senescence can be trig-

gered by intrinsic or extrinsic pathways (Fig. 2). The intrinsic

pathways are triggered by reactivation/stabilization of the tu-

mor suppressor protein p53 [32], by inactivation of the onco-

gene Myc [33], or by tumor suppressor phosphatase and

tensin homolog deleted on chromosome 10 (Pten) inhibition

by VO-OHpic [34]. Pten inhibition-induced senescence

(PICS) in prostate cancer is especially intriguing, as loss of

Pten is usually associated with oncogenesis, e.g., in aggressive

breast cancer [35] or in follicular thyroid carcinomas [36].

Thus, the fate of a given precancerous cell after Pten loss

may strongly depend on its ancestry and/or its molecular back-

ground. Nevertheless, the three intrinsic senescence pathways

mentioned above lead to cell cycle arrest (Fig. 2a). The acti-

vation of these pathways results either in tumor growth inhi-

bition or in tumor regression. Therapy-induced cancer cell

senescence can be induced by genotoxic stress, i.e., by drugs

targeting genomic DNA (Fig. 2b). Thus, doxorubicin [37] or

cyclophosphamide treatment [12] induces a senescence-like

phenotype in tumor cells. However, chemotherapeutics rather

induce a mixed response including both apoptosis and senes-

cence. In most cases, the senescent phenotype is only ob-

served when the apoptosis machinery has been inhibited

[12]. Thus, targeted therapies, like the B-Raf inhibitor

vemurafenib, trigger senescence primarily in apoptosis-

resistant melanoma cells [38]. First hints that not only

membrane-penetrating drugs with a low molecular weight

can induce intrinsic senescence pathways came from the ob-

servation that cytokines, such as the T helper-1 (TH1)-cyto-

kines interferon-γ (IFN-γ) and tumor necrosis factor (TNF)

[14] or transforming growth factor-β (TGF-β) [13], can drive

cancer cells into permanent growth arrest (Fig. 2c). This is

astonishing as senescence was mainly considered to be an

intrinsic antitumor mechanism. Cytokine-induced senescence

(CIS) is the first example of an extrinsic senescence pathway

leading to a permanent stop of the cell cycle. For the

proinflammatory TH1 cytokines, the senescence signaling

pathways have been partially deciphered: permanent growth

arrest needs the simultaneous activation of TNF receptor 1,

IFN-γ-signaling, and downstream stabilization of the

prosenescent p16Ink4a/Rb pathway [14, 15]. CIS also occurs

in vivo after adoptive transfer of tumor-associated antigen

(TAA)-specific TH1 cells in transgenic rat-insulin promoter

T antigen (RIP-Tag) mice (Fig. 2d) [14], or after vaccination

of sarcoma-bearing mice with an IL-12 transcribing gene con-

struct that induces IFN-γ- and TNF-mediated immune re-

sponses [15]. This demonstrates for the first time that (i) ex-

ogenous signals can override endogenous proliferative signals

in cancer cells and (ii) that the immune system is able to

restrict cancer growth by senescence induction without erad-

ication of the cancer cells.

2 The immune system strikes back

2.1 Immune destruction and immune surveillance

of cancer

Apart from the destruction of tumor cells by chemotherapy,

radiation therapy or cytotoxic immune therapy, novel treat-

ment options appear that control cancers without complete

eradication. Some of these treatment options take advantage

of the immune system: (i) adoptive transfer of tumor-specific,

non-cytotoxic T helper cells may lead to durable clinical re-

mission in melanoma patients [39] or to tumor dormancy in

TAA-driven islet-cell cancer [40] and (ii) enhancement of T

cell-mediated antitumor immune response in patients with

stage IV melanoma or non-small-cell lung cancer. Here,

blocking antibodies directed against immune checkpoints,

e.g., primary monoclonal antibodies (mAbs) against the pro-

grammed death 1 (PD-1) receptor or its ligand PD-L1. The

therapeutic efficiency may be enhanced by combining these

mAbs with a mAb against cytotoxic T-lymphocyte-associated

antigen 4 (CTLA-4) [41–44]. The mechanisms underlying the

observed immunotherapeutic effects are still to be defined in

detail. These antibodies can destroy cancers at least in part

[45]. However, under most conditions, tumors of patients are

not completely eradicated and the responding patients contin-

ue to live with stable disease. Thus, at the beginning of im-

mune checkpoint inhibitor therapies, the tumor load tends to

decline, most probably due to infiltration of cytotoxic immune

cells [42, 43, 46–49]. After this first cytotoxic phase, the re-

maining tumor or metastases tend to stay at a constant level

but will not disappear [50, 51]. This indicates that immuno-

therapy may follow the defensive wall concept, which relies

on non-toxic control of the tumor burden [52–54] and which is

based on the induction of tumor dormancy. Tumor dormancy

is considered as an equilibrium between cancer cell prolifera-

tion and killing of cancer cells [55, 56] with apoptosis or

Cancer Metastasis Rev (2017) 36:357–365 359

A48



immune cell-mediated lysis of cancer cells being the main

killing mechanisms. This interpretation of the state of silent

tumors has now been complemented by four non-toxic mech-

anisms, namely (i) active cell cycle control through regulation

of cyclin-dependent kinases [57]; (ii) induction of cellular

senescence [9, 14, 15, 58]; (iii) control of differentiation by

regulating inhibitor of DNA binding (ID) proteins [59]; and

(iv) inhibition of angiogenesis [60].

Evasion from immune-mediated control of tumors has

been added to the six original hallmarks of cancer [61]. As

shown in Fig. 3, control of tumors by the immune system can

be divided into a cytotoxic branch leading to tumor eradica-

tion and a non-cytotoxic branch leading either to stable dis-

ease or tumor regression. Immune destruction of tumors relies

on cellular immunity: (i) cytotoxic T cells (CTLs) (Fig. 3a) or

natural killer cells (NK) (Fig. 3b) specifically attack tumors by

releasing pore-forming perforin together with proteases such

as granzyme B or soluble toxic factors such as TNF [55, 56,

62–64]; (ii) specific CTLs may directly target the cancer cells

by inducing death receptor-dependent apoptosis via the cluster

of differentiation 95 ligand/cluster of differentiation 95

(CD95L/CD95) death-inducing signaling complex (for
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senescence during therapy is induced either by intrinsic (a, b) or extrinsic

pathways (c, d). a Molecular induction of cellular senescence can be

realized by reexpression of pro-senescence factors (e.g., p53), complete

loss of Pten, or oncogene inactivation (e.g., Myc). These molecular

manipulations eventually lead to permanent growth arrest of tumor

cells. b Different drugs, such as doxorubicin or cyclophosphamide,

target the DNA of the cycling tumor cells leading to DNA stress which

in turn induces a permanent cell cycle arrest.More specific drugs, e.g., the

B-Raf kinase inhibitor vemurafenib, target intracellular signaling

pathways and also lead to permanent cell cycle arrest. c Different

cytokines, such as IFN-γ, TNF or TGF-β, bind to their specific

receptors on the surface of the tumor cells. Activation of the cytokine

receptors then triggers intracellular signaling pathways leading to

permanent cell cycle arrest. d Immune cells are also able to induce

extrinsic senescence in tumor cells. Here, tumor-specific TH1 cells are

activated byMHC-II-positive DCs. After activation, the TH1 cells secrete

the soluble factors IFN-γ and TNF in the vicinity of the tumors. The

secreted cytokines then bind to their specific receptors on the surface of

the tumor cells thereby activating intracellular senescence pathways.

BRAF proto-oncogene B-Raf or v-Raf murine sarcoma viral oncogene

homolog B1, DC dendritic cells, IFN-γ interferon-γ, MHC-II major

histocompatibility complex class II, p53 cellular tumor antigen p53,

Pten phosphatase and tensin homolog deleted on chromosome 10, TAA

tumor-associated antigen, TCR T cell receptor, TGF-β transforming

growth factor-β, TH1 T helper-1 cells, TNF tumor necrosis factor
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review see [62]). If tumor immune destruction is successful,

the apoptotic cells will be cleared by macrophages and the

tumors will be eradicated. In addition, it has been shown that

the immune system can also control tumors by senescence

surveillance, a mechanism mainly based on cytokine-

induced cellular senescence (Fig. 3c) and an immune-cell-

mediated clearance pathway (Fig. 3d). Senescence has been

shown to be induced in vivo in murine islet cell tumors by a

combination of IFN-γ and TNF released from tumor-specific

TH1 cells in the vicinity of the tumors [14]. Similarly, human

sarcoma cell lines can be driven into senescence by IL-12-

mediated induction of a TH1-phenotype in human T cells

[15]. In this line, it has been demonstrated that the loss of

IFN-γ pathway genes in cancer cells serves as a mechanism

of resistance during immune checkpoint inhibitor therapies

[65] and that the disruption of cyclin-dependent kinase 5

(Cdk5) strengthens antitumor immunity [66]. Likewise,

TGF-β originating from macrophages was shown to induce

cellular senescence in lymphoma cells [13]. Thus, senescence

induction alone leads to permanent growth arrest and stable

disease with a remarkable prolongation of the survival of

death-prone RIP-Tag mice [40]. In the long run, however, it

may be necessary that senescent cancer cells become cleared:

the SASP of N-ras-expressing senescent hepatocytes leads to

activation of professional antigen-presenting cells (APCs)

which in turn drive a TH1 cell response followed by activation

Cellular 

senescence

TH1

IFN-

TNF

Immune surveillance

Tumor

d)c)b)a)

Immune destruction

M

TGF-

M

TH1

M

APC

Stable disease Tumor  

regression

CTL NK
Perforin

Granzyme B

TNF

CTL CD95

CD95L

Apoptosis/

Necrosis

Lysis

Tumor  eradication

M

M
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suppression. The control of tumors by the immune system is achieved by

immune destruction (a, b) or immune surveillance (c, d). a CTL either

indirectly or directly attack tumor cells by secretion of toxic factors, such

as perforin, granzyme B, or TNF, or by planting a kiss of death via

CD95L-CD95 interaction and induction of the apoptosis cascade. This

leads to tumor cell death by apoptosis, clearance of apoptotic bodies by

macrophages, necrosis, or to tumor cell lysis. Finally, the immune system

completely eradicates the tumor. b NK cells, like CTL, indirectly attack

tumor cells by secretion of toxic substances, such as perforin, granzyme

B, or TNF. This leads to tumor cell death and complete eradication of the

tumor. c TH1 cells or macrophages silence tumor cells by secretion of

IFN-γ and TNF or TGF-β, respectively. After binding to their specific

receptors on the surface of the tumor cells, the cytokines activate

intracellular senescence pathways leading to permanent cell cycle arrest

and stable disease. d Senescent tumor cells may also be cleared.

Molecular factors released by senescent tumor cells lead to activation of

APC. The APCs then stimulate a TH1 cell response followed by

activation of macrophages which in turn mediate the clearance of

senescent cancer cells. If senescence induction and subsequent

clearance of senescent tumor cells is effective, immune surveillance

may also induce tumor regression. APC antigen-presenting cells, CD95

cluster of differentiation 95, CD95L cluster of differentiation 95 ligand,

CTL cytotoxic T cells, IFN-γ interferon-γ, MΦ macrophages cells, NK

natural killer cells, TGF-β transforming growth factor-β, TH1 T helper-1,

TNF tumor necrosis factor
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of macrophages. One concept then suggests the subsequent

clearance of senescent cancer cells by activated macrophages

[16]. Yet, it remains unclear whether elimination of senescent

cells always supports cancer cure or whether it may on the

contrary promote cancer progression [67]. Senescence-

inducing treatment of cancer patients is apparently based on

re-enhancement or restoration of dormant intrinsic pathways.

As survival with silenced tumors or with disseminated, si-

lenced tumor cells is possible [41, 52], cancer patients will

benefit from successful restoration of intrinsic senescence sur-

veillance. In addition, it is likely that the resulting side effects

of non-cytotoxic, pro-senescence therapies should be less se-

vere as compared with cytotoxic regimens [68]. However,

similar to cytotoxic tumor treatment, the benefits of pro-

senescence therapy described above are only effective if the

vast majority of the tumor cells is driven into senescence.

Furthermore, the resting state of the silenced cancer cells has

to be maintained, either by a permanent growth arrest or by

exogenous (immune)-signals that keep the cancer cells silent.

The main problems of senescence surveillance of tumors

which have to be solved in the near future are therefore: (i)

fast growing tumor cells, e.g., acute leukemias, may escape

senescence surveillance [14, 15]; (ii) resting tumor cells may

eventually awake and start regrowing if CIS turns out to be

reversible, at least in some very aggressive cancers; (iii) the

fate of non-proliferating tumor stem cells is unclear; (iv) the

regeneration of normal tissues may be impaired; and (v)

chronic inflammation [61] and some molecular components

of the SASP [1, 17, 69] may even promote tumorigenesis in

neighboring premalignant cells.

2.2 Evolutionary aspects of immune destruction

and immune surveillance of cancer

Eradication of tumors is mainly based on cytotoxic principles,

and the biological targets of different chemotherapeutics are

genomic DNA (genetic code) as in the case of epirubicin [22],

the plasma membrane (outward demarcation of the cell) as in

the case of miltefosin [70], or the cytoskeleton as in the case of

taxol [22]. This holds also true for the destruction of tumors by

the immune system. It is generally accepted that apoptosis

induction by death receptors (e. g., CD95/CD95L, TNF/

TNFR1, etc.) finally leads to caspase-dependent DNA frag-

mentation [19, 22, 62] whereas the perforin/granzyme B sys-

tem leads to target cell lysis, cell membrane rupture, and acti-

vation of specialized serine proteases [63, 64]. However, if

DNA fragmentation is incomplete, mutated tumor cell clones

might emerge and a Darwinian selection process is triggered

[71]. This is to say that the vast majority of mutated tumor

cells carrying large genomic aberrations (such as loss or gain

of whole chromosome arms) will die, but those mutated cells

that survive will restart proliferation and lose important en-

dogenous or exogenous control mechanisms. Uncontrolled

proliferation then leads to accumulation of additional DNA

damage and chromosomal chaos. Together, the genetic insta-

bility of cancers and the highly selective local microenviron-

mental forces, e.g., hypoxia, acidosis, and reactive oxygen

species, are able to further promote somatic evolution. In ad-

dition, cytotoxic regimens impose strong selection pressures

on the surviving cancer cells; the treatment should therefore

rather enhance the evolutionary rate and promote selection of

mutated cancer clones [71].

In clear contrast to conventional chemotherapy, immune

surveillance of tumors is not exclusively dependent on tumor

cell destruction, and the biological target structures are mainly

signal transduction pathways and the respective signaling

molecules, e.g., receptors, adaptor proteins, kinases, or kinase

inhibitors. For example, CIS by TH1 cell cytokines (IFN-γ,

TNF etc.) leads to stabilization of the p16Ink4a/Rb pathway

thereby permanently arresting the tumor cells in the G0/G1

phase of the cell cycle [14]. Furthermore, tumor-specific TH1

cells that can now be generated for the use in humans [72]

induce the production of antiangiogenic chemokines, e.g.,

chemokine (C-X-C motif) ligand 9 (CXCL9) and chemokine

(C-X-C motif) ligand 10 (CXCL10) [14, 40] thereby leading

to isolation of the tumor cells [40, 54]. Inhibitory antibodies,

on the other hand, target cellular exhaustion pathways by

interfering with ligand-receptor interactions thereby maintain-

ing the antitumoral activity of specific immune cells [41]. Last

but not least, small molecules targeting signal transduction

pathways, such as proto-oncogene B-Raf (BRAF) inhibitors

or oncogenic BCR-ABL gene fusion product (BCR-ABL)

inhibitors, specifically inhibit kinases thereby driving the can-

cer cells into cell cycle arrest [38]. The common feature of

those strategies is that they directly or indirectly impair cancer

cell proliferation. The selection pressure on the arrested cancer

cells is therefore strongly reduced and the treatment should

not promote somatic evolution.

2.3 Metabolic aspects of immune destruction and immune

surveillance of cancer cells

Cancer cells are distinct from normal cells as they switch from

aerobic to anaerobic metabolism, even in the presence of suf-

ficient oxygen support. Thus, they use anaerobic glycolysis

for adenosin triphosphate (ATP) production rather than oxida-

tive phosphorylation, the so calledWarburg effect [1, 61]. As a

result, the oxygen consumption by the mitochondria is re-

duced. The cells produce lactic acid which is released into

the blood and transported to the liver where it is used for

gluconeogenesis.

Chemotherapy- or radiation therapy-induced apoptosis

should enhance the switch of tumors towards anaerobic me-

tabolism. In this line, it has been shown that drug-induced

apoptosis signaling leads to dissipation of the mitochondrial

membrane potential, release of cytochrome c, and
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downstream activation of caspase-3 [22, 73]. Thus, oxidative

phosphorylation via the mitochondrial respiratory chain is fur-

ther inhibited during drug-induced apoptosis.

On the other hand, cancer cells undergoing oncogene-

induced senescence (OIS) switch back to mitochondrial oxi-

dative phosphorylation. By regulating the mitochondrial gate

keeper pyruvate dehydrogenase, senescent cells make en-

hanced use of pyruvate in the tricarboxylic acid cycle [74].

This causes increased respiration and oxidative stress thereby

counteracting metabolic reprogramming in the cancer cells.

Interestingly, premature senescence is often accompanied by

activation of the target of rapamycin (TOR) pathway which is

considered to be a central regulator of mammalian metabolism

and physiology. Activation of TOR in the context of cell cycle

arrest then leads to real senescence with irreversible loss of the

regenerative potential [75]. Metabolic reprogramming as seen

by theWarburg effect provides tumor cells with ATP and with

the substrates required for biomass generation. Recently, it

was demonstrated that the mitochondrial nicotinamide ade-

nine dinucleotide (NAD)-dependent deacetylase SIRT3 is a

crucial regulator of the Warburg effect by destabilizing

hypoxia-inducible factor-1α (HIF-1α). HIF-1α downregula-

tion then leads to repression of glycolysis and inhibition of

proliferation of breast cancer cells thereby pointing to a new

tumor suppressor mechanism [76]. Activation of the immune

system is also connected with cellular metabolism. It has been

shown that succinate, an important metabolite of the tricarbox-

ylic acid cycle, serves as an inflammatory signal that induces

interleukin-1β (IL-1β) through HIF-1α [77]. Thus, there are

several experimental hints that tight connections between the

regulation pathways of the cell cycle and the main metabolic

pathways of eukaryotic cells, i.e., glycolysis, tricarboxylic ac-

id cycle, and oxidative phosphorylation, really exist. Future

work will decipher the signaling networks underlying inflam-

mation, oncogenesis, cancer cell senescence, and metabolic

reprogramming.

3 Outlook: combining cytotoxic and pro-senescence

therapy

Due to the still unsatisfactory clinical success of cancer treat-

ments, additional efforts including new concepts are urgently

needed. As therapy resistance is the most important drawback

of the main cytotoxic cancer regimens, it is reasonable to

target different cellular structures or hallmarks of cancer.

Nevertheless, a combination approachmay even be successful

if similar cellular signaling pathways are inhibited or induced

at the same time. For example, the combination of T cell-

activating anti-PD-1 and anti-CTLA-4 antibodies showed im-

proved clinical activity that clearly exceeded monotherapy

[41]. The finding that it is possible to induce extrinsic prema-

ture senescence by treatment of cancer cells with a cytokine

combination of IFN-γ and TNF [14] opens the way to non-

toxic treatment options. Both cytokines are endogenous sig-

naling molecules which are already available as drugs. Their

toxicity profiles are known and less toxic alternatives, such as

IFN-α, are at hand. More importantly, stopping the fulminant

growth of malignant cancers by CIS will thus perfectly com-

plement the cytotoxic effect of most anti-cancer drugs. The

combination of cytotoxic drugs in the acute phase of the dis-

ease with CIS as therapy during the consolidation phase is one

of the most promising approaches which may be introduced

into clinical practice in the near future. In conclusion, besides

the development and introduction of new drugs for cancer cell

destruction or senescence induction, clinical research should

also focus on optimized strategies that combine already ap-

proved medication with CIS.
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Abstract
Background/Aims:

chemotherapeutics or cytokine cocktails. Previous studies demonstrated that the growth-
repressing state of oncogene-induced senescent cells depends on argonaute protein 2 

cell cycle genes. Cytokine-induced senescence (CIS) likewise depends on activation of the 
p16Ink4a

In the present study, we therefore analyzed the role of Ago2 in CIS. Methods: Human cancer 

induce senescence. Senescence was determined by growth assays and measurement of 

Results:

treatment, Ago2 translocated from the cytoplasm into the nucleus of Ki67-negative cells, an 

suppressed Ago2-regulated cell cycle control genes, and siRNA-mediated depletion of Ago2 
interfered with cytokine-induced growth inhibition. Conclusion:
stable cell cycle arrest of cancer cells that is accompanied by a fast nuclear Ago2 translocation 
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and repression of Ago2-regulated cell cycle control genes. As Ago2 downregulation impairs 
cytokine-induced growth regulation, Ago2 may contribute to tissue homeostasis in human 
cancers.

Introduction

Argonaute (Ago) proteins comprise a family of evolutionary conserved proteins that 
have emerged as key molecules in the control of transcriptional and post-transcriptional 
processes by association with small RNAs [1]. In humans, the family member Ago2 is a central 
part of the RNA interference (RNAi) platform with enzymatic endoribonuclease activity [2]. 
Ago proteins are often recognized by their cytoplasmic function in which they regulate gene 
transcripts via post-transcriptional gene silencing (PTGS) mechanisms. However, nuclear 

transcripts to form the RITS (RNA-induced transcriptional silencing) complex at centromeric 
regions to induce heterochromatin formation [3]. Thus, Ago proteins normally reside in the 
cytoplasm, e.g. as part of the RNA-induced silencing complex (RISC), but may eventually 
translocate into the nucleus and play a functional role in TGS in animal cells, too [4].

6]) that stops the growth of premalignant lesions, as in the case of benign human naevi [7] 
or lung adenomas [8]. Cellular senescence can be triggered by overexpression or activation 
of oncogenes [9], and the loss of oncogene-induced senescence effectors may lead to the 
development of malignant tumors [7, 8]. Intrinsic senescence can also be induced by 
therapeutic intervention, and it has been demonstrated that different antitumor drugs, such 
as cyclophosphamide [10] or the BRAF inhibitor vemurafenib [11], drive cancer cells into 
permanent growth arrest. Recently, we and others described cytokine-induced senescence 
(CIS) as an extrinsic form of senescence. In these studies, adoptive transfer of T helper 1 
(T

H
1) cells [12] or the application of T

H
 permanently 

growth-arrested different cancer cells and induced various senescence markers in vitro and 
in vivo. Thus, CIS can be considered to be a part of the bodies´ immune surveillance machinery 

mainly depends on activation of the p16Ink4a/Rb pathway [12] and consecutive inactivation of 
the E2F family of transcription factors. However, the exact molecular mechanisms remained 
enigmatic. As it has been shown that Ago2 plays an active role during intrinsic senescence by 
corepressing E2F target genes [17], we therefore analyzed its role in CIS. For this, we treated 

activity [18]. We then analyzed the expression and nuclear translocation of Ago2 protein 

its functional role in extrinsic, cytokine-induced growth arrest by analyzing the regulation 
of Ago2-dependent cell cycle control genes and by siRNA-mediated downregulation of Ago2.

Materials and Methods

Reagents

Recombinant human IFN-  and recombinant human TNF were purchased from R & D Systems (Bio-
Techne GmbH; Wiesbaden, Germany). IFN-  and TNF were dissolved in complete RPMI 1640 medium, 
containing stable L-glutamine, 10% fetal calf serum, HEPES buffer (100 mM), non-essential amino acids, 
sodium pyruvate (1 mM) and penicillin/streptomycin (100 U/ml; all from Biochrom AG, Berlin, Germany) to 

 or 200 pg/ml � 10 ng/ml for TNF. Doxorubicin hydrochloride 

and used at a concentration of 1 µM.

© 2018 The Author(s)
Published by S. Karger AG, Basel
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Cell lines

MCF-7 control vector-transfected breast cancer cells [19] and A204 rhabdomyosarcoma cells [12] were 

a generous gift by F. Essmann (University of Tübingen, Germany) and K. Schilbach (University of Tübingen, 

Germany), respectively. Prior to treatment, cells were seeded at a density of 1 x 104 cells/cm2 and cultured 

removed and cells were either incubated in complete medium alone or in medium containing doxorubicin, 

IFN-

and for the indicated time periods.

Viability assay

(Mannheim, Germany) according to the manufacturer�s instructions.

In vitro growth assay

density of 1 x 104 cells/cm2. Then, the cells were treated with control medium, doxorubicin or cytokines 

as described above for 24 h or 4 d, respectively. After treatment, medium, doxorubicin or cytokines were 

removed, the cells were trypsinized, and viable cells (trypan blue exclusion) were counted under a Zeiss 

GmbH, Sondheim, Germany). The cells were reseeded at 2 x 104 cells/cm2, and grown in the absence of 

doxorubicin or cytokines in complete RPMI 1640 medium for 1 � 2 passages (p (1) � p (2)).

treated either with siRNAs, IFN-

growth assay, the number of viable cells was counted after the treatment phase at passage 0 (p (0)), and 

To exclude interference of the combined siRNA/cytokine treatment with the trypan blue exclusion 

assay, we also counted dead cells directly after the treatment phase at p (0) and after further growth at p 

Proliferation assay
3 cells/well 

siRNAs alone or a combination of both for the indicated time. In other experiments, the cells were pretreated 

for 48 h with siRNAs alone or in combination with the cytokine cocktail. Then, the cells were reseeded to 

described [12].

Cancer cells were grown on chamber slides (BD Biosciences GmbH, Heidelberg, Germany), and 

temperature (RT), blocked with serum-free DAKO-Block (DAKO Deutschland GmbH, Hamburg, Germany), 

medium (DAKO) and analyzed using a Zeiss Axiovert 200 microscope (Zeiss) with the VisiView software 
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negative controls (in the absence of anti-Ago2 and anti-Ki67 antibodies) of medium- or doxorubicin-treated 

cells were performed. At the appropriate device settings, all negative controls were virtually free of red or 

Cell lysis was performed using the NE-PERTM Nuclear and Cytoplasmic Extraction kit (Thermo Fisher) 

as described in the manufacturer�s protocol.

Immunoblotting

Western blot analysis was performed essentially as described [20]. After doxorubicin or cytokine 

3
VO

4

(cOmpleteTM from Roche). After determination of protein content using the bicinchoninic acid assay (BCA) 

EMD Millipore) in combination with an anti-mouse horseradish peroxidase (HRP)-conjugated antibody 

controls (data not shown).

IFN-

Biological; Swampscott, MA, USA). The staining solution was removed, the cells were washed with PBS and 

-negative (white) cells were counted using a Zeiss Axiovert 200 microscope (Zeiss), and the percentage of 

Isolation of total RNA from cancer cells was performed using the NucleoSpin® RNA Plus kit from 

Macherey-Nagel (Macherey-Nagel GmbH & Co. KG, Düren, Germany) according to the manufacturer´s 

then conducted essentially as described [12] with a LightCycler® 480 II system (Roche) using the following 

primer pairs in combination with a KAPA SYBR®

 (i) human PCNA

(ii) human CCNA2

(iii) human CCNE2

(iv) human CDCA8

(v) human CDC2

human AGO2

ACTB ALDOA

GTGTTGTGGGCATCAAGGTAGA and antisense CGAAGTCAGCTCCGTCCTTCT; (ix) human HPRT1

TGATAGATCCATTCCTATGACTGTAGA and antisense AAGACATTCTTTCCAGTTAAAGTTGAG. -actin, aldolase 

A and hypoxanthine-guanine phosphoribosyltransferase (HPRT) served as housekeeping genes. For 

normalization the medium condition or control setting was set as 1.

using the DharmaFECT® 1 transfection reagent (Dharmacon Inc., Lafayette, CO, USA) according to the 
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as well as an Ago2 SMARTpool siRNA. A non-targeting pool was used as control. Functionality of all listed 

siRNAs was either analyzed in combination with the cytokine cocktail or in culture medium for up to 

48 h. After incubation, cancer cells were either used for RNA isolation and immunoblotting to check for 

in vitro viability, proliferation or senescence assays.

CCAAGGCGGUCCAGGUUCA, GGUCUAAAGGUGGAGAUAA, CAAGCAGGCCUUCGCACUA; Non-targeting 

UGGUUUACAUGUUUUCCUA.

Data are expressed as arithmetic means ± s.e.m. (technical replicates), and statistical analyses were 

made by unpaired t-test, or ANOVA using Dunnett´s or Tukey´s test as post hoc test, where appropriate. 

(MCF-7 and A204; biological replicates).

Results

First, we established the methods to analyze the role of Ago2 in cellular senescence. MCF-
7 breast cancer cells were treated with 1 µM doxorubicin for 24 h followed by removal of the 
drug for 96 h essentially as described previously [17]. As expected, doxorubicin treatment of 
the apoptosis-refractory MCF-7 cell line [19] inhibited the proliferation of the cancer cells. 
Most importantly, doxorubicin also stopped MCF-7 cell growth for 2 passages after removal 

-gal)-positive cells to 
approximately 80% (Fig. 1C), and blunted BrdU incorporation into the DNA of proliferating 

into the nucleus of non-proliferating, Ki67-negative MCF-7 cells after doxorubicin treatment 
(Fig. 1E, F). Importantly, Ago2 translocation could also be demonstrated by western blot 
analysis of nuclear extracts of doxorubicin-treated MCF-7 cells. As compared with medium-
treated control cells, the ratio of nuclear to cytoplasmic Ago2 was clearly increased after 
doxorubicin treatment (Fig. 1G). Thus, the methods described above are well suited to 
analyze Ago2 translocation during cytokine-induced senescence (CIS).

The combined action of interferon-  (IFN- ) and tumor necrosis factor (TNF) drives 
various cancer cells into senescence [12-14]. We therefore treated MCF-7 cells with the 
established cytokine cocktail for 96 h, and then analyzed different senescence-associated 
markers. Indeed, IFN-
after cytokine removal (Fig. 2A), and induced the typical egg-shaped, senescence-like 

translocated into the nucleus of IFN-
Ago2 /Ki67- cells from 10% to 77% (Fig. 2D). Cytokine-induced translocation of Ago2 into 

Further experiments using the cytokine-sensitive rhabdomyosarcoma cell line A204 [12, 
13] demonstrated that IFN-

in those cells (Fig. 2G, H). These data clearly demonstrate that nuclear Ago2 translocation 
occurs during CIS in two different cancer cell lines.
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IFN-
to be TNF receptor 1 (TNFR1)- and signal transducer and activator of transcription 1 (STAT1)-
dependent [12]. After simultaneous stimulation of the cytokine receptors, senescence 
signaling via two converging signaling pathways takes place [21]. In this setting, complete 

induction and Ago2 translocation in more detail, we treated A204 or MCF-7 cells with IFN-

D). In A204 cells (Fig. 3A) as well as in MCF-7 cells (Fig. 3C), the percentage of SA- -gal  cells 
steadily increased as compared with medium-treated controls during the whole incubation 

Fig. 1.

nuclear Ago2 translocation in MCF-7 cells. A) MCF-7 breast cancer cells were treated for 24 h with medium 

trypsinized, counted, and seeded at 2 x 104 cells/well. The cells were grown for 96 h in medium alone, 

trypsinized and reseeded for two further passages (p (1) � p (2)). Cell counts are represented as mean ± 

blue (E), and the percentage of nuclear Ago2 /Ki67-

in MCF-7 cells treated with medium (Ctrl.) or doxorubicin (Doxo) are shown 96 h after removal of the drug. 
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Fig. 2.

4 

cells/well and grown for one additional passage (p (1)) in medium alone. After 96 h of cytokine removal, 

and percentage of nuclear Ago2 /Ki67-

staining for Ago2 (red), Ki67 (green) or DAPI (blue) (G) and percentage of nuclear Ago2 /Ki67- cells (H; 
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time of 72 h thereby 
indicating that senescence 
induction continuously 
proceeds after start of the 
cytokine treatment. On the 

of the total cell population 
already showed nuclear 
Ago2 translocation after 24 h 
of treatment in A204 or MCF-
7 cells, respectively (Fig. 3B, 
D). In these experiments, 
Ago2 translocation reached 

74% (MCF-7) after 48 h of 
treatment with the cytokine 
cocktail (Fig. 3B, D). Thus, 
Ago2 translocation into 
the nucleus appears as an 
early event in the signaling 
pathway of CIS and does 
not simply represent 
another senescence marker 
of permanently arrested 
cancer cells.

reversible

pictures revealed that Ago2 
is present in three cellular compartments. Besides its cytoplasmic and nuclear localization, 
we also detected Ago2 in the perinuclear region of cytokine-treated A204 cells (Fig. 4A). We 
therefore reasoned that Ago2 might shuttle between the cytosol and the nucleus of the cells. 
To study this in more detail, we treated cells for 72 h with IFN-
cytokines, and incubated the cells for another 48 h or 120 h in the absence of the stressors. 
Again, Ago2 accumulated in the nucleus of Ki67-negative A204 cells after 72 h of cytokine 
treatment (Fig. 4B). 48 h after cytokine removal, the percentage of Ago2 /Ki67- cells already 
declined, and nearly reached control levels another 72 h later (Fig. 4B). Taken together, Ago2 
rapidly translocates into the nucleus after stimulation of the cytokine receptors, and the 
protein reenters the cytosol when cytokine signaling is terminated.

Ago2 has been described as a corepressor of several cell cycle genes thereby interfering 

IFN-
cells. 24 h of cytokine treatment, a time point where Ago2 is already present in the nucleus, 
reduced the expression of proliferating cell nuclear antigen (PCNA), cyclin A2 (CCNA2), 
cyclin E2 (CCNE2), cell division cycle associated 8 (CDCA8), and cell division control protein 

exception of PCNA, suppression of the cell cycle control genes was continuing for the whole 
period of 96 h of sustained cytokine treatment and did not resume the starting levels at time 

Fig. 3. Kinetics of cytokine-induced Ago2 translocation. A, B) Time 

 

cells after 72 h of incubation (A). C, D) Time dependency of cytokine-

nuclear Ago2 translocation in % of the total population (D; mean ± 

 cells after 72 h of incubation (C).
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CIS proceeds through rapid suppression 

which are known to be regulated by Ago2.

growth inhibition
To examine the functional role of Ago2 

in cell cycle regulation in more detail, 
we downregulated Ago2 in A204 cells 
using siRNAs. Combined treatment of 
siRNAs with cytokines for 72 h strongly 
impacted the viability of cells in an Ago2-
independent manner. The number of 

Ago2 siRNA plus cytokine-treated cells 

control siRNA plus cytokine-treated cells 
as compared with transfection reagent-
treated cells. We therefore reduced the 
siRNA treatment cycles to 24 h � 48 h in 
the absence (Fig. 6A) or presence of IFN-  

that a mixture of four different Ago2 
siRNAs (SMARTpool) as well as single 

mRNA levels by 70% � 80% as compared 
with control siRNAs (non-targeting pool) 
(Fig. 6C), while the viability of Ago2 siRNA-treated cells was only slightly reduced (82.4 ± 

of Ago2 downregulation, and measured the proliferation of A204 cells by [3H]-thymidine 
incorporation. IFN-
inhibition lasted at least 96 h (Fig. 7A). Then, we asked whether Ago2- siRNAs could antagonize 
the cytokine-induced inhibition of proliferation. However, we realized that siRNA treatment 
in the absence of cytokines strongly reduced [3H]-thymidine incorporation to a similar level 
(Fig. 7B). Thus, analysis of cell proliferation by this method did not show consistent effects 
of Ago2 knockdown on cytokine-induced inhibition of DNA synthesis, neither during the 48 

72 h removal phase). After this long incubation time, the medium-treated, siAgo2- or siCtrl.-
 cells (Fig. 7D). Nevertheless, siCtrl.-

treated A204 cells still responded to IFN-
 cells up to approximately 86%. In contrast, the cytokine 

functionally test for another feature of senescent cells, i.e. cell cycle arrest, we performed 

the absence of cytokines, siAgo treatment did not change the proliferative behavior of A204 

Fig. 4. Ago2 shuttling between the nucleus and 

cytosol. A) Localization of Ago2 (red) in the cytosol of 

medium-treated A204 cells (left), in the perinuclear 

Retranslocation of Ago2 into the cytosol after cytokine 
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the growth characteristics of cytokine-treated A204 cells when compared with Ctrl. siRNAs 
(Fig. 7G). Ago2 downregulation repeatedly led to an increase of the relative growth rate as 
in comparison with the Ctrl. siRNAs (Fig. 7H). Taken together, these data support the notion 
that Ago2 interferes with IFN-
cytokine treatment.

Fig. 5. Repression 

of Ago2-regulated 

cell cycle control 

genes after cytokine 

treatment of cancer 

cells. A) Expression of 

cell cycle control genes 

in A204 cells after 24 

expression of A204 

cells was assayed in 

duplicates and time 

point 0 h was set as 

1. The experiment 

was repeated with 

similar results. B) Gene 

expression of A204 cells 

(blue dots) or MCF-7 

cells (red dots) after 

TNF for 24 h (left) or 48 

h (right) was assayed 

in duplicates. Data are 

given as % difference 

from medium-treated 

controls. The black 

bars indicate the 

mean value of gene 

downregulation of the 

respective cell cycle 

control genes. CCNA2, 

cyclin A2; CCNE2, cyclin 

E2; CDCA8, cell division 

cycle associated 8; 

CDC2, cell division 

control protein 2; 

PCNA, proliferating cell 

nuclear antigen.

A64



Cell Physiol Biochem 2018;51:1103-1118
DOI: 10.1159/000495490
Published online: 24 November 2018 1113

Cellular Physiology 

and Biochemistry

Cellular Physiology 

and Biochemistry
© 2018 The Author(s). Published by S. Karger AG, Basel

www.karger.com/cpb

Rentschler et al.: Argonaute 2 in Cytokine-Induced Senescence

Fig. 6. Knockdown of Ago2 in A204 cells by the use of siRNA. A, B) Experimental set up for transient, siRNA-

after 24 h or 48 h of incubation. Ago2 expression of non-targeting siRNA controls was set as 1. Data are 

presented as relative expression (mean of two determinations, each). D) Downregulation of Ago2 protein 

h of incubation.
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Fig. 7.

Ago2 knockdown 

TNF mediated 

growth behavior 

of A204 cells. A) 

Proliferation of 

cytokine-treated 

(blue bars) or 

m e d i u m - t re a te d 

(black bars) A204 

cells as measured 

by [³H]-thymidine 

i n c o r p o r a t i o n 

(mean ± s.e.m., 

cells were treated 

with Ago2- or 

Ctrl.-siRNAs either 

in the absence 

(closed black 

bars) or presence 

(closed blue bars) 

S i m u l t a n e o u s ly, 

A204 cells were 

also incubated 

without siRNAs 

in medium alone 

(open black bar) or 

with the cytokine 

cocktail (open blue 

bar). After 48 h of 

incubation, cellular 

proliferation was 

assessed by the 

uptake of [³H]-

stressors to analyze their proliferative capacity during the following 72 h using [³H]-thymidine. Additionally, 

the growth behavior of A204 cells preincubated for 48 h without siRNAs in medium alone (open black bar) 

D) A204 cells were treated with Crtl.-siRNA (left) or SMARTpool Ago2-siRNA (right) for 48 h, either in the 

Cellular growth of non-targeting siRNA controls were set as 1 (F). G, H) Growth curves of Ctrl.-siRNA- (open 
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Discussion

Ago2 is a prominent member of the argonaute protein family. The protein combines 
RNA binding properties with an intrinsic enzyme activity and is thus a central part of the 
RNA silencing machinery [2]. Besides its role as the enzymatic component of the cytosolic 
RISC, translocation of Ago2 into the nucleus has been described [17, 22]. In addition, 
detailed analysis of the subcellular localization of Ago2 revealed that the protein also 

with our observation that Ago2 may shuttle between the cytosol and the nucleus. Whereas 
the molecular regulation of Ago2 as part of the RISC or as part of the nuclear gene silencing 
machinery has been extensively studied, not that much is known about the roles of Ago2 
in superordinated cellular processes, such as apoptosis, differentiation, proliferation or 
permanent growth arrest. For example, it has been demonstrated that the activity of Ago2 is 
regulated by phosphorylation/dephosphorylation [24-26]. These data clearly show that (i) 
an Ago2 phosphorylation cycle regulates the interactions of miRNAs with their targets [26], 
(ii) the epidermal growth factor receptor (EGFR) enhances Ago2 phosphorylation which in 
turn inhibits miRNA processing [24] and (iii) phosphorylation of Ago2 at the amino acid 

According to these data, phosphorylation of Ago2 correlates with a disturbed function as a 
gene silencer. In this line, preliminary data from our laboratory show that cytokine treatment 
of cancer cells leads to a rapid dephosphorylation of Ago2 thereby pointing to activation of 
its gene silencing function (data not shown).

As far as the role of Ago proteins in essential cellular pathways is concerned, several 
reports point to Ago-dependent regulation of programmed cell death or apoptosis [27-29]. 
For example, evidence has been provided that Ago2/miR-21 targets large tumor suppressor 
kinase 1 (LATS1) thereby inhibiting apoptosis in T cells [29]. This miRNA-mediated 
mechanism might explain the involvement of Ago2 in this process, as apoptosis is a rapidly 
proceeding cellular pathway with activation of the executioner enzymes, i.e. caspases, as 
early as 10 h to 48 h after challenge with the death-inducing substances [30, 31]. In addition, 
Ago2 downregulation has been associated with apoptosis induction in prostate cancer cells 
[28]. Thus, Ago2 seems to counteract apoptosis. On the other hand, as demonstrated in the 
present study for extrinsic, cytokine-induced growth inhibition, and by others for intrinsic, 

This is an interesting aspect as it is known that senescent cells are resistant to stimulus-

induction using proapoptotic FOXO4-derived peptides [33].
Senescence induction in tumors is an intrinsic cellular response to oncogenic 

signaling that may have evolved alongside apoptosis to suppress tumorigenesis [34]. 
However, in contrast to apoptosis, senescent cells are viable over a long period of time. In 

microenvironment through secreted soluble molecules, known as the senescence-associated 

cancer cells by cytokine secretion and CIS [12] demonstrate that immune surveillance of 
tumors [16, 38] takes advantage of extrinsic, receptor-mediated senescence pathways. 
CIS is now accepted as a non-cell-autonomous inducer of cellular senescence that limits 

 and TNF [12-14], have 
been implicated in senescence induction.
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Conclusion

In conclusion, we show here that the small RNA-binding protein Ago2 rapidly translocates 
into the nucleus of senescence-prone cancer cells after stimulation with the T

H
1 cell cytokines 

IFN-  and TNF. Ago2 translocation in cancer cells is already observed after 24 h and reached 
a maximum after 48 h of treatment thereby preceding the induction of permanent growth 
arrest which takes at least 96 h continuous presence of IFN- and TNF [12]. We also show 
the suppression of important Ago2-regulated cell cycle control genes as early as 24 h after 
cytokine challenge thereby pointing to a functional role of Ago2 in the signal transduction of 

the signals that mediate Ago2 translocation in CIS, e.g. phosphorylation/dephosphorylation 
and binding to nuclear import proteins, (ii) the binding partners of Ago2 which build up the 
repressor complex that leads to transcriptional silencing of the important cell cycle control 
genes in CIS and (iii) the role of Ago2 in the later phases of CIS, i.e. in the phase of permanent 
growth arrest which, at least in vitro, may last several weeks.
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Current perspectives

Immune checkpoint blockade therapy

Thomas Wieder, PhD, Thomas Eigentler, MD, Ellen Brenner, Dipl Biol, and Martin R€ocken, MD T€ubingen, Germany

Immune checkpoints are accessory molecules that either

promote or inhibit T-cell activation. Two inhibitory molecules,

cytotoxic T-lymphocyte antigen 4 (CTLA-4) and programmed

cell death protein 1 (PD-1), got high attention, as inhibition of

CTLA-4 or PD-1 signaling provides the first immune therapy

that significantly improves the survival of patients with

metastatic solid cancers. Inhibition of CTLA-4 or PD-1 was first

studied in and approved for patients with metastatic melanoma.

Blocking immune checkpoints is also efficient in non–small-cell

lung cancer, renal cell cancers, hypermutated gastrointestinal

cancers, and others. Immune responses, whether directed

against infections or against tumors, are divided into 2 phases:

an initiation phase and an activation phase, where the immune

system recognizes a danger signal and becomes activated by

innate signals to fight the danger. This reaction is fundamental

for the control of infections and cancer, but needs to be turned

off once the danger is controlled, because persistence of this

activation ultimately causes severe tissue damage. Therefore,

each activation of the immune system is followed by a

termination phase, where endogenous immune suppressor

molecules arrest immune responses to prevent harmful damage.

In the case of cancer immune therapies, therapeutic approaches

classically enhanced the initiation and activation of immune

responses to increase the emergence and the efficacy of cytotoxic

T lymphocytes (CTL) against cancers. In sharp contrast,

immune checkpoint blockade focuses on the termination of

immune responses by inhibiting immune suppressor molecules.

It thus prevents the termination of immune responses or even

awakes those CTLs that became exhausted during an immune

response. Therefore, blocking negatively regulating immune

checkpoints restores the capacity of exhausted CTL to kill the

cancer they infiltrate. In addition, they drive surviving cancer

cells into a still poorly defined state of dormancy. As the therapy

also awakes self-reactive CTL, one downside of the therapy is

the induction of organ-specific autoimmune diseases. The second

downside is the exorbitant drug price that withdraws patients in

need from a therapy that was developed by academic research,

which impairs further academic treatment development and

financially charges the public health system. (J Allergy Clin

Immunol 2018;142:1403-14.)

Key words: Cytokine-induced senescence, cytotoxic T lymphocytes,

interferon, T helper cells, tumor dormancy, tumor eradication,

autoimmunity

Modern cancer immune therapy developed over more than
50 years.1 Bone marrow transplantation and donor T lymphocyte
transfusion2 showed that T-cell–dependent immune responses can
control hematological malignancies. Yet, solid cancers were
largely resistant to cancer immune therapy in humans. Around
2010, the 50 years of basic and clinical research then provided
the rationale to investigate immune checkpoint blockade (ICB)
as therapy of solid cancer. Important insights came from data
showing that cancer can be killed by cytotoxic T lymphocytes
(CTL) or by natural killer cells,3 and from the demonstration
that IFN-g–producing cluster of differentiation (CD) 4 TH1 can
contain solid tumors.4,5 Importantly, the description of tumor-
associated antigens (TAAs),6which are a requirement for tailored
tumor immune therapy,7 paved the way for clinical use. Yet, this
scientific progress did not directly result in the development of
efficient immune therapy for patients with established cancers.

Cancers are less efficient in activating innate immunity than are
infections by pathogens. Therefore, optimization of the immune
priming with dendritic cells,8 mRNAvaccination against person-
alized neoantigens,9-11 or novel innate stimuli as adjuvants, such
as Toll-like receptor ligands,12,13 became an important research
focus (Fig 1, A and B). Alternatively, the need of immune activa-
tionwas circumvented by the transfer of TAA-reactive CTL.14All
these approaches of immune activation were successful in single
patients, but none of them brought significant improvement in
clinical studies, with the exception of a synthetic long-peptide
vaccine in patients with vulvar intraepithelial neoplasia.15

Specific T-cell activation requires permission by the trimeric
complex of T-cell receptor (TCR)-antigen-MHC (TCR-antigen-
MHC). Formation of this complex results in the expression of
accessory molecules that subsequently control activation, migra-
tion, homing, and silencing of the T cells. Accessory molecules
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Abbreviations used

BRAF: Serine/threonine-protein kinase

BRAFV600E/K: Serine/threonine-protein kinase B-Raf carrying the

respective V600 mutation

CD: Cluster of differentiation

CTL: Cytotoxic T lymphocytes

CTLA-4: Cytotoxic T-lymphocyte-associated antigen 4

ICB: Immune checkpoint blockade

JAK1/2: Janus kinase 1 or 2

NSCLC: Non–small-cell lung cancer

PD-1: Programmed cell death protein 1

PD-L1: Programmed death-ligand 1

PD-L2: Programmed death-ligand 2

TAA: Tumor-associated antigen

TCR: T-cell receptor

regulating the activation and silencing of T cells are now called
immune checkpoints. While some researchers focused on the
enhancement of T-cell priming (Fig 1, B; see also above), others
developed immune therapies based on the inhibition of negative
signals or signaling pathways, like CD25,16 IL-10,17 indoleamine
2,3-dioxygenase,18 the TGF-b–docking receptor glycoprotein
A repetitions predominant/TGF-b axis,19 cytotoxic T-lympho-
cyte–associated antigen 4 (CTLA-4),20 or programmed cell death
protein 1 (PD-1).21 Blocking such negative signals either delays
or even prevents T-cell silencing (Fig 1, C). This may, on one
side, induce tumor surveillance and, on the other, induce organ-
specific autoimmune diseases, as expected.21

All immune therapies developed so far did not only fail as
treatment of established cancers but also as treatment of chronic
infections, like chronic lymphochoriomenigitis virus. Lympho-
choriomenigitis virus–specific T cells become exhausted during
chronic infection. Exhausted T cells originating from either
chronic infections or from the cancer microenvironment both
express PD-122 and are functionally indistinguishable.23

In 2006, Barber et al24 found that exhausted T cells can be re-
activated in vivo with an anti–PD-1 antibody (mAb) by studying
chronic lymphochoriomenigitis virus disease. In vivo treatment
not only restored the activity of exhausted CTL but was also the
first successful immune therapy of a chronic infection. Subse-
quent academic work then showed that PD-1 is also expressed
by T cells in the tumor microenvironment, and on tumor cells,
such as melanoma25 or esophageal adenocarcinoma.26 The li-
gands of PD-1, programmed death-ligand 1 (PD-L1) and pro-
grammed death-ligand 2 (PD-L2), however, are expressed
mainly by tumors and antigen-presenting cells in the microenvi-
ronment. Moreover, inhibiting the PD-1/PD-L1 interaction was
highly efficient in the treatment of experimental tumors, including
melanomas.22 These data showed for the first time that a para-
lyzed immune response could be restored. Hence, they provided
a rationale to further develop biologic response modifiers,27,28

in this case antibodies against immune suppressor molecules, as
an immune therapy for patients with either chronic infection,
like chronic hepatitis, or metastatic cancer.

T-CELL EXHAUSTION IN THE TUMOR

MICROENVIRONMENT
Mouse PD-1 has originally been described in 1992 as a novel

member of the immunoglobulin gene superfamily that is

selectively expressed on thymoma cells after apoptosis induc-
tion.29 It took about a decade to decipher the physiological role
and the signaling pathways of this immunoinhibitory receptor.
The first reports that PD-1 may play a crucial role in maintaining
self-tolerance came from the description of PD-1 knockout mice:
depending on their genetic background, these mice developed
different autoimmune diseases such as systemic lupus erythema-
tosus30 or autoimmune cardiomyopathy.31 In 2000, the novel B7
family member PD-L132 and in 2001 PD-L233 were described as
ligands for PD-1. Both PD-1/PD-L1 and PD-1/PD-L2 binding

FIG 1. Time course of immune responses with or without immune therapy.

A, Biphasic courses of immune responses. Directly after infection, an im-

mune response becomes initiated and later on fully activated. After reach-

ing the peak of immune activation, the immune response will be silenced

and terminated. B, Classical immune therapy–induced course of immune

responses. Classical immune therapies are designed to enhance the initia-

tion and activation rate of the immune response. After reaching the peak

with a steeper slope, the immune response becomes terminated at a

normal rate. C, Novel immune therapy–induced course of immune re-

sponses during ICB. After normal initiation and activation phases of the im-

mune response, ICB therapies (anti–CTLA-4 or anti–PD-1 or anti–PD-L1

antibodies or in combination) stop the termination and prolong the activa-

tion phase of the immune response.
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inhibit T-cell activation. Detailed analyses revealed important
molecular mechanisms and intracellular pathways leading to
T-cell anergy, inhibition of cell growth, and attenuation of T-
cell effector function (for review, see Okazaki et al21). The PD-
L1/PD-1 interaction leads to the recruitment of the tyrosine phos-
phatase Src-homology 2 domain-containing tyrosine phospha-
tase,34 which then in turn dephosphorylates and inactivates
downstream effector signaling molecules of the T- or B-cell re-
ceptors, such as Zap70 in T cells35,36 or Syk in B cells.34 Thus,
signaling through PD-1 mainly impairs the effector phase of an
immune response through cell-intrinsic inhibition of the
antigen-specific signaling (Fig 2, A). This discriminates PD-1
from CTLA-4, which has a distinct mechanism of immune sup-
pression.37 Specific T-cell activation requires at least binding of
the trimolecular TCR-antigen-MHC complex and an important
costimulatory molecule, namely, CD28,38 binding with low affin-
ity to CD80 or CD86 (Fig 2, B). During this T-cell activation,
CTLA-4, which represents another accessory molecule that atten-
uates T-cell activation, starts to be expressed on the cell mem-
brane. Because of higher affinity, CTLA-4 then captures CD80
and CD86 on the antigen-presenting cells. As a result, CD80
and CD86 are no longer able to occupy the binding sites of
CD28. CTLA-4 thus not only suppresses T-cell activation but
also abrogates the costimulatory effect of CD28 on effector T
cells (Fig 2, C). In line with the clinical data demonstrating that
combined treatment with an anti–CTLA-4 mAb and an anti–
PD-1 mAb is more efficient in the acute cancer remission phase
than either therapy alone,39,40 recent experimental data show
that the costimulatory CD28 pathway enhances the rescue of ex-
hausted CTL by anti–PD-1 mAb. Yet, the exact molecular mech-
anisms underlying this effect remain to be elucidated.41 In view of
the fact that deeply exhausted CTL cannot be rescued because of
the specific methylation status of their DNA,42 the question has to
be answered whether the CD28-mediated enhancement of the
CTL response results from an improved T-cell recruitment, or
from a direct interaction between the CD28 and the PD-1
signaling cascade in vivo.41

Data suggesting that the tumor or the tumor microenvironment
may dampen the immunosurveillance of tumors through nega-
tively regulating accessory molecules came from the observation
that overexpression of PD-L1 on plasmacytoma cells enhances
cancer growth and invasiveness by inhibition of the cytolytic,
antitumor activity of CD81 T cells.43 In line with this, a correla-
tion of PD-L1 expression with the appearance of exhausted T
cells in the tumor microenvironment was frequently observed.
Recent characterization of such exhausted, PD-1–expressing T
cells suggests a critical role for their metabolic reprogramming
in the glucose-poor tumor microenvironment. The data show
that activated T cells need enhanced glycolytic activity. In addi-
tion, the glycolytic metabolite phosphoenolpyruvate functions
as a crucial regulator of T effector cells by repressing sarco/endo-
plasmic reticulumCa21-ATPase. This repression, in turn, sustains
Ca21-dependent nuclear factor of activated T-cell signaling.44

Thus, overexpression of the gluconeogenic enzyme phosphoenol-
pyruvate carboxykinase 1 in tumor-specific TH or in CTL leads to
enhanced phosphoenolpyruvate levels, thereby strengthening
their antitumor activity.44

This is in accordance with a second report investigating the
balance between anabolic and catabolic pathways and the
regulatory role of the mitochondria in activated T cells.45 The au-
thors describe 2 different types of mitochondria: (1) punctuated

FIG 2. Molecular mechanisms of T-cell inhibition by immune checkpoints.

A, PD-1 being expressed on T cells inhibits prosurvival pathways, induces

cytotoxicity, and downregulates IFN-g production after binding to PD-L1

on APCs. Anti–PD-1 antibodies interfere with PD-1/PD-L1 interaction,

thereby reactivating the T-cell functions (not shown). B, Activation of naive

T cells proceeds via TAA-mediated T-cell receptor stimulation and costimu-

lation of CD28 by CD80/86 expressed on APCs. This leads to increased pro-

liferation of antigen-specific T cells. C, Once T cells are activated, CTLA-4

becomes expressed on T cells. Because of its higher affinity to CD80/

CD86, CLTA-4 replaces CD28 and inhibits the T-cell activation. Anti–CTLA-

4 antibodies interfere with CD80/CD86/CTLA-4 interactions, thereby sup-

pressing the negative signaling and reactivating CD28-mediated T-cell

signaling (not shown). AP-2, Activating protein 2; APC, antigen-

presenting cell; ARF-1, ADP-ribosylation factor 1; Bcl-2, B-cell lymphoma-

2; Bcl-XL, B-cell lymphoma-XL; CD28, 80, 86, cluster of differentiation 28,

80, 86; NF-kB, nuclear factor kB; PI3K, phosphatidylinositol-4,5-

bisphosphate 3-kinase; PLD, phospholipase D; PP2A, protein phosphatase

2A; SHP-2, Src-homology 2 domain-containing tyrosine phosphatase.
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FIG 3. Cytotoxic tumor reduction and consolidation phase during ICB. A, Change in target lesions in % of

the initial value at the start of ICB therapy (modified from Le et al53 and Topalian et al54). Responders

(blue line) show a 2-phasic response with a strong decline in the target lesions in the first phase and stable

target lesions in the second phase. Nonresponders (black line) show progressive target lesions. B, During

the first phase, efficient ICB therapy leads to activation of a cytotoxic immune response, leading to intensive

tumor cell death via apoptosis and/or lysis. Because the clearance of dead cells by far outweighs hyperpro-

liferation, the tumor regresses. C, During the second phase, efficient ICB therapy leads to activation of im-

mune surveillance, leading to tumor cell control by induction of tumor cell dormancy. As dormant/

senescent cells hardly proliferate, cell proliferation and cell clearance reach an equilibrium, and the target

lesions stay at a constant level for years. However, some tumor cells may escape from proliferation control

and start regrowing.
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mitochondria in effector T cells, which favor aerobic glycolysis
(ie, lactate-producing glycolysis in the presence of oxygen).
This leads to enhanced utilization of the glycolytic pathway,
mainly not for ATP production but presumably as supply of car-
bon chains for anabolic pathways. In contrast, (2) preactivated
T cells show fused networks in their mitochondria, thereby
configuring the electron transport chain and enabling oxidative
phosphorylation, instead of aerobic glycolysis. Recently, it was
therefore hypothesized that T cells might be manipulated by tar-
geted reprogramming of metabolic pathways,46 such as glycol-
ysis or gluconeogenesis (see above), also for therapeutic
purposes in the presence of immune checkpoint inhibitors.

Besides metabolic reprogramming, exhausted T cells in the
tumor microenvironment show an epigenetic landscape that is
distinct from that of memory CD8-positive T cells. Most
importantly, those cells display functional enhancer maps leading
to exhaustion-specific genome editing and altered gene
expression.47

CANCER KILLING AND INDUCTION OF CANCER

DORMANCY BY REACTIVATION OF EXHAUSTED

TUMOR-SPECIFIC T CELLS
The concept of reactivation of exhausted, tumor-specific

T cells by ICB was extensively tested in clinical trials. The
treatment was especially efficient in patients with metastatic
melanoma,39,40,48,49 but clinical efficacy has also been shown in
a series of other advanced cancers, for example, advanced
non–small-cell lung cancer (NSCLC),50Merkel cell carcinoma,51

metastatic urothelial cancer,52 or colon cancers.53 The analysis of
cancer lesions and tumor markers after initiation of ICB revealed
a characteristic time course of tumor reduction.53,54 Following the
initiation of an immune response, tumorsmay first increase in size
for up to 3 months,9 due to the infiltration of T cells and the
activation of dendritic cells and macrophages in the tumor
microenvironment.55 Subsequently, during the next 5 to 7months,
the target lesions of responding patients show a strong decline.
During this regression phase, some tumors disappear clinically
while other target lesions remain stable and can still be detected
2 years after initiation of the ICB (Fig 3, A). Even though
complete cancer regression occurs only in a minority of patients,
recent data suggest that metastases tend to remain growth-
arrested when ICB is discontinued and a state of stable disease
is achieved.56 This situation is operationally best summarized
under the term tumor dormancy, a condition in which the cancer
cells are maintained in a condition of equilibrium. In proliferating
tumors, however, this equilibrium is disturbed by hyperprolifera-
tion of the cancer cells. These cells sustain proliferative signaling
and evade growth suppression by the gain of tumor driver genes
and the loss of tumor suppressor genes.57 During the first phase
of ICB, cancerous hyperproliferation is counteracted by infiltra-
tion of reactivated, cytotoxic CD81 T cells and as a consequence
by extensive induction of cancer cell death.58 Tumor cell death
occurs by apoptosis and/or lysis, and clearance of the dead cells
then leads to a steep decline in the target lesions (Fig 3, B).
This inflammatory and cytotoxic immune response can further
be enhanced by combining cancer radiation with anti–CTLA-4
and anti–PD-L1/PD-1: anti–CTLA-4 increases the ratio of cyto-
toxic CD81 T cells to antiinflammatory T regulatory cells, while
radiation shapes the TCR repertoire of the expanded peripheral
clones, and PD-L1 blockade reverses T-cell exhaustion.59

A very similar enhancement of the anti–PD-1-mediated immune
response can be achieved by combining oncolytic virotherapy
with anti–PD-1 immunotherapy. Intratumoral application of on-
colytic viruses followed by a treatment with an anti–PD-1 mAb
increases the number of tumor-infiltrating CTL, PD-L1 gene
expression, and an IFN-g signature on several cellular subsets in-
side the tumor.60 As these reports support the finding that ICB-
based immune therapies of larger tumors strictly require the infil-
tration by CTL,58 improving the attraction of CTL to dissemi-
nated metastases may in the future improve their treatment.

Besides the need of infiltrating CTL, an increasing number of
studies show that the efficacy of cancer immune therapies through
ICB critically depends on 4 factors: (1) the mutational burden of
the tumor,61,62 (2) the capacity of the tumor to respond to INF-
g,63-65 (3) the expression of PD-L1 in the tumor,50 and (4) the tu-
mor load.66

1. The association between the mutational burden and the
clinical response to immune therapies was originally sug-
gested by the observation that ICB-sensitive melanomas
comprise the tumors with the highest mutational
burden.67,68 This association was later confirmed by
studies on colorectal cancers and NSCLC. Thus, only hy-
permutated colon cancers with a mismatch repair defi-
ciency tend to respond to treatment with anti–PD-1 mAb,
whereas colon cancers with a low mutational burden are
largely resistent.53 In NSCLC, treatment with anti–PD-1
mAb significantly improved the survival of only those pa-
tients having NSCLC with a large number of mutations,
whereas no therapeutic benefit was obtained in patients
with NSCLC that had a low mutational burden.61 These
data support the concept that efficient antitumor responses
correlate directly with an increasing number of specific
TAAs or neoantigens expressed by the cancer cells. It is
thought that an increasing number of TAAs also recruit
more T cells and a more diverse spectrum of T cells, which
should strongly amplify the CTL activity against the tu-
mors.61,62,69 The expression of neoantigens is especially
high in mismatch repair-deficient cancers, and in conse-
quence the large spectrum of neoantigens renders these tu-
mors especially sensitive to immune checkpoint
inhibition.53,70 A potential drawback is that such fragile
cancer cells may more easily escape from tumor surveil-
lance by losing their capacity to present TAAs or neoanti-
gens and thus become resistant against ICB therapy.9,71 To
circumvent these problems, it will be necessary either to
improve the expression and presentation of cancer-
specific neoantigens, or to use technological innovations
that are capable of guiding the immune cells to neoanti-
gens that arise as a consequence of cancer-specific muta-
tions.68 One such approach could be the use of mAbs
that preferentially bind to cells or extracellular structures
of the tumor microenvironment and are capable of attract-
ing T cells.

2. Another important area of resistance development in
response to ICB therapy is related to the IFN-g signaling
pathway. Yet, this regulation may be more complex than
a simple loss of distinct signaling pathways. On the one
side, metastases with defects in the Janus kinase 1
(JAK1) or the IFN-g signaling pathway seem to escape
from cancer immune therapy with anti–PD-1 mAb.63,64
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Moreover, suppression of the IFN-g signaling pathway in
experimental tumors abrogates the cancer control with an
anti–CTLA-4 mAb. On the other side, prolonged IFN-g
signaling induces multiple alternative inhibitory pathways
that are distinct from the induction of PD-172 and result in
a loss of proinflammatory cytokine signaling (for details,
see also ‘‘Ambiguous role of IFN signaling during ICB
therapy’’ section). Thus, it is currently best assumed that
efficient ICB in cancer therapy critically requires an intact
JAK1-IFN-g signaling pathway. Nevertheless, persistent or
aberrant IFN-g signaling may induce PD-L1–independent
immune suppression and specific ICB resistance.

3. PD-L1 expression is induced by different cytokines,
namely, IFN-g73 and IL-27,74 and can be expressed by
multiple cells in the tumor environment including the tu-
mor itself.50,75,76 It is currently assumed that interruption
of the PD-1/PD-L1 interaction at the tumor site is critical
for an efficient therapy with anti–PD-L1 antibodies.77 In
line with this, treatment of NSCLC in humans with the
anti–PD-1 mAb pembrolizumab improved the outcome
of patients, where at least 50% of the tumor cells expressed
PD-L1.50 While the experimental data and the data from
NSCLC are relatively clear, the role of PD-L1 expression
in the microenvironment of melanomas is less clear.
Thus, no treatment-limiting PD-L1 expression has been
found for the responsiveness of melanomas to anti–PD-1
therapies. Moreover, no correlation was found between
the PD-L1 expression and the response of metastatic
melanomas to combination treatment with the PD-1 mAb
nivolumab and the CTLA-4 mAb ipilimumab.78 Because
PD-L1 is expressed by multiple cells, including
immunosuppressive plasma cells,79 macrophages,76 or
tumor cells,50 it remains to be established whether the
PD-1/PD-L1 interaction suppresses CTL only in the tumor
microenvironment, or whether distant PD-L1 expression,
for example, in a draining lymph node, may cause the
T-cell exhaustion. Because the association between the
PD-L1 expression inside the tumor and the response to
anti–PD-1 therapies differs between tumor entities, the
exact role of the PD-L1 expression, the magnitude of the
PD-L1 expression, and the site for the PD-L1 expression
needed for an efficient therapy with anti–PD-1 mAb
remain to be established.

4. A major parameter negatively influencing the response to
ICB is a high tumor burden.66 This can partly be compen-
sated by a combined treatment with an anti–CTLA-4 mAb
and an anti–PD-1 mAb, 2 agents targeting different
immune-suppressive molecules. In treatment conditions
in which monotherapy with an anti–PD-1 mAb induces
remission in about 40% of patients, the combined applica-
tion of the anti–CTLA-4 mAb ipilimumab with the anti–
PD-1 mAb nivolumab can increase the response rate to
about 60% for 18 months.39,40 The role of the tumor
burden is further highlighted by adjuvant ICB treatment
for R0 resected stage III or IV melanomas. In these pa-
tients, high-dose ipilimumab (10 mg/kg body weight) im-
proves the 5-year overall survival as compared with
placebo, at the expense of a relatively high toxicity that
mainly manifests as severe colitis.80 In a direct compari-
son, treatment with nivolumab was even more efficient

and less toxic than with ipilimumab in the adjuvant setting;
yet, despite treatment at the stage of minimal residual dis-
ease, about 30% of the patients still developed metastatic
disease during treatment or the following 12 months.81

These data underline on one side that a low tumor burden
and a functioning immune system increase the efficacy of
cancer immune therapy by ICB. Yet, they also show that
still unknown factors interfere with the ICB-induced can-
cer control, even at conditions of an adjuvant immune ther-
apy (see ‘‘nonresponders’’ in Fig 3, A).

As far as the consolidation phase of ICB is concerned, the
situation is not as clear, and only limited information is available.
Nevertheless, in this phase of immune checkpoint inhibitor
therapy, the residual lesions are controlled by the immune system,
most likely by TH1-mediated, cytokine-induced senescence.82-84

Cytokine-induced senescence not only stops hyperproliferation
of the remaining cancer cells but, especially after clearance of
the senescent cells, also leads to stable diseasewithout eradication
of the tumor (Fig 3,C). Immune checkpoint inhibitor therapy thus
ideally targets cancer immunoediting, which describes tumors in
3 sequential phases: the ‘‘Elimination,’’ the ‘‘Equilibrium,’’ and
the ‘‘Escape’’ phases.71 Here, the anti–PD-1 mAbs first reactivate
exhausted and PD-1–expressing, cytotoxic T cells, thereby
reducing large parts of the tumor mass. Later on, ICB shifts the
remaining tumors from the ‘‘Escape’’ phase to the ‘‘Equilibrium’’
phase. In the ‘‘Equilibrium’’ phase, CD41 T cells as well as IL-12
and IFN-g–dominated immune responses will keep the tumors in
a long-lasting dormant state.71,85

AMBIGUOUS ROLE OF IFN SIGNALING DURING

ICB THERAPY
Acute antitumor immunity can arrest tumor growth by inducing

tumor dormancy. In a multistage carcinogenesis model, it has
been demonstrated that TH1 stop tumor development by an IFN-
g– and tumor necrosis factor (TNF) R1–dependent mechanism.85

More detailed analyses revealed that the TH1 cytokines IFN-g and
TNF drive tumor cells into permanent growth arrest, that is,
cellular senescence.82-84,86 Cellular senescence is an endogenous
stress response mechanism that directly copes with the hyperpro-
liferative properties of tumor cells.87,88On the other hand, cellular
senescence89 as well as chronic inflammation and TNF
signaling90 may also have tumor-promoting effects. Thus, it is
not surprising that the role of IFN-g signaling in ICB therapy
has been controversially discussed. In a recent report, Benci
et al72 provide experimental evidence for a protumoral role of
chronic IFN-g. In this case, chronic IFN-g signaling in tumor
cells increases resistance to ICB through induction of multiple
inhibitory pathways. Upregulation of inhibitor receptor ligands
on the tumor cells generates deeply exhausted T cells that can
no longer be targeted by anti–PD-1 therapy. This finally leads
to tumor progression (Fig 4, A). In contrast, loss of IFN-g
signaling in tumors63 and/or in T cells91 has been described as a
mechanism of resistance to immune checkpoint inhibitor therapy.
Accordingly, ICB therapy leads to IFN-g signature and signaling
in responding melanoma lesions and later on to tumor cell death
and cancer regression (Fig 4, B, left panel). Alternatively, cyto-
kine signaling may originate from checkpoint blockade-
mediated reactivation of exhausted TH1, which secrete IFN-g
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and TNF in the vicinity of the tumor lesions. Combined IFN-g and
TNF then induce senescence in the tumor cells,82 leading to long-
lasting tumor control (Fig 4, B, right panel). In line with this, a
recent report analyzed the genetic alterations that are associated
with acquired resistance to anti–PD-1 therapy. They found that
the cells of relapsing patients showed loss-of-function mutations
in the genes encoding IFN-receptor–associated Janus kinase 1 or
2 (JAK1/2).64 Thesemutations resulted in insensitivity to the anti-
proliferative effects of IFN-g. Interestingly, JAK1/2 losses are not
rare in melanomas and predispose to IFN-g resistance. Thus,

JAK1/2 deficiency may also result in T-cell resistance due to
HLA class I–negative tumor lesions.65 Taken together, over-
whelming evidence exists that IFN-g signaling, presumably via
JAK1/2, plays a crucial role in the initial antitumor response dur-
ing anti–PD-1 treatment or other immunotherapeutic regimens.

As far as the role of inflammation and IFN-g signaling during
ICB therapy is concerned, it has to be taken into account whether
(1) the cytokine signal is chronic or acute; (2) IFN-g is acting in
the presence of additional cytokine signaling, for example, TNF
signaling; (3) cells of the tumor microenvironment are also

FIG 4. The dual role of IFN signaling during ICB: cytokine-induced regulation of PD-1 versus cytokine-

induced antitumor effects.A, Chronic IFN-g signaling upregulates inhibitor receptor ligands and other nega-

tive immune regulators on tumor cells. Enhanced expression of these negative immune regulators leads to

deeply exhausted T cells that cannot be reactivated by ICB therapy.72 As a consequence, the tumors

continue to progress during therapy. B, Efficient ICB leads to an acute IFN-g signature, and to CTL- and

IFN-g–induced tumor cell death (left). ICB may also lead to reactivation of exhausted TH1. TH1 then secrete

IFN-g and TNF, and drive the surviving tumor cells into cytokine-induced senescence (right). Consequently,

ICB therapy leads to tumor regression by CTL and IFN-g–mediated apoptosis or lysis,63 to control of the sur-

viving tumor cells by IFN-g–induced JAK1/2 signaling,64 or to cytokine-induced senescence.82 Tumors may

escape from this control, if the IFN-g–induced signaling becomes abrogated (not shown).
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influenced by the cytokines; and (4) the tumor cells of responders,
initial nonresponders, or acquired nonresponders are analyzed.

CLINICAL APPLICATION OF ICB
A decade ago, advanced melanoma was a tumor largely

resistant to all available therapeutic approaches.92 Despite
worldwide efforts, especially the immunotherapeutic studies
published until 2011 were restricted to highly selected patient
cohorts or included only small numbers of patients with
melanoma. However, in 2011, a report of a phase III trial
suggested that HLA-A020.1–positive patients with melanoma
treated with high-dose IL-2 combined with a gp100 peptide
vaccine and incomplete Freund’s adjuvant might have a small,
temporary survival benefit.93

In the same year, a groundbreaking study showed for the first
time that an immune therapy may slightly but significantly
improve overall survival of patients with metastases of a solid
cancer, in this case melanoma.94 The study compared the treat-
ment with an anti–CTLA-4 mAb (ipilimumab) at 10 mg/kg plus
dacarbazine versus dacarbazine plus placebo. Dacarbazine was
given for 4 cycles. Subsequently, either the anti–CTLA-4 mAb
or placebo was given as maintenance therapy every 12 weeks.
This was the first trial demonstrating a discrete (about 5%) but
significantly improved 3-year overall survival for patients
receiving an immune-based therapy for metastases from a solid
cancer.94,95

An independent trial in pretreated HLA-A020.1–positive
patients with melanoma compared a monotherapy with the
anti–CTLA-4 mAb ipilimumab (3 mg/kg for 4 cycles), against
either a combination of the anti–CTLA-4 mAb plus a gp100
peptide vaccine (in incomplete Freund’s adjuvant) or the gp100
peptide vaccine alone. Monotherapy with ipilimumab resulted in
a significantly higher number of patients achieving a long-term
overall survival compared with the other 2 arms.96,97 Thus, over-
all survival rates in the ipilimumab plus gp100 group, the
ipilimumab-alone group, and the gp100-alone group were
21.6%, 23.5%, and 13.7% at 2 years. The therapeutic impact of
ipilimumab remains, however, unclear in this study, because the
gp100 peptide vaccine in incomplete Freund’s adjuvant may
have adversely affected patient survival due to the induction of
a tumor-promoting immune response. Indeed, induction of an
inappropriate antitumor immune response may not only be
neutral but even promote tumor progression.1,85,98

While melanoma therapy with anti–CTLA-4 mAb paved the
way, the major clinical breakthrough in melanoma immuno-
therapy was the introduction of PD-1 antagonists. Two such
antagonists are currently approved (nivolumab and pembrolizu-
mab), both being directed against the PD-1 molecule. Other
antagonists (namely, avelumab and atezolizumab), binding the
PD-1 ligand PD-L1, are likewise approved for solid cancers such
as urothelial carcinoma, or Merkel cell carcinoma, or are under
clinical development for a large number of cancers.51,99,100

Nivolumab (3 mg/kg every 2 weeks), the first PD-1 antagonist
evaluated in a phase III trial, was compared with dacarbazine in
treatment-naive patients with serine/threonine-protein kinase
(BRAF) wild-type melanoma.49 The 1-year overall survival was
significantly in favor of the nivolumab-treated patients (72.9%
vs 42.1%). Interestingly, response to treatment was independent
of the PD-L1 expression in the tumor samples. This phenomenon
might be attributed to a heterogeneous expression of PD-L1 on

antigen-presenting cells of the tumor microenvironment, or to
an important role of PD-L1 outside the direct tumor
microenvironment, like in the tumor-draining lymph nodes (see
also ‘‘Cancer killing and induction of cancer dormancy by
reactivation of exhausted tumor-specific T cells’’ section).
Pembrolizumab, the second available PD-1 antagonist, was
evaluated in a phase III trial against ipilimumab.48 The 1-year
overall survival rate was between 74.1% and 68.4%, depending
on the frequency (10 mg/kg either every 2 weeks, or every
3 weeks), and 58.2% for ipilimumab (3 mg/kg every 3 weeks
for 4 doses). Updated overall survival rates of this study were
shown at the ASCO 2017 meeting. At 33 months, 50% of the
patients in the pooled pembrolizumab arms were alive and 39%
in the ipilimumab arm.

Thus, immune therapies with mAbs against immune
checkpoints not only induce a clinical improvement, but may,
in line with the originally published data, even induce a stable
long-term survival in those patients with stage IV melanoma who
respond to the therapy. However, in about 50% to 60% of patients
the tumors fail to respond to the therapy and progress
continuously despite the therapy. This behavior, referred to as
primary resistance, is currently under intensive evaluation (see
also ‘‘Cancer killing and induction of cancer dormancy by
reactivation of exhausted tumor-specific T cells’’ section).
Despite a large number of conclusive reports, the reasons for
this primary unresponsiveness are still poorly understood.101

On the other hand, 40% to 50% of the patients with melanomas
respond to ICB therapy performed with either nivolumab
(3 mg/kg every 2 weeks) or pembrolizumab (2 mg/kg every
3 weeks). This success rate is much lower in most other cancer
entities.48-54 Once melanomas are responding, ICB seems to
induce a long-lasting, durable response in most tumor-bearing
patients. However, a subset of patients initially responding to
checkpoint inhibitor treatment relapse and develop therapy
resistance—referred to as acquired resistance. The mechanisms
leading to the development of this special kind of therapy
resistance are the subject of current research; one reason is the
loss of IFN-g responsiveness by the tumor cells. Most of the
responders become ‘‘clinically’’ healthy with various degrees of
residual disease, and only a minority of these patients achieves
a clinically complete response. This suggests that the reactivation
of the immune system by PD-1 antagonists deletes only part of the
metastases.58 The remaining metastases seem to be driven into a
state of dormancy. A similar state of dormancy can be induced by
the combined action of IFN-g and TNF onmelanoma cells.82 This
mode of actionmay be of relevance for ICB therapy, as recent data
show that the effectiveness of a therapy with either CTLA-4 or
PD-1 antagonists depends on the presence of an intact IFN-g
signaling pathway in melanoma metastases.63-65

Various approaches are currently being tested to improve the
responsiveness to the immune therapy. The only approved therapy
is the combined treatment of patients with melanoma with
nivolumab and ipilimumab. This combination (nivolumab
1 mg/kg and ipilimumab 3 mg/kg every 3 weeks for 4 cycles
followed by nivolumab 3 mg/kg every 2 weeks) was compared in
a phase III trial to the individual drugs (nivolumab 3 mg/kg every
2 weeks, and ipilimumab 3 mg/kg for 4 cycles, respectively) for
treatment-naive patients.39 Patients in the treatment arms
containing the anti–PD-1 mAb achieved a significantly
longer progression-free survival than those treated with the
anti–CTLA-4 mAb only. Also, the 2-year overall survival rates
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were 64% for the combined treatment with the anti–PD-1 mAb
and the anti–CTLA-4 mAb, 59% for those treated with the
anti–PD-1 mAb, and 45% for those treated with the
anti–CTLA-4mAb.40 The combined therapy provided the highest
benefit for both progression-free and for overall survival in
patients with a low PD-L1 expression (<5%). Thus, PD-1
antagonists (and probably also PD-L1 antagonists) are superior
to CTLA-4 antagonists and seem to prolong the median overall
survival of patients with metastatic melanoma up to 32 months.
Moreover, patients with melanoma with limited metastatic
disease and a good health status seem to respond very favorably
to the immune therapy with an anti–PD-1 mAb, whereas those
with a poor health status and extensive metastases seem to
respond rarely to an anti–PD-1 mAb therapy.66

Combining the current experience with immune therapies with
the experience obtained from the treatment of metastatic
melanomas bearing the serine/threonine-protein kinase B-Raf
carrying the respective V600 mutation (BRAFV600E/K) mutation
led to the treatment algorithm illustrated in Table I, which is
currently broadly used. It is based on the following experience:
anti–PD-1 mAbs are independently of the presence of a
BRAFV600E/K mutation efficient in patients with a limited tumor
load, especially with lung and lymph nodemetastases, and normal
monocyte numbers in the peripheral blood. It seems that in many
of those patients treatment can be terminated or interrupted after
2 years of successful therapy. In contrast, in patients with a higher
tumor burden, where rapid responses are needed, the combination
of targeted drug therapies using inhibitors of the serine/
threonine-protein kinase BRAF and themitogen-activated protein
kinase kinase seems to be more efficient. Yet, this
pharmacotherapy requires the presence of the BRAFV600E/K

mutation in the metastases. It seems to be somewhat less efficient
than anti–PD-1 mAb in patients with a limited tumor load (if the
data from phase III studies are compared) and requires a
continued therapy. For patients with more extensive melanoma
metastases that are devoid of the BRAFV600E/K mutation, the
approved combination therapy with ipilimumab and nivolumab
is to date the treatment option with the best-reported treatment
outcome. To improve the outcome, the combination of targeted
drug therapies using the above-mentioned kinase inhibitors with
PD-1 and PD-L1 antagonists is currently in clinical trials.
The use of anti–PD-1 mAbs in combination with other
immune-modulating approaches is also being investigated in
clinical studies. This comprises the combination with
indoleamine 2,3-dioxygenase 1 inhibitors or the intralesional
use of oncolytic viruses or bacterial DNA.

Most immunotherapies are applied in the metastatic setting.
However, another central question focuses on whether ICB was
also efficient in the adjuvant situation to prevent the development

of metastatic disease in patients at high risk. An adjuvant phase III
trial compared ipilimumab (10 mg/kg body) with placebo applied
in an induction phase every 3 weeks for 4 cycles, followed by a
maintenance phase of 1 anti–CTLA-4 infusion every 3months for
up to 3 years.80 After a median follow-up of 5.3 years, both the
5-year recurrence-free survival and the 5-year overall survival
were superior for patients treated with the anti–CTLA-4 mAb.
Subsequent studies with an anti–PD-1 mAb (3 mg/kg nivolumab,
every 2 weeks) showed that the anti–PD-1 treatment, given in the
adjuvant setting for 1 year, is at 2 years safer and more efficient
than the anti–CTLA-4mAb (10mg/kg ipilimumab; every 3weeks
for 4 doses and then every 12 weeks for up to 1 year). The 1-year
rate of recurrence-free survival in the nivolumab arm was 70.5%
compared with 60.8% in the ipilimumab arm.81 Together, these 2
studies demonstrate for the first time that an immunotherapy may
be efficient in the adjuvant setting when given to patients at high
risk of further metastatic disease after R0 resection of melanoma
metastases.

IMMUNE CHECKPOINT INHIBITOR-INDUCED

AUTOIMMUNE DISEASES
PD-1 (also CD 279) was initially recognized as a receptor

inducing a downregulation of the immune system and thus
preventing autoimmune diseases. Thus, PD-1 promotes
self-tolerance by suppressing T-cell–driven tissue destruc-
tion.30,31 As immune checkpoint inhibitors antagonize exactly
this brake, treatment regimens with PD-1 or CTLA-4 antagonists
may initiate the development of mainly T-cell–mediated
organ-specific autoimmune diseases.102-106 In principle, both
CTLA-4 and PD-1 antagonists are able to induce any
organ-specific autoimmune disease described; yet, CTLA-4 and
PD-1 antagonists cause those diseases with different frequency
and distribution.48 Severe colitis is mainly caused by the
anti–CTLA-4 mAb,96 whereas endocrine and pulmonary side
effects are more closely linked with PD-1 antagonists.48 The
severity of side effects is rather modest for most patients treated
with PD-1 antagonists alone, whereas the severity of side effects,
especially of colitis, is increased in patients receiving
monotherapy with anti–CTLA-4 mAb, and most severe in those
receiving PD-1 antagonists combined with anti–CTLA-4
mAb.39 In those patients, severe grade 3 to 5 colitis occurs in
up to two-third of the treated patients and may even be fatal.39

Albeit the time to onset of adverse events is not predictable,
most events develop within the first 3 months of treatment and can
normally be controlled with systemic glucocorticosteroids of 1 to
2 mg prednisolone equivalents per day. An exception is the
destruction of endocrine tissue, which may require a livelong
hormone replacement therapy. The sooner side effects are

TABLE I. Frequently applied treatment algorithm for patients with metastatic melanoma where surgery is no longer applicable

Extent of metastases BRAF status General health Treatment metastases approach

Limited BRAF wild-type or BRAFV600E/K Good ICB using anti–PD-1/PD-L1 antibodies

Extended BRAFV600E/K Good or poor Combined inhibition of BRAFV600E/K and MEK

Extended BRAF wild-type Good or poor ICB using anti–CTLA-4 and/or anti–PD-1/PD-L1

antibodies or chemotherapy

MEK, Mitogen-activated protein kinase kinase.

The table summarizes treatment options using immune checkpoint inhibitors, kinase inhibitors or chemotherapy for patients suffering from metastatic melanoma (according to the

extent of dissemination,66 see text).
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detected and the more rigorously they are treated, the better is the
clinical outcome. In consequence, a close follow-up of the
patients is mandatory to avoid long-lasting harm.

SUMMARY
ICB is a novel treatment option for metastatic melanoma,

which prolongs the lifespan of patients with metastatic melanoma
and many different types of carcinomas. Interestingly, this very
successful drug regimen seems to be based on 2 different
biological mechanisms, that is, a cytotoxic immune response
through reactivation of exhausted CD8-positive T cells and the
induction of cytokine-mediated tumor dormancy. Besides the
active role of immune cells, for example, T cells, ICB therapy
needs a special cytokine milieu. Especially, intact IFN signaling
in the tumor cells is necessary to obtain objective responses of the
cancer patients during immune checkpoint inhibitor therapy.
However, chronic inflammation and/or chronic IFN-g signaling
might be harmful and lead to enhanced cancer progression due to
the induction of additional signals that promote tumor immune
evasion.
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Cancer immune control needs senescence
induction by interferon-dependent cell cycle
regulator pathways in tumours
Ellen Brenner1,14, Barbara F. Schörg 2,14, Fatima Ahmetlić3,4,14, Thomas Wieder1, Franz Joachim Hilke5,

Nadine Simon1, Christopher Schroeder5, German Demidov 5, Tanja Riedel3, Birgit Fehrenbacher1,

Martin Schaller1, Andrea Forschner1, Thomas Eigentler1, Heike Niessner1, Tobias Sinnberg 1,

Katharina S. Böhm1, Nadine Hömberg3,4, Heidi Braumüller1, Daniel Dauch6,7, Stefan Zwirner6, Lars Zender6,7,8,

Dominik Sonanini2,6, Albert Geishauser3,4, Jürgen Bauer1, Martin Eichner9, Katja J. Jarick 10,

Andreas Beilhack10, Saskia Biskup8,11, Dennis Döcker1,11, Dirk Schadendorf 7,12, Leticia Quintanilla-Martinez8,13,

Bernd J. Pichler2,8, Manfred Kneilling1,2,8, Ralph Mocikat3,4 & Martin Röcken1,7,8✉

Immune checkpoint blockade (ICB)-based or natural cancer immune responses largely

eliminate tumours. Yet, they require additional mechanisms to arrest those cancer cells that

are not rejected. Cytokine-induced senescence (CIS) can stably arrest cancer cells, sug-

gesting that interferon-dependent induction of senescence-inducing cell cycle regulators is

needed to control those cancer cells that escape from killing. Here we report in two different

cancers sensitive to T cell-mediated rejection, that deletion of the senescence-inducing cell

cycle regulators p16Ink4a/p19Arf (Cdkn2a) or p21Cip1 (Cdkn1a) in the tumour cells abrogates

both the natural and the ICB-induced cancer immune control. Also in humans, melanoma

metastases that progressed rapidly during ICB have losses of senescence-inducing genes and

amplifications of senescence inhibitors. Metastatic cells also resist CIS. Such genetic and

functional alterations are infrequent in metastatic melanomas regressing during ICB. Thus,

activation of tumour-intrinsic, senescence-inducing cell cycle regulators is required to stably

arrest cancer cells that escape from eradication.
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I
mmune therapy with ICB and natural immune responses
reveal that tumour-infiltrating cytotoxic T cells, natural killer
cells and TH1 cells can be activated to cause cancer regression

and clearance of tumour cells through cytolysis, apoptosis and by
activated macrophages in mice and in humans1–10. Nonetheless,
cancers are often not completely eliminated, and aggregate or
single cancer cells may persist in a controlled state, called tumour
dormancy2,11–17. The failure of inducing tumour dormancy is a
major cause of treatment resistance that may result from inap-
propriate immune activation, low tumour mutation burden,
resistance to lysis or apoptosis, and other mechanisms4,8,16,18–24.
More recent data associate melanoma progression and treatment
resistance of cancers with functional losses of the IFN-JAK1-
STAT1 signalling pathway11,23,25–30. IFN-γ has multiple effects
on cancers. Previously, we have shown that the combined action
of IFN-γ and TNF is capable of inducing a stable, senescence-like
growth arrest in cancer cells that is called cytokine-induced
senescence (CIS)31. As the IFN-JAK1-STAT1 signalling cascade
activates two key inducers of senescence14,31,32, p16Ink4a and
p21Cip1, here we analyse whether cancer immune control requires
the IFN-γ-dependent induction of the tumour-intrinsic p16Ink4a-
CDK4/6-Rb1 and MDM-p53-p21Cip1 cell cycle regulation path-
ways to arrest those cancer cells that escape from cytotoxicity.

Results
Cancer immune control needs Stat1-dependent Cdkn2a activ-
ity. In vitro activation of p16Ink4a and p21Cip1 requires IFN-γ
signalling in the tumour cells31,32. We therefore asked whether
in vivo activation of p16Ink4a, senescence induction and cancer
immune control also require a functioning IFN-γ signalling cas-
cade in the cancer cells. To investigate the role of the IFN-Stat1-
dependent activation of Cdkn2a, what encodes alternatively
spliced variants, including the structurally related CDK4 kinase
inhibitor isoforms p16Ink4a and p19Arf, we analysed the immune
control of transplanted cancer cells isolated from RIP-Tag2 mice,
where expression of the T antigen under the control of the rat
insulin promoter (RIP) leads to pancreatic islet cancers (RT2-
cancers)25. For this, we implanted either Stat1-positive or Stat1-
negative RT2-cancer cells into syngeneic mice. Most Stat1-positive
and Stat1-negative RT2-cancers (>80%) were rejected. As Stat1-
positive and Stat1-negative RT2-cancers were similarly susceptible
to lysis by cytotoxic CD8+ T cells (Supplementary Fig. 1a), we
depleted CD8 T cells with mAb before transplanting the cancer
cells. Following CD8-depletion the tumours grew in vivo, and
treatment was started when tumours reached > 3mm (Supple-
mentary Fig. 1b). In sham-treated mice cancers reached a critical
size within three weeks, and the tumours were analysed (Fig. 1a).
The rapidly growing cancers from sham-treated mice had a pro-
liferative Ki67+p16Ink4a− phenotype (Fig. 1b, c and Fig. 2a) that
was negative for phosphorylated heterochromatin protein 1γ (S93)
(pHP1γ) in senescence-associated heterochromatin foci (SAHF),
H3K9me3 and senescence-associated β-galactosidase (SA-β-gal)
(Fig. 2b–d, Supplementary Fig. 2a, b). To determine whether the
immune system can control these cancers, we treated mice with a
combination of anti-PD-L1 and anti-LAG-3 mAb33. In preclinical
studies and human trials, dual blockade of LAG-3 and the PD-1/
PD-L1 interaction generates a more efficient anti-cancer immu-
nity in mice and in humans than blocking either molecule alone34.
The Stat1-positive RT2-cancers became growth arrested or
regressed (Fig. 1a). The residual cancer cells displayed a senescent
p16Ink4a+, Ki67− phenotype with an induction of p21Cip1 in single
cells (Fig. 1b, c and Fig. 2a). RT2-cancers were also positive for
pHP1γ, H3K9me3 and SA-β-gal (Fig. 2b–d), and showed no ICB-
induced double strand breaks as determined by γH2AX and
DNA-PK staining (Supplementary Fig. 3a, b). In contrast, ICB did

not arrest Stat1-negative RT2-cancers that grew rapidly even when
treated with ICB (Fig. 1a). Stat1-negative tumour cells were
p16Ink4a-negative and expressed Ki67 (Fig. 1b, c) but neither
pHP1γ, H3K9me3, nor SA-β-gal (Fig. 2b–d). In vitro data con-
firmed that RT2.Stat1−/−-cancers were selectively resistant to CIS
but susceptible to apoptosis (Fig. 3a).

Immune activation with anti-PD-L1 and anti-LAG-3 requires
the presence of PD-L1. Stat1-positive and Stat1-negative RT2-
cancers expressed PD-L1 in the tumour tissue and on more than
10% of the isolated cancer cells (Supplementary Fig. 4a, b),
showing that Stat1-negative RT2-cancers expressed the target of
the anti-PD-L1 mAb. IFN-γ strongly increased PD-L1 and β2-
microglobulin expression on RT2-cancer cells but not on RT2.
Stat1−/−-cancer cells; β2-microglobulin+ cells were found in
sections of RT2.Stat1−/−-cancers, showing that IFN-γ-responsive
host immune cells infiltrated the tumour microenvironment
during ICB (Supplementary Fig. 4a–d).

Stat1 was not required for tumour elimination by CD8+ cells
but for the induction of p16Ink4a by IFN-γ-producing immune
cells and for an efficient cancer immune control. As p16Ink4a is
needed for CIS in RT2-cancer cells31, we asked whether cancer
immune control needs the senescence-inducing cell cycle regulator
p16Ink4a in the tumour cells. To address this question, we
generated Cdkn2a-deficient RT2-cancer cell lines through in vitro
and in vivo selection. Comparative genomic hybridisation (CGH)
showed the loss of Cdkn2a on chromosome 4 (qC4.A) as the only
genetic aberration common to all six cell lines (Supplementary
Fig. 5a). PCR analysis confirmed the loss of Cdkn2a (Supplemen-
tary Fig. 5b); PCR also revealed that Cdkn2a−/−-RT2-cancer cells
expressed Tag. RT2.Cdkn2a−/−-cancer cells also expressed PD-L1
and responded to IFN-γ (Supplementary Fig. 4a, b, d). While the
parental RT2-cancer cells were susceptible to CIS and to apoptosis,
the Cdkn2a-loss mutant cell lines were resistant to CIS but
susceptible to apoptosis in vitro (Fig. 3b). To test the role of
Cdkn2a for tumour immune control in vivo, we injected the
tumour cell lines into syngeneic mice and again started treatment
with ICB once tumours reached a diameter >3mm. As we
transferred polyclonal Cdkn2a-loss mutant cancer cell lines, the
tumours grew with slightly different dynamics (Fig. 1a). ICB did
not attenuate the growth of Cdkn2a-deficient RT2-cancers.
Immune histology showed that ICB also failed to induce
senescence in Cdkn2a-deficient RT2-cancers as they displayed a
Ki67+p16Ink4a−, pHP1γ−, H3K9me3−, SA-β-gal− phenotype
(Fig. 1b, c and Fig. 2b–d).

To test whether the resistance to ICB specifically resulted from
the p16Ink4a/p19Arf loss, and to exclude other potential con-
founders, we generated RT2-cancer cells from another diseased
mouse and deleted p16Ink4a/p19Arf (gCdkn2a) using CRISPR-
Cas931. In vitro, RT2-cancer cells transfected with either a control
sgGFP or the gCdkn2a construct grew with similar dynamics. Both
cell types were sensitive to apoptosis. The CRISPR-Cas9 control
cells expressed SA-β-gal when exposed to IFN-γ/TNF and did not
restart their exponential growth following IFN-γ/TNF withdrawal,
showing that they were susceptible to CIS (Fig. 3c). In contrast,
IFN-γ/TNF did not induce SA-β-gal in the RT2.CRISPR-Cdkn2a-
cancer cells, and the cells restarted exponentially growing after
IFN-γ/TNF withdrawal, showing that RT2.CRISPR-Cdkn2a-can-
cer cells were resistant to CIS (Fig. 3c). To specifically analyse
Cdkn2a in vivo, we injected the cells into the CD8-depleted mice.
All CRISPR-Cas9 control cell lines were rejected, revealing that the
cells were highly immunogenic. In contrast, 80% of the RT2.
CRISPR-Cdkn2a-cancer cells grew in syngeneic mice (Supplemen-
tary Fig. 5c), demonstrating that natural immune responses
required the senescence-inducing Cdkn2a gene to control these
highly immunogenic cancer cells (Fig. 1a, upper panel). Even
enhancement of the immune response with ICB did not arrest
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their growth in vivo (Fig. 1a, lower panel). RT2.CRISPR-Cdkn2a-
cancer cells expressed PD-L1, β2-microglobulin (Supplementary
Fig. 4a–d) and Tag. Immune histology revealed that the
rapidly growing RT2.CRISPR-Cdkn2a-cancer cells had a Ki67+,
p16Ink4a−, pHP1γ−, SA-β-gal− proliferative phenotype, but were
positive for H3K9me3 (Fig. 1b, c and Fig. 2b–d). Even though
H3K9me3 is a marker of senescence, others have shown that
CRISPR-Cas9 editing itself may also induce a non-specific H3K9

methylation that persists35. Importantly, ICB treatment increased
neither H3K9me3, nor DNA-PK, nor γH2AX in RT2.CRISPR-
Cdkn2a-cancer cells (Fig. 2c, Supplementary Fig. 3a, b).

CGH of 10 different cell lines revealed that the loss of the
p16Ink4a/p19Arf-locus was the only common signature where the
RT2.Cdkn2a−/−- or the RT2.CRISPR-Cdkn2a-cancer cells dif-
fered from the parental or the CRISPR-Cas9 control cell lines
(Supplementary Fig. 5a, b). We analysed a total of seven different
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Cdkn2a-deficient RT2-cancer cell lines in vitro. All were resistant
to CIS. Next, we analysed three of them in vivo, all were resistant
to ICB. Thus, cytotoxic CD8+ T cells can directly reject Cdkn2a-
deficient RT2-cancers, but senescence-induction through IFN-γ-
mediated activation of the cell cycle regulators p16Ink4a/p19Arf

was strictly needed to control those cancer cells that escape from
cytotoxicity.

Cancers are frequently rejected by CD8 T cells. In addition,
immune clearance of senescent cancer is mediated by IFN-γ-
producing TH1 cells and by IFN-γ-activated type I
macrophages25,31,36–39. Indeed, the tumours controlled by ICB
showed the established features of the TH1-mediated clearance
mechanism, as β2-microglobulin was strongly expressed (Supple-
mentary Fig. 4c, d) and as the tumours were infiltrated by
CD3+CD8− T cells and F4/80+ and MHC class II+ activated
macrophages (Supplementary Fig. 6a–c). We detected no CD8+

T cells and no CD49b+ NK cells (Supplementary Fig. 6d), what
may be due to the fact that NK cells are primarily found in the
spleen40,41. As ICB induced a similar immune infiltrate in RT2-
cancers and in Stat1- and Cdkn2a-deficient RT2-cancers
(Supplementary Fig. 6a–c), the data strongly suggest that
senescence induction in the cancer cells was a prerequisite for
tumour cell clearance by TH1 cells and IFN-γ-activated type I
macrophages25,31,36–39.

Cancer immune therapy and senescence induction require
Stat1. To determine whether IFN-γ signalling through Stat1 is
also needed for the induction of p16Ink4a, p21Cip1, senescence and
the control of endogenous cancers that are destroyed by strong T
cell responses, we treated RT2 mice by the combination of anti-
PD-L1 and anti-LAG-3 mAbs and adoptive T cell transfer (AT),
with TH1 cells specific for a tumour associated antigen (TAA) in
the SV40-Tag protein31 (Supplementary Fig. 7a). Combining
anti-PD-L1/anti-LAG-3 mAbs with AT further enhances the
therapeutic effect of ICB and largely eradicates all cancer cells33.
We started the treatment once RT2 mice had a major cancer load,
as documented by magnetic resonance imaging (Supplementary
Fig. 7b). This immune therapy strongly decreased the islet size
within 4 weeks, and functionally restored the blood glucose
control (Fig. 4a–c). It largely destroyed the RT2-cancers but failed
to eradicate all cancer cells (Fig. 4b, Supplementary Fig. 8a).
Immune histology of residual RT2-cancers showed CD3+ cells,
MHC class II+ and F4/80+ cells following ICB/AT treatment but
only very few or no Foxp3+ regulatory T cells, CD8+ or CD49b+

cells (Fig. 5a, Supplementary Fig. 8a–c). The RT2-cancers
expressed normal levels of Tag mRNA and protein (Fig. 5b, c)
and expressed PD-L1 and β2-microglobulin protein (Supple-
mentary Fig. 8d). The RT2-cancer cells showed a senescent
phenotype as they expressed p16Ink4a, p21Cip1, H3K9me3,
pHP1γ, and SA-β-gal but were Ki67− (Fig. 4d, e and Fig. 6a–d).
Staining for γH2AX and DNA-PK, markers that mainly indicate

double strand breaks, remained largely negative, confirming that
CIS caused only minor DNA damage (Supplementary Fig. 9).
Electron microscopy confirmed the accumulation of SA-β-gal in
the cytoplasm of senescent tumour cells (Supplementary
Fig. 10a–c). These residual RT2-cancer cells were also function-
ally senescent. When isolated and cultured for ≥5 passages
in vitro they preserved their growth-arrested, SA-β-gal+ pheno-
type (Fig. 7a–c). RT2-cancer cells with such a senescent pheno-
type remain growth arrested for at least 3 months, even when
transplanted into immune compromised NOD–SCIDIl2rγ−/−

mice, demonstrating the absence of cancer initiating cells31.
Sham-treated RT2-mice, sham-treated Stat1−/− RT2 mice or

Stat1−/− RT2 mice treated with ICB/AT died within 4 weeks,
showed large tumours and failed to control their blood glucose
levels (Fig. 4a–c). The tumours of these three groups of mice
were strongly enriched in Ki67+ RT2-cancer cells that were
negative for p16Ink4a, p21Cip1, H3K9me3, pHP1γ, and SA-β-gal
(Fig. 4d, e and Fig. 6a–d). The isolated tumour cells also
proliferated strongly when cultured in vitro and did not develop a
senescent phenotype (Fig. 7a–c). While treatment with ICB/AT
did not induce a senescent phenotype and did not attenuate the
tumour growth in the RT2.Stat1−/− mice, the inflammatory
infiltrate was similar to that of cancers in RT2.Stat+/+ mice
(Supplementary Fig. 8a–c). Also three-dimensional imaging and
FACS analyses revealed that the adoptively transferred T cells and
dendritic cells infiltrated RT2-cancers of Stat1−/− or Stat1+/+

mice with similar dynamics (Supplementary Fig. 11a–e); immune
histology confirmed these findings. Islet tumours of RT2 and
RT2.Stat1−/− mice had both CD3+ T-cells and MHC class II+,
F4/80+ macrophages (Fig. 5a and Supplementary Fig. 8a, b). In
islet tumours of RT2.Stat1−/− mice the T cell infiltrate was
variable but there was no detectable size difference between
tumour areas that were strongly or poorly infiltrated. At this
advanced cancer stage, the combined ICB/AT therapy was
superior to either ICB or AT monotherapy that provided
intermediate results (Fig. 4a–e and Fig. 6a–d).

Importantly, the tumour cells surviving the combined ICB/AT
immune therapy did not result from classical immune evasion
mechanisms. In vitro, all RT2-cancer cells, including the RT2.
Stat1−/−-cancer cells were fully susceptible to T cell-mediated killing
(Supplementary Fig. 1a) or apoptosis (Fig. 3a). RT2.Stat1+/+-cancer
cells and RT2.Stat1−/−-cancer cells expressed normal levels of
Tag (Fig. 5b, c), the antigen targeted by the immune therapy.
RT2.Stat1+/+-cancers and RT2.Stat1−/−-cancers had normal
baseline levels of PD-L1 and β2-microglobulin, and in RT2.
Stat1−/−-cancers β2-microglobulin was in the tumour micro-
environment (Supplementary Fig. 4a–d and Supplementary
Fig. 8d). Foxp3 regulatory T cells were not increased inside the
tumours (Supplementary Fig. 8b). In consequence, the RT2.
Stat1−/−-cancers differed from RT2.Stat1+/+-cancers selectively
by their resistance to CIS (Fig. 3a).

Fig. 1 Stat1- and Cdkn2a-dependent immune control of transplanted RT2-cancers and induction of Ki67−p16Ink4a+ senescent cancer cells. a Individual

follow-up of tumour volumes. CD8-depleted mice were subcutaneously (s.c.) engrafted with 1 × 106 RT2-, RT2.Stat1−/−-, RT2.Cdkn2a−/−- or RT2.CRISPR-

Cdkn2a-cancer cells. Treatment with isotype control mAbs (Ctr) or combined immune checkpoint inhibitors (ICB; anti-PD-L1 and anti-LAG-3) once per

week was started when tumours were >3mm in diameter. Cancer size was measured 2 times per week. Number of mice with regressing tumours and the

total number of mice is given in parenthesis; RT2 Ctr N = 9, ICB N = 10, RT2.Stat1−/− Ctr N = 6, ICB N = 8, RT2.Cdkn2a−/− Ctr N = 12, ICB N = 14, RT2.

CRISPR-Cdkn2a Ctr N= 5, ICB N= 10. Each cell line was given a different lining. Black lines summarise the results for different treatment groups (as

obtained from ANCOVA). p-values examine the question whether the treatment effect was different between two genotypes. Mice were killed either when

tumours reached the critical diameter of 15–20mm or ulcerated, or when mice developed signs of wasting. b Representative triple-staining for the

senescence marker p16Ink4a (red) and the proliferation marker Ki67 (blue) and for nuclei (green) of the s.c. tumour of individual mice treated as described

in (a). Scale bar 2 µm. c Individual data points showing quantification of p16Ink4a+ (left) or Ki67+ (right) cells. Each data point represents the total of

three tumour slides measurements, tumours of three individual mice (described in a) were analysed. In a significance was tested by using unequal

variances t-test, p-values examines the treatment effect, comparing the ICB-treated RT2-cancers with each ICB-treated knock-out group.
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Fig. 2 Stat1- and Cdkn2a-dependent induction of the senescence markers pHP1γ, H3K9me3, and of SA-β-gal in transplanted RT2-cancers.

a–d Representative microscopic images of s.c. RT2-cancers from either RT2-, RT2.Stat1−/−-, RT2.Cdkn2a−/−- or from RT2.CRISPR-Cdkn2a-cancer cells. Mice

were treated with isotype control mAbs (Ctr) or with immune checkpoint blockade (ICB, anti-PD-L1 and anti-LAG-3). Staining for the senescence marker p21Cip1

(red), the proliferation marker Ki67 (blue) and for nuclei (white) (a), pHP1γ (red), nuclei (white) (b), H3K9me3 (red), nuclei (white) (c). SA-β-gal activity at

pH5.5 and percentage of SA-β-gal positive tumour cells in each tumour (d). The colour evaluation and calculation of the SA-β-gal+ cells are described in

Supplementary Fig. 2 and Methods (for d). Scale bars 10 µm (a), 2 µm (b, c), 1000 µm (d). Histology was performed in one to three representative tumours from

Fig. 1c.
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Even though the ICB/AT combination therapy largely
destroyed the tumours, the therapy failed to eradicate all cancer
cells. Together the data prove that Stat1 is needed to activate
p16Ink4a in vitro and in vivo and that Stat1-mediated activation of
Cdkn2a is needed to induce senescence in cancer cells. In
consequence, cancer immune control required Stat1-mediated
activation of the cell cycle regulators like p16Ink4a to stably arrest
the growth of those cancer cells that are not eliminated by
cytotoxicity.

Cancer immune control needs IFN-γ-dependent p21Cip1

induction. Following ICB Stat1-deficient cancers showed nei-
ther increased p16Ink4a nor p21Cip1. Thus, besides p16Ink4a,
cancer immune control may also require p21Cip1 activation.
SV40-Tag expression impairs p53 activation42. As p53 regulates
mRNA and protein production of p21Cip1, RT2-cancers are
inappropriate to carefully investigate the role of p21Cip1 for
senescence induction in response to ICB. To test the need of
senescence-inducing p21Cip1 for cancer immune control and to
determine whether senescence induction is also needed for
tumours other than RT2-cancers, we studied the role of p21Cip1

in the immune control of lymphomas. For this, we used λ-MYC
mice, where a human MYC oncogene under the control of the
immunoglobulin λ enhancer induces the development of
endogenous B-cell lymphomas43. This also allows directly
investigating the role of p21Cip1 in the immune therapy of a
naturally developing malignancy. Untreated mice died within
<150 days (Fig. 8a) from Ki67+p16Ink4a−, CD20low B-cell
lymphomas that destroyed lymph nodes and spleen (Fig. 8b, c
and Supplementary Fig. 12a). The Ki67+ B cells were also
negative for p21Cip1, pHP1γ, H3K9me3 or SA-β-gal, showing
that the tumours had a high proliferative capacity and were not
senescent (Fig. 8b, c and Fig. 9a–c). Combined ICB with anti-
CTLA-4 and anti-PD-1 mAb protected 18% (Fig. 8a) to 30%
(Fig. 8d) of λ-MYC mice from lymphomas for at least 200 days.
In a long-term experiment, 18% of the λ-MYC mice with a
combined ICB therapy were still healthy at >250 days (Fig. 8a),
a lifetime that has never been achieved by any other therapy in
this mouse model. Treatment with either mAb alone did not
rescue mice from lymphomas. Lymph nodes from healthy ICB-
treated λ-MYC mice showed a normal architecture with normal
B and T cell areas, expression of PD-L1 and β2-microglobulin,
no T cell infiltration, normal CD20+λ-MYC− B cells, few
CD161+ cells, no signs of DNA double strand breaks and no
destruction (Supplementary Fig. 12a–e). Even though we found
no signs of immune destruction in the lymph nodes, depletion
of pan-T cells with a mAb abrogated the ICB-mediated pro-
tection of λ-MYC mice, as all mice died from lymphomas by
day 200 (Fig. 8d). Splenic dendritic cells of λ-MYC mice express
the CTLA-4-targets CD80 and CD86 that are enhanced by IFN-
γ41. Lymphoma-specific, regulatory T cells are also increased in
the spleen. Yet, depletion of regulatory T cells delays lymphoma
development and death only for a short time40.

Nodal B cells from ICB-treated, healthy λ-MYC mice were
Ki67− but strongly expressed nuclear p16Ink4a and p21Cip1

(Fig. 8b, c), pHP1γ, H3K9me3 and SA-β-gal (Fig. 9a–c),
displaying a senescent phenotype24,31. This suggests that ICB-
mediated protection from B-cell lymphomas included mechan-
isms other than cancer cell killing. To test whether ICB-mediated
lymphoma prevention required the senescence-inducing p21Cip1,
we generated syngeneic λ-MYC.p21Cip1−/− mice. While ICB
protected 18–30% of λ-MYC mice from lymphoma and death
(Fig. 8a, d), all ICB-treated λ-MYC.p21Cip1−/− mice died from
lymphomas between day 100 and 210 (Fig. 8e). Histology
revealed lymph node destruction by Ki67+, CD20low B cells that

were devoid of the senescence markers p16Ink4a, p21Cip1, pHP1γ,
H3K9me3, or SA-β-gal (Fig. 8b, c, Fig. 9a–c and Supplementary
Fig. 12a).

ICB-mediated p21Cip1 induction and lymphoma prevention
required IFN-γ, as mice receiving ICB in the presence of anti-
IFN-γ mAb died from CD20low B-cell lymphomas as fast as
untreated mice (Fig. 8a). B cells were Ki67+ and negative for
p21Cip1, p16Ink4a, pHP1γ, H3K9me3 and SA-β-gal (Fig. 8b, c and
Fig. 9a–c), showing that IFN-γ was needed to activate the cell
cycle regulators p16Ink4a and p21Cip1 that, in turn, were required
for senescence-induction in vivo. This proves that the senescence-
inducing cell cycle regulator p21Cip1 was strictly required to
prevent the transition of pre-malignant B cells into B-cell
lymphomas in ICB-treated λ-MYC mice, and that ICB-
mediated p21Cip1 activation was IFN-γ-dependent.

Impaired senescence pathways in melanomas resistant to ICB.
ICB is an approved standard of care therapy for metastatic
melanoma and some other cancers, and efficient in about 40% of
patients with metastatic melanoma. Another 40% are non-
responder patients that mostly progress rapidly despite ICB
therapy6,8,30,44. Based on the experimental data, we asked whe-
ther cell cycle regulator genes that control senescence induction
were also needed for cancer immune control in humans. To
address this, we compared the genetic alterations by targeted
panel sequencing of 30 melanoma biopsies of consecutive non-
responder patients, where metastases progressed within
<3 months of ICB with the genetic alterations in melanoma
biopsies of 12 responder patients, where metastases regressed
during ICB ≥1 year. For each patient we identified the tumour-
specific alterations by paired sequencing of tumour and normal
tissue. In agreement with published data, the biopsy material of
responder patients had a significantly higher tumour mutational
burden than that of non-responder patients8,10,45 (Fig. 10a). We
used a panel that includes a total of 678 established cancer-
associated genes46 (Supplementary Data Tables 1–3). To deter-
mine whether CIS was needed to protect from tumour progres-
sion, we explicitly focussed only on 19 genes of the panel
that encode for molecules that are also involved in the IFN-γ-
mediated activation of the senescence signalling pathways that we
identified in our murine experiments. This panel approach
may have missed very rare fusion/translocation alterations of the
genes investigated, but it would be difficult to identify such
rare fusion/translocation alterations also with an exome-based
approach, as the panel allowed the deep sequencing necessary to
find the DNA alterations in less than 10% of all cells of the
melanoma metastases.

We focused on somatic alterations, namely copy number
variants (CNVs) and single nucleotide variants (SNVs) in key cell
cycle control genes (CCND1/2/3; CDKN2A/B/C, CDK4/6, CCNE1,
CDKN1A/B, RB1, TP53, MDM2/4), as well as JAK1,2,3 and MYC.
Both groups had a similar distribution of genetic aberrations in
JAK1,2,3, MYC and the cell cycle control genes when all somatic
alterations (SNVs and CNVs) were included (Fig. 10b). In
contrast, comparing especially the number of strong amplification
(≥ 3fold amplification) and of fully inactivating mutations
(homozygous deletions and loss of heterozygosity (LOH)), we
observed significant differences between the two groups.
Melanomas of non-responder patients had significantly more
fully inactivating mutations of senescence-inducing cell cycle
genes (CDKN2A/B/C; CDKN1A/B; RB1; TP53; JAK1/2/3) or
≥ 3fold amplifications of genes promoting cell cycle progression
(CCND1/2/3; CDK4/6; CCNE1; MDM2/4; MYC) than the biopsy
material of melanomas from responder patients (Fig. 10c,
Supplementary Fig. 13 and 14a, b).
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The genetic data were supported by functional analyses
in vitro. Melanoma lines that we developed from biopsies of
non-responder patients grew with similar dynamics as those
derived from biopsies of responder patients and were susceptible
to apoptosis (Fig. 10d). Yet, these cell lines were resistant to CIS.
In contrast, melanoma lines that we derived from biopsy material

of responder patients were susceptible to both, CIS and drug-
induced apoptosis. TNF and IFN-γ are established inducers of
annexin V and apoptosis in multiple cancer cells including
melanoma cell lines47. Importantly, they induced senescence only
in selected lines, such as those that could be derived from biopsy
material of responder patients (Fig. 10e).
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Discussion
Our results show that cancer control strictly requires the acti-
vation of tumour-intrinsic, senescence-inducing cell cycle reg-
ulators by the immune system to stably arrest those cancer cells
that escape from eradication, in mice and in humans. Even
though elimination of cancer cells is a primary therapeutic goal,
cancer cell reduction by cytotoxicity is frequently incomplete
and insufficient for permanent cancer control. About 90% of all
cancer-related deaths result from metastases arising from rea-
wakened, dormant cancer cells that survive chemo- or immune-
therapies2,48–51, often months to decades after treatment of the
primary tumour15. The data here unravel that IFN-γ/STAT1-
dependent activation of the senescence-inducing cell cycle
regulators p16Ink4a/p19Arf and p21Cip1 is needed to keep those
cells senescent that escape from ICB-induced cell death, and
that metastases resistant to immune therapies grow, when
senescence-inducing signalling pathways become interrupted.
This concept is supported by recent clinical data. Thus, mela-
noma metastases regress and may even clinically disappear
upon ICB therapy, but can restart growing when mutations
abrogate the IFN-γ-signalling pathway26. Various observations
suggest that immune control of cancers requires, in addition to
cancer cell killing, IFN-dependent activation of cancer-intrinsic
senescence-inducing cell cycle regulators13,14,31,52,53, to stably
arrest those cancer cells that escape from cytotoxicity.

Even though senescence occurs following cancer therapy54, the
role of senescence in the development of metastases and the
response to chemo- and immune-therapy has not been
resolved52,53,55. In mice, loss of p16Ink4a promotes the develop-
ment of melanoma metastases in mice56 and loss of the Suv39h1
or p53 genes in senescent cells may transform these cells in highly
aggressive, cancer initiating cells24. In contrast, in humans the bi-
allelic loss of CDKN2A has only been shown to promote mela-
noma invasion. Until now, it was not possible to identify specific
gene mutations, like the loss of CDKN2A that promote the
development of melanoma metastases in humans. This has only
been demonstrated in mice56–59. The missing identification of
metastases-promoting genes may be due to the fact that the IFN-
γ-mediated activation of the MDM2-p53-p21Cip1 senescence
pathway can in part compensate the loss of CDKN2A55. In line
with this, we found gene amplifications of MDM2 and MDM4 in
26% and of CDK4/6 in 13% of the melanoma biopsies of patients
that did not respond to ICB. These amplifications were absent in
melanoma biopsies of patients responding to ICB. More than half
of the metastases of non-responder patients had at least one defect
in the IFN-dependent senescence-signalling pathway. Both,
p16Ink4a and p21Cip1 induce senescence by inhibiting CDK4/6,
and most genes associated with the resistance of melanoma
metastases to ICB were up-stream of CDK4/6. Therefore, com-
bining ICB with CDK4/6 inhibitors is a promising strategy to turn
metastases with these types of defects in the senescence pathway
from metastases not responding to ICB into metastases respond-
ing to ICB.

While senescence is established as a barrier against cancer
development60, and while it is needed to prevent the rapid regrowth
of cancers that escape from therapy- or immune-mediated lysis or
apoptosis, the exact role of senescence in halting the progression of
established cancers is still under debate. Some data suggest that the
senescence-associated secretory phenotype (SASP) may even exert
harmful effects54. Moreover, senescence induction requires sub-
sequent clearance of the residual cancer cells by TH1 cells and
macrophages to protect from cancer progression in a model of
hepatocellular carcinoma36. In contrast, other data strongly suggest
that senescence is a critical barrier that protects better against the
progression of cancers than the attempt to clear all cancer cells61.

It remains open whether senescence in established cancers
generally protects against cancer progression or whether this
depends on the mode of senescence induction. TNF and IFN-γ
are major inducers of apoptosis in cancer cells but some cells
escape from TNF- and IFN-γ-induced apoptosis47. We have
previously shown that TNF and IFN-γ induced senescence in
cells escaping from TNF/IFN-γ-mediated apoptosis31, and here
we showed that CIS protected from the regrowth of cancer cells
resistant to the elimination by natural or ICB-enhanced cyto-
toxicity. In RT2-cancers, CIS establishes a stable type of senes-
cence where the SASP does not promote cancer progression for
prolonged periods of time, as the senescent RT2-cancer cells
remain growth arrested for extended periods of time, even when
transplanted into severely immune compromised mice31.
Importantly, CIS requires the combined action of TNF and IFN-
γ, as immune therapies of cancers in the absence of either IFN-γ,
of Stat1- or of Tnfr1-signalling strongly accelerate the transfor-
mation and growth of cancer cells19,25.

This is especially relevant in the context of our data showing
that melanoma metastases that fail responding to ICB therapies
and that grow very fast despite ICB, frequently show functionally
relevant gene aberrations in IFN-γ-regulated, cancer-intrinsic
senescence-inducing cell cycle regulators. Even though IFN-γ
induces a broad spectrum of tumour-protective mechanisms, the
data here proved that IFN-γ-dependent senescence induction is a
key mechanism required to protect against those cancer cells that
escape from cytotoxicity.

Methods
Animals. C3HeB/FeJ mice were purchased from The Jackson Laboratory (Bar
Harbor, ME, USA). Syngeneic transgenic TCR2 mice31,62 express a T cell receptor
(TCR) specific for Tag peptide 362-384 on CD4+ T cells, RIP-Tag2 (RT2) mice
express the T antigen under control of the rat insulin promotor (RIP) that leads to
pancreatic islet cancers (RT2-cancers)31,62 and double transgenic RT2.Stat1−/−

mice (backcross of 129S6/SvEv-Stat1tm1Rds mice31) were provided by Taconic and
backcrossed to C3HeB/FeJ. OT-I mice (C57BL/6-Tg(TcraTcrb)1100Mjb/J, and
NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) mice were from The Jackson Laboratory.
λ-MYC mice and double transgenic λ-MYC.p21−/− mice (both C57BL/6 back-
ground) express a human MYC oncogene under the control of the immunoglo-
bulin λ enhancer and develop an endogenous B-cell lymphoma43. Mice with
C3HeB/FeJ background, OT-I mice and NSG-mice were bred in the animal facility
Tübingen. λ-MYC and λ-MYC.p21−/− mice were bred in the animal facility
Munich. All animals were bred under specific pathogen-free conditions. Animal

Fig. 3 Stat1- and Cdkn2a-dependent induction of CIS in RT2-cancer cells, but Stat1- and Cdkn2a-independent induction of apoptosis. a–c Assays were

performed with RT2-cancer cells (a, b), RT2.Stat1−/−-cancer cells (a), Cdkn2a-deficient RT2-cancer cells (b), or RT2.CRISPR-Ctr- control, or RT2.CRISPR-

Cdkn2a-cancer cells (c). For the senescence growth assay, cells were cultured either with medium (Ctr) or with medium containing 100 ngml−1 IFN-γ and

10 ngml−1 TNF for 96 h, washed and then cultured with medium for another 3–4 days. One representative out of 3 independent experiments was given.

SA-β-gal activity was determined after 96 h of culture with medium (Ctr) or with medium containing 100 ngml−1 IFN-γ and 10 ngml−1 TNF, data show the

mean with SD, RT2 Ctr n = 7, CIS n = 7, RT2.Stat1−/− Ctr n = 6, CIS n = 8 (a), RT2 Ctr n = 6, CIS n = 9, RT2.Cdkn2a−/− Ctr n = 4, CIS n = 5 (b), RT2.

CRISPR-Ctr Ctr n = 4, CIS n = 5, RT2.CRISPR-Cdkn2a Ctr n = 4, CIS n = 5 (c). For apoptosis induction, cells were exposed to either medium (Ctr) or

etoposide (Eto, 100 µM) or staurosporine (Sta, 0.5 µM) for 24 h and then stained for annexin V. Positive cells were detected by flow cytometry data show

the mean with SD (a (including gating strategy), b, c), RT2 n = 4, RT2.Stat1−/− n = 4 (a), RT2 Ctr n = 4, Eto, Stau n = 3, RT2.Cdkn2a−/− n = 3 (b), RT2.

CRISPR-Ctr and RT2.CRISPR-Cdkn2a n = 3 (c). Significance tested by using unequal variances t-test.
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experiments were in accordance with animal welfare regulations and ethical
approval was obtained by the local authorities (Regierung von Oberbayern and
Regierungspräsidium Tübingen).

Treatment of RT2-cancers in C3HeB/FeJ mice. A total of 1 × 106 cells (in 100 μl
NaCl) RT2-, RT2.Stat1−/−-, RT2.Cdkn2a−/−- or RT2.CRISPR-Cdkn2a-cancer cells
were s.c. transplanted, three days after depletion of CD8 cells with 100 µg anti-CD8

mAb39 (Rm-CD8-2 AK, Core Facility mAb, Helmholtz-Zentrum München). CD8
depletion was repeated every ten days till the tumour lesion became palpable. Once
tumours were ≥3 mm, mice were treated with anti-PD-L1 mAb and anti-LAG-3
mAb once per week (initially 500 µg, then 200 µg). Ctr mice received isotype-
control mAbs (clone LTF-2 and HRPN, Bio X Cell). Tumour growth was mon-
itored two times per week using a calliper and blood glucose was measured twice a
week using an Accu-Check sensor for up to 8 weeks. Cancer size was measured two
times per week. Mice were sacrificed after 4 treatment cycles, when the tumour
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diameter reached >15 mm, or ulcerated or when blood glucose dropped the second
time below 30 mg dl−1. Tumours were collected for ex vivo analysis. The tumour
volume was calculated as ellipsoid V ¼

3
4
πabc; a, b, c are the semi-major axis

lenght
2

� �

, width
2

� �

, with the assumption that the tumour height is equal to the short

tumour side, defined as width b = c.

Treatment of RT2 or RT2.Stat1−/− mice. Ten- to eleven-week-old old female
RIP-Tag2 (RT2)31,62 or RT2.Stat1−/− mice were irradiated with 2 Gy one day
before the first i.p. transfer of 1 × 107 tumour antigen-specific TH1 cells. Tag-
specific TH1 cells were generated from spleen and lymph node cells of TCR2
mice. CD4+ T cells were enriched by positive selection over magnetic
microbeads. To generate Tag-TH1 cells CD4+ T cells were stimulated with Tag

Fig. 4 Stat1-dependent immune control of endogenous RT2-cancers and induction of Ki67−p16Ink4a+ senescent cancer cells. a Survival curves of RT2 or

RT2.Stat1−/− mice treated with either isotype control mAbs (Ctr, RT2 N = 9, RT2.Stat1−/− N = 4), with adoptive transfer of T antigen-specific CD4+

TH1 cells (AT, RT2 N = 15, RT2.Stat1−/− N = 9), with immune checkpoint inhibitors (ICB, RT2 N = 12, RT2.Stat1−/− N = 4; anti-PD-L1 and anti-LAG-3) or

with ICB/AT (RT2 N = 15, RT2.Stat1−/− N = 10). For each AT experiment we generated a non-cytotoxic Tag-specific TH1 cell line. b Cancer size shown by

representative hematoxylin and eosin staining of pancreas of RT2 (upper panel) or RT2.Stat1−/− mice (lower panel) after four weeks of treatment. Mice

were treated as described in a. Green lines depict the size of RT2-cancers after treatment. After 4 weeks of treatment ICB/AT-treated mice (N = 6) had a

two-fold smaller islet size than Ctr (N = 7). c Time course of blood glucose levels as surrogate marker for the growth of the insulin-producing tumours of

RT2 or RT2.Stat1−/− mice (median ± interquartile range) treated as described in (a Ctr, RT2 N = 7, RT2.Stat1−/− N = 4; AT, RT2 N = 10, RT2.Stat1−/− N =

9; ICB, RT2 N = 6, RT2.Stat1−/− N = 4, ICB/AT, RT2 N = 12, RT2.Stat1−/− N = 10). The mice were sacrificed after 4 weeks of treatment for ex vivo

analysis. d, e Representative triple-staining for the senescence marker p16Ink4a (red) and the proliferation marker Ki67 (blue) and for nuclei (green) (d),

e showing quantification of p16Ink4a+ (left) or Ki67+ (right) cancer cells of individual mice, treated as described in a, each data point represents the total of

three tumour slides measurements (Ctr, RT2 N = 9, RT2.Stat1−/− N = 4; AT, RT2 N = 12, RT2.Stat1−/− N = 5; ICB, RT2 N = 9, RT2.Stat1−/− N = 3, ICB/

AT, RT2 N = 13, RT2.Stat1−/− N = 7), box plots show the median with 25th and 75th interquartile range (IQR), and whiskers indicate 1.5 × IQR. Significance

tested by using Log Rank test (a, left), Fishers exact test (a, right), or two-tailed Mann-Whitney test (c, e). RT2.Stat1−/− mice have been censored after

3.7 weeks of treatment. Scale bars 200 µm (b) or 2 µm (d). Number of mice is given in parenthesis.
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Fig. 5 Infiltration of either RT2 or RT2.Stat1−/− cancers by CD3+ T cells, mRNA expression of tumour associated antigens (TAA) and protein

expression of the SV40-Tag tumour antigen recognised by the transferred TAA-specific TH1 cells. a Representative CD3 immune histochemistry

images of RT2-cancers from either RT2 or RT2.Stat1−/− mice treated with adoptive transfer of T antigen-specific CD4+ TH1 cells (AT) or immune

checkpoint blockade combined with AT (ICB/AT), scale bar 20 µm. b Relative expression of SV40-Tag, insulin (Ins1) or of synaptophysin (Syp) in single

tumours isolated from RT2 or RT2.Stat1−/− mice after control (Ctr) treatment with NaCl or AT. Gene expression was analysed using Actb and Eef1a1 as

references. Each point represents one tumour from one mouse (Ctr, RT2 N = 5, RT2.Stat1−/− N = 5; AT, RT2 N = 4, RT2.Stat1−/− N = 3), box plots show

the median with 25th and 75th interquartile range (IQR), and whiskers indicate 1.5 × IQR. c SV40-Tag immune histochemistry images of RT2-cancers were

from either RT2 or RT2.Stat1−/− mice after ICB/AT therapy. Scale bar upper panel 400 µm, lower panel 20 µm.
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peptide 362–384 (EMC Microcollections), CpG-DNA 1668 (Eurofins MWG
Operon) and 11B11 mAb (anti-IL-4; in-house production) and cultured in the
presence of irradiated (30 Gy), syngeneic, T-cell-depleted antigen presenting
cells (APC)39. After 3–4 days, Tag-TH1 cells were expanded in the presence of 50
U IL-2 (hrIL-2). After cultivation for another 8 days, the Tag-TH1 cells were
used for adoptive transfer31. Cell transfer was applied once weekly. Anti-PD-L1
mAb (clone 10F.9G2, Bio X Cell) and anti-LAG-3 mAb (clone C9B7W, Bio X

Cell) were i.p. injected twice per week (initially 500 µg each, afterwards 200 µg).
Ctr mice received isotype-matched control antibodies (clone LTF-2 and HRPN,
Bio X Cell) and PBS. Blood glucose was measured twice per week using the
HemoCue Glucose 201+ System (HemoCue). Treatment was ended either after
4 treatment cycles for ex vivo analysis of tumour tissue, or when the blood
glucose of the mice dropped twice below 30 mg dl−1 or when disease reached
evidence; mice had no food restriction.
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Treatment of λ-MYC mice. λ-MYC mice and double transgenic λ-MYC.p21−/−

mice received intraperitoneal (i.p.) injections of 100 μg anti-CTLA-4 mAb (clone
UC10-4B9, BioLegend) and 100 μg anti-PD-1 mAb (clone J43, Bio X Cell) (ICB)
two to four times every ten days, starting at day 55 after birth. Control mice (Ctr)
received no treatment. For IFN-γ neutralisation (ICB/anti-IFN-γ mAb), mice were
additionally treated with an initial dose of 500 μg on day 54 and later with 300 μg
anti-IFN-γ mAb (clone XMG1.225, Core Facility mAb, Helmholtz-Zentrum
München) 6 h prior to the anti-CTLA-4/ PD-1 mAbs injection. Administration of
100 μg of the IFN-γ-neutralising mAb was continued at ten day intervals until the
mice developed lymphomas. T cells were depleted by i.p. injection of 1 mg anti-
pan-T-cell mAb MmTC63 at day 54. Treatment was repeated every 3 to 4 days
using doses of 400 μg. Mice were sacrificed as soon as tumours became clinically
visible.

Immunofluorescence staining. Fresh frozen 5 µm serial cryosections of lymph
nodes from λ-MYC mice, whole pancreas from RT2 and RT2.Stat1−/− mice or
isolated RT2-, Stat1-, or p16Ink4a-deficient RT2-cancer cells were fixed with
perjodate-lysine-paraformaldehyde. Sections were blocked using donkey serum and
stained with primary antibodies using rabbit-anti-p16Ink4a (clone CDKN2A, cat-
alogue number AHP1488, dilution 1:100 Bio-Rad/Serotec), rat-anti-Ki67 (clone
SolA15, catalogue number 14-5698-82, dilution 1:100, Thermo Fisher Scientific/
eBioscience), rat-anti-p21Cip1 (clone HUGO291, catalogue number, dilution 1:100,
Abcam), goat-anti-CD20 (clone M-20, catalogue number sc-7735, dilution 1:50,
Santa Cruz), rabbit-anti-CD3 (clone SP7, catalogue number C1597R06, dilution
1:100, DCS), rabbit-anti-pHP1γ phospho S93 (aa 50-150, catalogue number
ab45270, dilution 1:50, Abcam), rabbit-anti-H3K9me3 (aa 1-100, catalogue num-
ber ab8898, dilution 1:100, Abcam), rat-anti-PD-L1 (clone MIH6, catalogue
number ab80276, dilution 1:50, Abcam) to use a mAb that recognises a different
PD-L1 epitope than the applied in vivo mAb from clone 10F.9G2, rabbit-anti-beta
2 microglobulin antibody (clone EP2978Y, catalogue number ab75853, dilution
1:50, Abcam), goat-anti-CD3ε (clone M-20, catalogue number sc-1127, dilution
1:20, Santa Cruz), rat-anti-CD8a (clone 53-6.7, catalogue number 14-0081, dilution
1:1000, eBioscience), rat-anti-F4/80 (clone BM8, catalogue number 14-4801-82,
dilution 1:50, eBioscience), rat-anti-MHC Class II antigen I Ak,d,b,q,r (ER-TR3)
(catalogue number NB100-64961, dilution 1:200 Novusbio), armenian hamster-
anti-CD49b (Integrin alpha 2) (catalogue number 14-0491 dilution 1:50,
eBioscience), rabbit-anti-gamma H2A.X (phospho S139) (aa 100-200, catalogue
number ab2893, dilution 1:200, abcam), goat-anti-DNA PKcs (aa 4078-4128, cat-
alogue number ab168854, dilution 1:500, abcam), rabbit-anti-synaptophysin (aa
41-62, catalogue number NB300-653, dilution 1:200, Novusbio), rabbit-anti-CD161
antibody (clone ERP21236, catalogue number ab234107, dilution 1:100, abcam),
rabbit-anti-Foxp3 (aa 43-100, catalogue number NB 100-39002, dilution 1:200,
Novusbio). Bound antibodies were visualised using donkey-anti-rabbit-Cy3 (cata-
logue number 711-166-152, dilution 1:500 Dianova), donkey-anti-rat-Alexa 647
(catalogue number 712-606-153, dilution 1:500 Dianova), donkey-anti-rat-Cy3

(catalogue number 712-166-153, dilution 1:500, Dianova), donkey-anti-goat-Cy3
(catalogue number 705-166-147, dilution 1:500, Dianova) and donkey-anti-rabbit-
Alexa 488 catalogue number 711-546-152, dilution 1:500, Dianova). For nuclear
staining, Yopro (catalogue number Y 3603, dilution 1:1000, Invitrogen) or DAPI
(catalogue number D9542, dilution 1:2000 Sigma) was used. Sections were analysed
using a LSM 800 confocal laser scanning microscope (Zeiss Oberkochen). Images
were processed with the software ZEN 2.3 (blue edition) and the Image Analysis
Module.

Quantification of immunofluorescence. Tumour areas of images derived from
three individual stained cryosections per tissue sample were analysed. For quan-
tification of the Ki67 staining, 4500 Yopro stained nuclei were counted for Ki67+

cells (1500 per slide, three serial slides per mouse). For quantification of p16Ink4a,
the area (µm2) of the nuclear p16Ink4a signal derived from 4500 Yopro stained
nuclei (1500 per slide three serial slides per mouse) was measured.

Hematoxylin and eosin staining. Hematoxylin and eosin staining of the serial
cryosections was performed according to standard procedures.

Immunohistochemistry staining. Immunohistochemistry was performed on an
automated immunostainer (Ventana Medical Systems) according to the company’s
protocols for open procedures with slight modifications. 5 µm sections were stained
with rabbit-anti-human/mouse-CD3 (clone SP7, catalogue number CI597C01,
dilution 1:50, DCS-diagnostics) and PAB101 (Tag-specific mouse IgG2a mAb;
dilution 1:200; in-house production).

SA-β-gal detection. 20 µm serial cryosections were fixed in 2% formaldehyde/
0.25% glutaraldehyde and washed in PBS/MgCl2. Slides were incubated in X-gal (5-
bromo-4-chloro-3-indolyl-beta-D-galactopyranoside) staining solution (1 mg/mL
X-Gal, 1 mM MgCl2, 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6 in PBS, pH 4.0, 5.5, and
7.0) up to 10 h at 37 °C.64. The stained slides were rinsed in PBS/MgCl2 and
analysed using a Nikon Eclipse 80i microscope; magnification ×4.

SA-β-gal positive percentage quotation with Adobe Photoshop CS6. All
images were analysed with the “White Balance Tool” to obtain the same white
background, followed by “Quick Mask Mode” to identify only the tumour area.
Using this area the arithmetic mean of the blue-green values was obtained by the
filter “Blur Average Tool”. The “Eye Dropper Tool” was used to identify the red,
green and blue (RGB) colour code to get the corresponding colour field (Supple-
mentary Fig. 2a). Afterwards the tumour area was reselected using the previous
created “Quick Mask Mode Layer”. The pixels outside the tumour area were
deleted by inversing the selection. The number of pixels in the histogram correlates
with the tumour area. “The Posterize Tool” separated the different tonal values, in

Fig. 6 Stat1-dependent induction of the nuclear senescence markers p21Cip1, HP1γ, H3K9me3, and of SA-β-gal in RT2-cancers by combined ICB/AT

therapy. Representative fresh frozen cryostat sections of RT2-cancers from either RT2 or RT2.Stat1−/− mice with established cancers were treated

with either isotype control mAbs (Ctr), with adoptive transfer of TAA-specific TH1 cells (AT), with immune checkpoint inhibitors (ICB; anti-PD-L1 and anti-

LAG-3), or with ICB/AT. a p21Cip1 (red), Ki67 (blue), nuclei (green). b HP1γ (red), nuclei (white). c H3K9me3 (red), nuclei (white). d Representative

microscopic images of SA-β-gal activity at pH5.5 and percentage of SA-β-gal positive tumour cells in each tumour. The colour evaluation and calculation of

the SA-β-gal+ cells are described in Supplementary Fig. 2 and Methods. Scale bars 2 µm (a–c), 1000 µm (d). Histology was performed in one to three

representative tumours from Fig. 4e.
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Fig. 7 Stat1-dependent induction of senescence in RT2-cancers by combined ICB/AT therapy. a, b Either RT2 mice (a) or RT2.Stat1−/− mice (b) with

established cancers were either treated with isotype control mAbs (Ctr) or treated with immune checkpoint blockade (anti-PD-L1 and anti-LAG-3) and

adoptive transfer of TAA-specific TH1 cells (ICB/AT). After four weeks of treatment cells were isolated from the RT2-cancers and cultured in medium.

Cells were counted at each passage. c After the passage ≥5, we determined the percentage of the SA-β-gal+ cells. Data show the mean with SD; Ctr, RT2

n= 6, RT2.Stat1−/− n= 6; ICB/AT, RT2 n= 15, RT2.Stat1−/− n= 6. Staining for synaptophysin confirmed that the cultured cells were RT2-cancer cells.

Significance was tested by using unequal variances t-test.
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our case blue-green. “The Magic Wand Tool” was used to select and delete the
white pixels (Supplementary Fig. 2b). The number of pixels correlates with the area
of SA-β-gal stained tumour cells. The SA-β-gal stained tumour cells in Fig. 2d,
Fig. 6d and Fig. 9c were calculated and given in percent (blue pixel of total pixels of
the tumour area).

SA-β-gal activity for electron microscopy. Small tissue samples (semi-thin
0.5 µm and for electron microscopy ultra-thin 20 nm, respectively) were fixed in
fixation solution (0.25% Glutaraldehyde in 2% PFA) and washed in PBS/MgCl2

solution. X-gal staining solution was added for 12 h. Samples were washed in PBS/
MgCl2 solution afterwards followed by Karnovsky fixation. Samples were embed-
ded in glycid ether for electron microscopic analysis64.

Electron microscopy. SA-β-gal stained cryosections were fixed with Karnovsky’s
fixative for 24 h. Post-fixation was based on 1% osmium tetroxide containing 1.5%
K-ferrocyanide in cacodylate buffer. After following the standard methods, blocks
were embedded in glycide ether and cut using an ultra-microtome (Ultracut,
Reichert, Vienna, Austria). Ultra-thin sections (30 nm) were mounted on copper
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grids and analysed using a Zeiss LIBRA 120 transmission electron microscope
(Carl Zeiss, Oberkochen, Germany) operating at 120 kV.

Cell culture. Adherent primary murine RT2-cancer cells (described above), B16-
F10 melanoma cells (catalogue number CRL-6475, ATCC) and B16-OVA mela-
noma cells (gift from R. Dutton, Trudeau Institute, New York, USA) were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% foetal
calf serum (FCS), nonessential amino acids, sodium pyruvate, antibiotics, and
50 µM 2-mercaptoethanol at 37 °C and 7.5% CO2. The murine melanoma cell lines
B16 and B16-OVA were cultured in DMEM medium, containing 10% FCS and
penicillin/streptomycin (100 U ml−1; all from Biochrom AG), at 37 °C and 5%
CO2. The human patient-derived xenograft (PDX) cell lines were cultured in
RPMI-1640 medium supplemented with 10% FCS, nonessential amino acids,
sodium pyruvate, antibiotics, and 5 µg ml−1 Plasmocin (Invitrogen) to treat
infections of clinical samples, at 37 °C and 5.0% CO2. Cell line supernatants were
tested with a mycoplasma detection PCR Venor GeM (Minerva Biolabs GmbH)
regularly every 4 weeks.

Generation of primary murine RT2- or RT2.Stat1−/−-cell lines. RT2-cancers
were isolated from the pancreas of female RT2 or RT2.Stat1−/−mice by intraductal
injection of collagenase (1 mgml−1, Serva, Heidelberg, Germany)25,31. After
injection, the pancreata were harvested, digested in collagenase solution at 37 °C for
10 min, and then mechanically disrupted. Whole encapsulated tumours were
separated under a dissection microscope (Leica Microsystems) and further

processed for immunofluorescence microscopy, immunohistochemistry or gene
expression analysis. Alternatively, single tumour cells were obtained by incubation
of the tumours in 0.05% trypsin/EDTA solution (Invitrogen) at 37 °C for 10 min.
After incubation, RT2-cancer cells were seeded onto tissue culture plates.

Generation of primary p16Ink4a-deficient RT2-cell lines. CDKN2a-loss variants
on chromosome 4, qC4.A were generated by random selection from CIS- or ICB-
resistant RT2-cancer cells.

Generation of CRISPR-mediated deletion of Cdkn2a in primary RT2-cell lines.
gRNAs targeting Exon 2 (position 120-142 and 125-157) of murine Cdkn2a
(sequence from Ensembl genome browser 97) were designed using CRISPRdirect65

(gCdkn2a_1: 5′-gcgtcgtggtggtcgcacagg-3′, gCdkn2a_2: 5′-gacacgctggtggtgctgcac-3′).
As a control a previously described gRNA targeting GFP gRNA targeting GFP
(sgRNA target site sequence: 5′-gggcgaggagctgttcaccg-3′)66 was used. The DNA
oligos were ordered from Sigma Aldrich. Equimolar amounts of complementary
DNA oligos were annealed and phosphorylated in T4 ligation buffer (NEB). The
reaction was performed at 37 °C for 30 min, 95 °C for 5 min, followed by a gradual
temperature reduction to 25 °C (5 °C/min). The vector pSpCas9(BB)-2A-GFP
(pX458; Addgene plasmid ID: 48138) was digested with the BbsI restriction enzyme
(NEB) and dephosphorylated using Calf Intestinal Alkaline Phosphatase (NEB).
The ligation reaction (NEB) was performed overnight. The plasmids were
sequenced (Microsynth Seqlab) with a hU6 sequencing primer (LKO.1 5′: gactat-
catatgcttaccgt). For transfection, plasmid DNA was generated by using the Qiagen

Fig. 8 IFN-γ and p21Cip1-dependent immune control of λ-MYC-induced lymphomas by ICB therapy. a Survival curves of control (Ctr N= 27), or immune

checkpoint inhibitor (ICB; anti-CTLA-4 and anti-PD-1 N= 29) treated λ-MYC mice, or of λ-MYC mice treated with ICB and anti-IFN-γ (N= 16). b, c Triple-

staining for the senescence marker p16Ink4a (red, upper panel) or p21Cip1 (red, lower panel), the proliferation marker Ki67 (blue), and for nuclei (green);

scale bar 2 µm; representative pictures from Fig. 8c (b). Box plots with individual data points representing p16Ink4a+ (c, left) or Ki67+ nuclei (c, right) of B

cells from Ctr- (N= 7), ICB- (N= 9), ICB and anti-IFN-γ-treated λ-MYC mice (N= 7), or ICB-treated λ-MYC.p21Cip1−/− mice (N= 7). Lymph nodes were

isolated at similar ages. Each point represents triplicates from one mouse, box plot show the median with 25th and 75th interquartile range (IQR), and

whiskers indicate 1.5 × IQR. d λ-MYC mice from the individual treatment groups living at day 200, Ctr N= 13, ICB N= 15, ICB and T-cell-depletion N= 11. e

Survival curves of either control (Ctr, N= 14) or ICB-treated λ-MYC.p21Cip1−/− mice (N= 10). Significance tested by using Log Rank test (a, e), two-tailed

Mann-Whitney test (c).
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EndoFreeMaxi Kit.66 The primary RT2-cell lines were transfected using the
Quiagene Effectene Transfection Reagent.

Generation of primary human melanoma cell lines. Melanoma tissue was cut into
small pieces, digested in HBBS (w/o Ca2+ and Mg2+) with 0.05% collagenase, 0.1%
hyaluronidase and 0.15% dispase, at 37 °C for 1 h and filtered through a cell strainer

(100 μmmesh). The melanoma cell suspension was implanted with Matrigel (Corning
Life Sciences) subcutaneously in NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) mice,
patient derived xenografts (PDX). Tumour grafts were harvested when they reached a
diameter of 10 to 15mm, digested as above and the single cells were taken into culture
using RPMI1640 with Hepes and L-Glutamine, containing 10% foetal bovine serum,
1% penicillin-streptomycin at 37 °C with 5% CO2 and 95% humidity. For cryo-
preservation cell pellets were resuspended in Biofreeze medium (Biochrom/Merck)
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and 1ml per cryotube of the cell suspension was frozen for short-term storage at
−80 °C and for long-term storage in liquid nitrogen.

Senescence assay. RT2-, RT2.Stat1−/−-, RT2.p16Ink4a-, RT2-CRISPER-control-
or RT-CRISPER-p16Ink4a-cancer cells or human melanoma-derived (PDX) cells
were cultured with medium containing 100 ng ml−1IFN-γ and 10 ng ml−1 TNF or
exclusively with medium (Ctr) for 96 h, washed, then cultured with medium for
another 3–4 days (till the Ctr cells reach confluence) and counted31.

SA-β-galactosidase activity assay in vitro. After treatment with IFN-γ and TNF,
RT2-cancer cells were fixed for 15 min at room temperature, and then stained for
16 h at 37 °C using the β-galactosidase staining kit (United States Biological)31. In
addition, cell nuclei were stained with 4′,6-diamidin-2-phenylindole (DAPI; Invi-
trogen). SA-β-gal-positive and -negative cells were counted using a Zeiss Axiovert
200 microscope equipped with Visiview software and analysed by using ImageJ
software (NIH).

Apoptosis assay. For apoptosis assay, cancer cells were exposed to etoposide (Eto,
100 µM, Bristol-Meyers-Squibb, ETOPOPHOS), staurosporine (Sta, 0.5 µM, Bio-
Vision) or medium (Ctr) for 24 h and stained for propidium iodide and annexin V.
Annexin V-positive and subG1 cells were detected and quantified by flow cyto-
metry. Analysis was performed on a LSRII cytometer (BD Bioscience) and analysed
by FlowJo software version 10.

Chromium release assay. CD8+ cytotoxic T cells (CTL) were generated from
spleen and lymph node cells of OT I-transgenic mice. CD8+ T cells were enriched
by positive selection over magnetic microbeads. To generate CTL cells CD8+

T cells were cultured in the presence of irradiated (30 Gy), syngeneic, T-cell-
depleted antigen presenting cells (APC)39 in the presence of IL-2 (10 U ml−1), IL-
12 (5 ng ml−1), and anti-IL-4 Ab (10 μg ml−1).31 2.5 × 106 target cells were labelled
with 250 µCi (9.25 MBq)51NaCr (Hartmann Analytic) at 37 °C for 1.5 h, washed
and plated into microtitre round bottom plates at 1 × 104 cells per well. CD8+

effector cells were added to target cells in the ratio 40 to 1 and incubated at 37 °C
for 4 h. B16-OVA cells were used as positive controls, B16-F10 melanoma cells
were used as negative controls. Spontaneous release in the absence of effector cells
was <30% of the maximal release induced by 1% Triton X-100. After incubation,
50 μl supernatant per well was mixed with 200 μl scintillation cocktail (Ultima
Gold, PerkinElmer) and measured in a liquid scintillation counter (MicroBeta,
PerkinElmer).

Patients and specimen collection. Patients with metastatic melanoma were
treated with either anti-PD-1 mAb or combined anti-CTLA-4 and anti-PD-1
mAbs. Non-responder patients were 30 patients (43.3% female, 61.5 median age,
22–89 age range) that progressed during the first 3 month of therapy. Responder
patients were 12 patients (33.3% female, 56.5 median age, 27–75 age range) that
had either a partial (>30%) or complete tumour regression over more than 1 year.
Tumour biopsies were compared to healthy tissue from the safety margins as
control tissue. Ethical approval was obtained from the Ethics Committee Tübingen.
All patients had signed the written informed consent form for research analyses.
The study was carried out in accordance with the Declaration of Helsinki and good
clinical practice.

Sequencing. All patient samples were analysed using a hybridisation-based custom
gene panel. Since the patient samples were collected in clinical routine, three
different versions of the panel were used (ssSCv2, ssSCv3 and ssSCv4). The
number of target genes was increased from one version to the next starting
from 337 genes on ssSCv2, to 678 genes on version ssSCv3 and 693 on the current
version ssSCv4. The panels were designed to detect somatic mutations (SNVs),
small insertions and deletions (INDELs), copy number alterations (CNAs)

and selected structural rearrangements Supplementary Data Tables 1–3 (cus-
tom gene panel ssSCv2 ssSCv3 ssSCv4). The library preparation and in solution
capture of the target region was performed using the Agilent SureSelectXT
and SureSelectXTHS reagent kit (Agilent, Santa Clara, CA). DNA from tumour
(FFPE) and matched normal controls (blood) were sequenced in parallel on an
Illumina NextSeq500 using 75 bp paired-end reads. The tumour samples were
sequenced to an average sequencing depth of coverage of 511x and the normal
control samples to 521×, respectively. An in-house developed pipeline, called
“megSAP” was used for data analysis [https://github.com/imgag/megSAP, version:
0.1-733-g19bde95 and 0.1-751-g1c381e5]. The sequencing reads were aligned to
the human genome reference sequence (GRCh37) using BWA (vers. 0.7.15)67.
Variants were called using Strelka2 (vers. 2.7.1) and annotated with SNPeff/SnpSift
(vers. 4.3i)68,69. The overall mutational rate was as calculated using the formula:

Somatic�Known�Tumorgenes
Target size

´Genome size
� �

þTumorgenes

Genome size

� �

. For validity and clinical relevance, an

allele fraction of ≥ 5% (i.e. ≥10% affected tumour cell fraction) was required for
reported mutations (SNVs, INDELs). Copy number alterations (CNAs) were
identified using ClinCNV [https://doi.org/10.1101/837971, https://doi.org/10.1101/
837971v1], a method for multi-sample CNV detection using targeted or whole-
genome NGS data. The method consists of four steps: (i) quantification of reads per
target region, (ii) normalisation by GC-content, library size and median-coverage
within a cohort of samples sequenced with the same NGS panel, (iii) calculation of
log2-fold changes between tumour and normal sample, (iv) segmentation and
CNV calling. Using log2-fold changes ClinCNV estimates statistical models for
different copy number states per region (conditioned by tumour sample purity)
and reports an likelihood for each statistical model, assuming that the majority of
samples are diploid at a focal region. The log-likelihood of the diploid model is
subtracted from alternative models, resulting in positive likelihoods for true
alternative copy number states. Finally, maximum segments of contiguous regions
with positive log-likelihood ratios are identified in an iterative manner. Segments
consisting of at least three regions with log-likelihood ratio ≥ 40 and CN state ≤ 1.5
or ≥ 3 are reported as CNVs. Quality control (QC) parameters were collected
during all analysis steps70.

Comparative genomic hybridisation (CGH) array. DNA was isolated from RT2-
cancer cells or reference spleen (wildtype male) tissue with the DNeasy Blood &
Tissue Kit (Qiagen) according to the manufacturer’s instructions. DNA was
labelled using the SureTag Complete DNA Labelling Kit (Agilent Technologies)
and hybridised on an Agilent Mouse Genome CGH Microarray, 2 × 105 K (Agilent
Technologies), and the image was analysed using Feature Extraction 10.5.1.1 and
Agilent Genomic Workbench Lite Edition 6.5 with Genome Reference Consortium
Mouse Build 38.

Quantitative PCR. RT2-cancer cells were harvested by trypsin digestion and snap
frozen in liquid nitrogen. RNA was prepared using the Nucleospin RNA Mini kit
(Macherey-Nagel); cells were lysed using Tris(2-carboxyethyl)phosphine (TCEP)-
containing RL1 buffer, followed by DNase digestion (Invitrogen). RNA quality was
controlled by agarose gel electrophoresis and by OD600 measurements using a
photometer (Eppendorf AG). Complementary DNA was prepared using the iScript
cDNA synthesis kit (Bio-Rad Laboratories). Quantitative PCR was performed with
SybrGreen using a LightCycler 480 (Roche). Gene expression was analysed using
qbase software (Biogazelle) based on the delta-delta-CT-method and reference
genes were evaluated using geNorm (feature of the q base software, Biogazelle). The
following primers were used: SV40-Tag sense 5′-tcc act cca caa ttc tgc tct-3′,
antisense 5′-ttg ctt ctt atg tta att tgg tac aga-3; Cdkn2a sense 5′-ttg ccc atc atc atc
acct-3′, antisense 5′-ggg ttt tct tgg tga agt tcg-3′; Actb sense 5′-cta agg cca acc gtg
aaa ag-3′, antisense 5′ acc aga ggc ata cag gga ca 3′; Eef1a1 sense 5′ aca cgt aga ttc
cgg caa gt 3′, antisense 5′ agg agc cct ttc cca tctc 3′.

Fig. 10 Loss of senescence-inducing and amplification of senescence-inhibiting cell cycle regulator genes in melanoma metastases of patients

resistant to ICB. a–c Sequencing data from metastases of non-responder patients (N = 30) versus metastases of responder patients (N = 12). In non-

responder patients disease progressed within 3 months of ICB therapy. In responder patients metastases regressed ≥1 year of ICB therapy. Tumour

mutational burden (TMB, copy number variations) (a). Number of tumour-specific alterations in 19 genes of the cell cycle, JAK or MYC pathway

(b). Number of genes with homozygous deletions in cycle inhibitors or amplifications ≥ 3fold in cell cycle promoters. Genes analysed: CDKN2A/B/C,

CDKN1A/B, RB1, TP53, JAK1/2/3, CCND1/2/3, CDK4/6, CCNE1, MDM2/4, MYC. We performed paired panel sequencing of the tumour DNA and of normal

DNA to identify tumour-specific alterations. Box plots show the median with 25th and 75th interquartile range (IQR), and whiskers indicate 1.5 × IQR

(c). d, e Growth curves of patient derived melanoma lines from two metastases of non-responder patients (d) or from two metastases of responder

patients (e). Cells were cultured for the senescence assay either with medium (Ctr) or with medium containing 100 ng ml−1 IFN-γ and 10 ng ml−1 TNF

for 96 h, washed and then cultured with medium for another 4–6 days. d, e Apoptosis assay with melanoma cells derived from two non-responder

(d, including gating strategy) or two responder patients (e) were exposed to either medium (Ctr) or etoposide (Eto, 100 µM) or staurosporine

(Sta, 0.5 µM) for 24 h for apoptosis induction and then stained with propidium iodide. SubG1 cells were detected by flow cytometry analysis; data

show the geometric mean with geometric SD, n = 3. Significance tested by using two-tailed Mann-Whitney test (a–c).
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Magnetic resonance imaging. Magnetic resonance imaging (MRI) was performed
with ten-week-old RT2 mice under 1.5% isoflurane anaesthesia using a 7 T small
animal magnetic resonance scanner (ClinScan, Bruker Biospin MRI, Ettlingen, Ger-
many) equipped with quadrature mouse whole-body coil with an inner diameter of
35mm. For detection of the β-cancers and general anatomic information, a T2-
weighted 3D turbo spin-echo-sequence (TE/TR 205/3,000ms, image matrix of 160 ×
256, slice thickness 0.22mm) was used. Respiration was monitored and used for
triggering MRI data acquisition. The acquired MRI data was visualised using Inveon
Research Workplace software (Siemens Preclinical Solutions, Knoxville, TN, USA).

Light sheet fluorescence microscopy. Five-week-old RT2 or RT2.Stat1−/− mice
were treated with TAA-TH1 cells or NaCl as described. Mice were injected i.v. with
50 µg of Alexa Fluor 700 anti-mouse CD4 mAb clone GK1.5 and Alexa Fluor 647
anti-mouse CD11b mAb clone M1/70 (BioLegend), 48 h after the second treat-
ment. After 2 h, organs were harvested and fixed in 4% paraformaldehyde/PBS
solution at 4 °C for 8 h. Tissue was dehydrated at room temperature using
increasing concentrations of ethanol (30, 50, 70, 80, 90%) for 2 h each and in 100%
ethanol at 4 °C overnight. Tissues were incubated in n-hexane for 2 h and then
cleared using two parts benzyl benzoate and one part benzyl alcohol (Sigma-
Aldrich) three times for 30 min. Air exposure was strictly avoided during this step.
The samples were then visualised and analysed using a custom-built laser scanning
light sheet microscope using a high NA 20× magnification and reconstructed using
the IMARIS software (Bitplane).

Flow cytometry. Five-week-old RT2 or RT2.Stat1−/− mice were irradiated with 2
Gy one day before the first i.p. transfer of 1 × 107 TAA-TH1 cells or NaCl25. 48 h
after the second treatment mice were sacrificed. The pancreatic lymph node was
separated from the pancreas tissue of each mouse, the pancreas was homogenised
via a 200 µm cell strainer in DMEM media containing 20% FCS at 4 °C, ery-
throcytes were lysed with ACK lysis buffer (Cambrex), and samples were stained
for 30 min at 8 °C with fluorochrome-conjugated antibodies (anti-mouse CD4-
Pacific Blue, clone GK1.5, catalogue number 100428; anti-mouse CD8a-PE-Cy7,
clone 53–6.7, catalogue number 100722; anti-mouse CD45.2-APC-Cy7, clone 104
catalogue number 101224; anti-mouse-CD11c-APC, clone N418, catalogue number
117310; anti-mouse CD11b-Pacific blue, clone M1/70, catalogue number 101224;
or corresponding isotype controls (dilution 1:150, BioLegend)). Cells were sepa-
rated again via a 50 µm cell strainer. Flow cytometry was performed using a FACS
Aria and analysed with DIVA software (Becton Dickinson). Alternatively, flow
cytometry analyses with TH1 cells or RT2-cancer cells which have been stained
with fluorochrome-conjugated antibodies (anti-mouse-PE-IFN-γ, clone XMG1.2,
catalogue number 505807; anti-mouse-PE-TNF-α, clone MP6-XT22, catalogue
number 506306; anti-mouse-PE IL-4, clone 11B11, catalogue number 504104; anti-
mouse- PE β2-microglobulin, clone A16041A, catalogue number 154503; anti-
mouse PE/Cy7 CD274 (B7-H1, PD-L1), clone 10F.9G2, catalogue number 124313
(dilution 1:250, BioLegend)) were performed on a LSRII cytometer (BD Bioscience)
and analysed by FlowJo software version 10.

Statistical analysis. The experiments were not randomised. The investigators
were not blinded to allocation during the experiments or outcome assessment. No
power calculations were used, but sample sizes were selected on the basis of pre-
vious experiments; in vitro results were based on three independent experiments to
guarantee reproducibility of findings. The statistics software JMP version 12.2.0
(SAS Institute) and GraphPad Prism version 6 (GraphPadSoftware, California,
USA) were used for statistical analyses and for the generation of diagrams. To
address the question whether the treatment effect was different between two
genotypes, the decadic logarithms of tumour volumes were analysed in ANCOVAs,
using the nominal factors “mouseID” (nested under “treatment” and “genotype”),
“treatment” and “genotype” as well as the combination “treatment” and “geno-
type”; “time” was used as continuous factor; finally, the combinations of “mouse
ID” and “time”, “treatment” and “time”, “genotype” and time” and the most
important combination “treatment” and “genotype” and “time” were used. For
purpose of normalisation, decadic logarithms of tumour volume were used in the
analyses; zero observations were replaced by half the minimum of positive values
before calculating the logarithms. Group comparisons were made with non-para-
metric, unpaired, two-tailed Mann-Whitney (Wilcoxon) tests or parametric,
unpaired, two-tailed t test with Welch’s correction for unequal variances. Log-rank
test was used for the comparison of survival from λ-MYC mice, RT2 mice and
tumour latency curves. Because of disparate censoring between RT2 mice and RT2.
Stat1−/− mice Fisher’s exact tests was used to compare the survival (as indicated in
the text). N refers to the number of patients, mice or samples and cell lines from
different mice, respectively.

Data availability
Primary generated cancer cells are available from the authors. The sequencing data from

patient samples have been deposited in the EGA database under the accession code

EGAS00001004151. Comparative genome hybridisation array data have been deposited

in the NCBI GEO database under the accession code GSE142192. All the other data

supporting the findings of this study are available within the article and its

supplementary information files and from the corresponding author upon request.

Source data for Fig. 1a, c and 3a–c and 4a, c, e and 5b and 7a–c and 8a, c, d, e and 10a–e

and Supplementary Figs. 1a and 11c–e are available as a source data file. A reporting

summary for this article is available as a Supplementary Information file.
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