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Résumé : La chimiothérapie constitue encore le 

traitement de référence pour la majorité des 

cancers. Or certains agents 

chimiothérapeutiques sont capables de 

déclencher des signaux de stress pre-mortem 

permettant d’activer une réponse immunitaire 

antitumorale et confèrent ainsi une protection à 

long terme. A l'aide d'un modèle construit par 

intelligence artificielle, nous avons identifié, 

parmi une librairie comprenant 50 000 

composés, des agents anti-cancéreux qui, 

d'après leurs propriétés physico-chimiques, 

pourraient induire une mort cellulaire 

immunogène (ICD, de l'anglais "immunogenic 

cell death"). Cet algorithme nous a permis 

d'identifier la dactinomycine, qui, en effet, 

active les mécanismes sous-jacents à l'activation 

des cellules dendritiques in vitro et a un effet 

anti-cancéreux dépendant du système 

immunitaire in vivo. La dactinomycine, utilisée 

en clinique pour le traitement de sarcomes 

pédiatriques, est connue pour sa capacité à 

inhiber la transcription. Nous nous sommes 

donc demandé si d'autres inducteurs de l'ICD 

partageaient cette propriété. Différentes 

chimiothérapies immunogènes induisent en 

effet une inhibition de la synthèse d’ARN, qui 

est suivie d'une inhibition de la traduction et 

s’accompagne de l’activation des différentes 

voies de l’ICD. De plus, une étude rétrospective 

in silico révèle que les agents classés comme 

inhibiteurs de la synthèse d’ARN ou de 

protéines sont prédits comme étant 

immunogènes. Ces résultats montrent que 

l’inhibition de la transcription est un évènement 

précurseur essentiel à l’activation d’une mort 

cellulaire immunogène. 

 

 

 

Title: Inhibition of transcription by dactinomycin reveals a new characteristic of immunogenic cell 

stress 
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Abstract: Chemotherapy still constitutes the 

standard treatment for most cancers. Yet, some 

chemotherapeutics are able to trigger pre-

mortem stress signals which activate an 

antitumor immune response and thereby confer 

long term protection. We used an established 

model built on artificial intelligence to identify, 

among a library of 50,000 compounds, 

anticancer agents that, based on their 

physicochemical characteristics, were predicted 

to induce immunogenic cell death (ICD). This 

algorithm led us to the identification of 

dactinomycin, which indeed activates the 

mechanisms preceding dendritic cell activation 

in vitro and demonstrates immune-dependent  

anticancer effects in vivo. Dactinomycin, mainly 

used to treat pediatric sarcomas, is known as 

able to inhibit transcription. We therefore 

investigated whether other ICD inducers would 

share this characteristic. Different immunogenic 

chemotherapeutics indeed inhibited RNA 

synthesis and secondarily translation, 

accompanied by an activation of ICD-related 

signaling. A retrospective in silico study 

revealed that agents annotated as inhibitors of 

RNA or protein synthesis are predicted as 

immunogenic. These results establish the 

inhibition of RNA synthesis as a major initial 

event for ICD induction. 
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Preamble 

Cancer is a leading cause of death worldwide, requiring to find out more efficient strategies of 

treatment. The objective of this project was initially to discover agents that induce an 

immunogenic cell death among clinically used chemotherapeutics. We found that the 

chemotherapeutic agent dactinomycin, well known to inhibit transcription, induces such 

mechanism. This finding revealed that the inhibition of RNA synthesis constitutes a new 

characteristic of immunogenic cell stress. In consequence, after a short general presentation of 

cancer, the second part of this introduction deals with anticancer immunity, including a detailed 

presentation of immunogenic cell death. The third part focuses on the mechanisms of 

transcription and translation in eukaryotic cells, followed by the anticancer mechanisms, the 

pharmacokinetics and clinical use of the chemotherapeutic dactinomycin. In agreement with 

the doctoral school, the chapters “Material and methods” and “Results” are extracted from the 

article “Immunogenic cancer cell stress involves inhibition of transcription, Humeau J., Sauvat 

A., Cerrato G., Loos F., Iannantuoni1 F., Bezu L., Lévesque S., Paillet J., Pol J., Leduc M., 

Zitvogel L., De Thé H., Kepp O., Kroemer G.”, which is in the reviewing process for the 

scientific journal EMBO Molecular Medicine, with minor modifications and supplements.   
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Introduction 

1. Cancer 

1.1.  Overview 

Cancer (or neoplasm or malignant tumor) is a generic term applied to a large group of diseases 

which can affect any part of the organism. One characteristic defining cancer is the apparition 

of abnormal cells growing out of control and above their physiological limits. The invasion of 

other organs by cancer cells is called metastasis.  

In 2018, 18 million new cases of cancers occurred worldwide with 9.5 million in men 

and 8.5 million in women. This same year, 9.6 million persons succumbed to cancer, which 

makes it the second cause of death after cardiovascular disease and accounts for one over six 

deaths in the world. In France, it has even become the first cause of death since 2017. The four 

most common types of neoplasms are lung cancer, female breast cancer, colorectal cancer and 

prostate cancer, while lung, liver, stomach and colorectal cancers account for the highest 

number of deaths in the world (CancerResearchUK, Retrieved 2019-08-01; WHO, Retrieved 

2019-08-01). The number of cancers is expected to reach 23.6 million new cases in 2030 (NCI, 

Retrieved 2019-08-01). 

 Tumorigenesis is due to close interaction between genetic factors and exposition to 

external agents that can be classified into three categories: physical agents (e.g. ultraviolet, 

ionizing radiations), chemical agents (e.g. abestos, compounds of tobacco smoke, arsenic) and 

biological agents (e.g. viral, bacterial or parasite infections, food). Aging is another essential 

element in cancer apparition: the number of cancers increases a lot throughout life, which may 

be due to accumulation of exposition to risk factors together with repair mechanisms that lose 

efficiency with aging (WHO, Retrieved 2019-08-01). 

 

1.2.  Mechanisms of oncogenesis 

Tumorigenesis is a multistep process which initiates in normal cells undergoing DNA damage 

that in turn is not (or improperly) repaired, thus affecting gene functions. Certain mutations are 

particularly involved in tumorigenesis such as loss-of-function of tumor suppressor genes, like 

TP53 or RB and gain of function of proto-oncogenes, such as KRAS or MYC.  

 During tumor promotion, selective clonal expansion of initiated cells results in tissue 

hyperplasia. Eventually, some of these pre-neoplastic cells may enter the progression stage 
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where they undergo malignant transformation by accumulating further genetic modifications. 

This can lead to invasion of neighboring tissues and further migration to other organs where it 

forms metastasis (Abel & DiGiovanni, 2011). Each process of sequential accumulation of 

mutations is unique, which explains (part of) the diversity of this disease and the complexity in 

identifying reliable biomarkers and efficient treatment options. However, certain characteristics 

essential to cancer development are shared by most tumors, such as intrinsic physiological 

alterations including growth autonomy, insensitivity to inhibitory growth signals, ability to 

escape apoptosis, unlimited replicative potential, strong ability to induce angiogenesis and the 

metastatic invasion of distant tissues (Figure 1) (Hanahan & Weinberg, 2000). 

 Consequently, in addition to surgical removal of malignant tissues, the first anticancer 

therapies that were developed in the past century and are still widely used in clinics aim at 

destroying malignant cells by targeting their rapid uncontrolled proliferation. For this, several, 

mechanistically diverse, anticancer strategies were designed that can be broadly subdivided 

based on their main mode of action into: (i) alkylating agents which induce the formation of 

inter- or intra- DNA crosslinks interfering with DNA replication (e.g. cyclophosphamide, 

oxaliplatin), (ii) topoisomerase inhibitors which impair DNA unwinding during replication 

and/or transcription (e.g. anthracyclines, topotecan), (iii) antimetabolites which prevents from 

DNA or RNA synthesis (e.g. 5-fluorouracil), (iv) spindle poisons  affecting the 

(de)polymerization of tubulin and the formation of mitotic spindle (e.g. taxols, vinca-alkaloids), 

(v) radiation therapies which induce DNA damages and consequent apoptotic cell death, (vi) 

cytotoxic antibiotics which display anticancer effects through various mechanisms, such as 

reactive oxygen species production (e.g. bleomycin) or DNA intercalation (e.g. dactinomycin). 

Of note, most chemotherapeutics belong to several categories. Targeted therapy, yet another 

strategy that emerged during the past 20 years, focuses on cancer specific alterations such as 

oncogenic signaling pathways (e.g. anaplastic lymphoma kinase (ALK) inhibition with 

crizotinib).  

 More recently, ample evidence showed that cancer is not a merely cell autonomous 

genetic disease, but also a process depending on the tumor micro-environment and thus new 

characteristics were added to the list of cancer hallmarks: modifications in the cell metabolism 

and the ability to escape from immunosurveillance, together with genome instability that further 

drives mutational alterations and the capacity to subvert proinflammatory signals for cancer 

development (Figure 1) (Hanahan & Weinberg, 2011). These discoveries offer additional 

opportunities for the development of treatment options, including the immunotherapies, which 

aim at the reactivation of intrinsic anticancer immunosurveillance. 
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Figure 1. The hallmarks of cancer (Hanahan & Weinberg, 2011). Malignant cells share a set of common cell 

intrinsic and extrinsic distinctive features. 
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2. Role of the immune system in antitumor therapy 

2.1.  From the discovery of tumor antigens to the development of immunotherapies 

In 1890, William B. Coley demonstrated that injection of dying bacterial cultures called Coley 

toxins could be beneficial for patients with soft tissue sarcoma, which was the first 

manifestation of the existence of an anticancer immune response. Fifty years later, it was shown 

that injection of irradiated sarcoma in syngeneic mice promoted immunity against a rechallenge 

with live sarcoma cells of the same kind (Burnet, 1957; Foley, 1953; Klein et al, 1960).  

 The specific recognition of tumors by the immune system suggests that cancer cells 

express characteristic antigens, usually proteins, peptides or polysaccharides, but also nucleic 

acids combined with proteins or polysaccharides, which are different from “self” antigens. 

Tumor associated antigens (TAAs) can indeed result from mutations that drive tumorigenesis, 

like alteration in the p53 transcription factor, or be viral antigens, such as E6 and E7 expressed 

by human papilloma virus (HPV), both giving rise to new peptides, therefore also called 

neoantigens, which constitute particularly interesting targets for immunotherapy due to their 

high tumor specificity. Nevertheless, “self” antigens presented by cancer cells can also be 

immunogenic if they are (i) over-expressed, with the example of human epidermal growth 

factor (HER2) in breast cancer, (ii) associated with differentiation, like melanocyte 

differentiated antigens, or (iii) expressed in an abnormal location, with the example of 

cancer/testis antigens, a group of proteins expressed by tumor cells, but not by normal tissues 

except germinal cells and trophoblasts (Scanlan et al, 2004; Schreiber et al, 2011).  These TAAs 

are presented by the major histocompatibility complex (MHC) class I at the surface of tumor 

cells and can be recognized by the immune system. The first human TAA, the melanoma 

antigen 1 (MAGE-A1), was identified in 1991 (van der Bruggen et al, 1991). Since then, more 

than 400 antigens have been discovered (Wurz et al, 2016).  

 In 1994, it was shown that the immune system not only recognizes TAAs but also danger 

signals emitted by cells undergoing stress or abnormal differentiation (Matzinger, 2002). In 

spite of these elements, the role of the immune system against cancer has been long debated, in 

part due to the evidence that tumor cells could benefit from a proinflammatory environment, 

including proliferative and proangiogenic signaling (Balkwill & Mantovani, 2001; Karin et al, 

2002).  

 In the early 2000’s, the group of Robert Schreiber demonstrated that interferon (IFN)  

plays a crucial role in cancer immunosurveillance and that tumors coming from 
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immunodeficient mice are more immunogenic than tumors arising on immunocompetent mice, 

giving birth to the concept of immunoediting (Shankaran et al, 2001). These two fundamental 

findings led to a regain of interest for cancer immunotherapy. Today, immunotherapy comes in 

four main flavors including (i) monoclonal antibodies which target specific cancer antigens 

promoting complement fixation and antibody-dependent cell-mediated toxicity (ADCC), (ii) 

anticancer vaccines to boost adaptive anticancer immune responses with tumor specific 

antigens, (iii) chimeric antigen receptor (CAR) T cells which consists of autologous T cells of 

patients activated in vitro and (iv) immune checkpoint blockade (ICB) to target specific immune 

inhibitory signaling with monoclonal antibodies. Indeed, T lymphocytes express inhibitory 

receptors, such as programmed cell death 1 (PD-1) and cytotoxic T-lymphocyte-associated 

protein 4 (CTLA-4), and cancer cells may express ligands (like programmed cell death ligand 

1, PD-L1) as a strategy to escape from immunosurveillance (Figure 2). This approach has 

largely demonstrated its antineoplastic efficacy first in melanoma and then in different other 

kinds of tumors (Lesokhin et al, 2015), with several ICBs currently on the market: a CTLA-4 

targeting antibody ipilimumab (Yervoy), three PD-1 targeting antibodies, pembrolizumab 

(Keytruda), nivolumab (Opdivo) and cemiplimab (Libtayo), as well as three PD-L1 targeting 

antibodies, atezolizumab (Tecentriq), durvalumab (Imfinzi) and avelumab (Bavencio) 

(Cancer.org, Retrieved 2019-08-17; FDA, Retrieved 2019-08-17). 

 

 

Figure 2. Activator and inhibitory T cell receptors and their ligands (Zaravinos, 2014). CTLA-4, cytotoxic 

T-lymphocyte-associated protein 4; MHC, major histocompatibility complex; PD-1, programmed cell death 1; 

PD-L1, programmed cell death ligand 1. 
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2.2.  Mechanisms of antitumor immunity 

The immune system is a biological defense system which protects the organism against 

infection. It consists of innate immune effectors, which elicit an immediate local response to 

pathogens in a rather nonspecific fashion, and the adaptive immune system, which takes longer 

to be activated but confers a specific reaction and durable protection against the initial insult. 

In the context of cancer, immunosurveillance is an extrinsic mechanism engaged after cell 

intrinsic mechanisms of control and elimination have failed.  

 During tumorigenesis, tumor cells require more important blood influx and stromal 

reorganization to pursue their expansion. This environment promotes proinflammatory 

cytokine release by tumor and stromal cells. Such cytokines include tumor necrosis factor 

(TNF)-, transforming growth factor (TGF)-, interleukin (IL)-1, IL-6 and IL-10, altogether 

leading to the recruitment of natural killer (NK) cells, NKT cells,  T lymphocytes, 

macrophages and dendritic cells (DCs) on the site of the tumor (Matzinger, 2002; Smyth et al, 

2001; Yamamoto et al, 2003). Recruited immune cells in turn secrete proinflammatory 

cytokines, like IL-12 and IFN- (Yamamoto et al, 2003). Tumor infiltrating NK cells bind to 

tumor cells via interaction between natural killer group 2 member D (NKG2D) and its ligands, 

MHC class I polypeptide-related sequence (MIC)-A and -B and mediate cytotoxic effect on 

neoplastic cells promoting tumor antigens release (Gajewski et al, 2013). Dying tumor cells and 

released antigens are ingested by DCs, which in addition sense damage-associated molecular 

patterns (DAMPs) via their pattern recognition receptor (PRRs). Altogether, these signals 

promote DCs maturation with the presentation of tumor antigens by MHC class II, cross-

presentation by MHC class I, expression of the co-stimulatory molecules CD40, CD80 and 

CD86 and secretion of proinflammatory cytokines including IL-12, IL-6, TNF, type I IFN 

(Albert et al, 1998; Banchereau & Steinman, 1998; Gardner & Ruffell, 2016). At the same time, 

DCs migrate to the draining lymph node where they activate naïve CD8+ T cells, promoting the 

clonal expansion of cytotoxic T lymphocytes (CTLs) as well naïve CD4+ T cells driving their 

differentiation in T helper (Th) 1 cells secreting IFN, IL-12, IL-6  and eventually in Th17 cells 

secreting IL-17 and IL-22 (Bailey et al, 2014) in the context of anticancer immune response. 

CTLs are recruited to the tumor site where they elicit cytotoxicity against cancer. 

Altogether, CTLs, NK and NKT lymphocytes are considered as the main anticancer 

effectors as they induce apoptosis of their target cells through perforin, granzyme and 

granulysin secretion, as well as via the expression of TNF related apoptosis inducing ligand 

(TRAIL) (Mori et al, 1997; Takeda et al, 2001). Thanks to their ability to present antigens to 
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CD4+ and CD8+ T cells, DCs constitute the key mediator between innate and adaptive immune 

responses. In addition,  T cells seem to have a rather antitumor effect even though their role 

and exact underlying mechanisms need to be further investigated (Fridman et al, 2017; 

Gajewski et al, 2013). In the context of cancer, macrophages can exert different roles. When 

activated by IFN, they display an M1 phenotype including the secretion of proinflammatory 

cytokines such as IL-2, IL-6, IL-1, IL-12, IL-23 and TNF, altogether driving the anticancer 

response through a Th1 polarization. However, tumor-associated macrophages (TAMs), 

observed in most tumor infiltrates, rather display an M2 phenotype characterized by low MHCII 

expression and secretion of immunosuppressive cytokines such as IL-10 and TGF. M2 

macrophages also secrete cytokines and chemokines which promote angiogenesis and 

metastasis (Hao et al, 2012).  In addition, this subtype of macrophages can recruit CD4+ FoxP3+ 

regulatory T cells (Treg) through the secretion of the C-C motif chemokine ligand 2 (CCL22) 

(Curiel et al, 2004). Tregs in turn promote tolerance by the secretion of inhibitory cytokines 

(e.g. TGF-, IL-10) and the expression of the inhibitory ectoenzymes CD39 and CD73 among 

other suppressive mechanisms (Curiel et al, 2004; Fridman et al, 2017; Knochelmann et al, 

2018). Like macrophages, neutrophils can have a dual role, proinflammatory under the N1 

phenotype while protumoral when displaying as N2 phenotype. 

 

2.3.  Immunoediting accompanies cancer progression 

Tumors develop despite the ability of the immune system to recognize and eliminate tumor 

cells. This paradox can be explained by tumor immunoediting, a process associated to the 

pressure exerted by the immune system during tumorigenesis.  

 Immunoediting, first described by the team of Robert Schreiber, occurs in three 

sequential steps: elimination, equilibrium and escape. In the elimination phase, long before a 

tumor gets clinically detectable, emerging cancer cells are under immunosurveillance by the 

innate and adaptive immune system, including in particular CTLs, NK cells and 

proinflammatory cytokines, as previously described. This might lead to complete tumor 

destruction. However, some cancer variants may survive and enter the “equilibrium” phase, in 

which tumor outgrowth is maintained in a state of dormancy by mediators belonging to the 

adaptive immune system. NK cells in particular are dispensable in this phase. Under the 

continuous pressure exerted by the immune system on genetically unstable cancer cells, tumors 

undergo transformation (or immunoediting), until resistant clones may emerge, which (i) are 

not recognized by the immune system due to antigen variation or a defect in antigen 
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presentation, (ii) are resistant to mechanisms of immune destruction and/or (iii) promote an 

immunosuppressive tumor micro-environment. In the escape phase, tumor proliferation cannot 

anymore be controlled by the immune system and a clinically detectable tumor forms (Dunn et 

al, 2004a; Dunn et al, 2004b; Schreiber et al, 2011) (Figure 3).   

 

 

Figure 3. Cancer immunoediting (Schreiber et al, 2011). When tumor cells emerge, they are recognized and 

eliminated by the immune system, including in particular natural killer (NK), NKT cells, dendritic cells (DCs) 

primed CD8+ T cells,  T cells, macrophages (Mᶲ) and CD4+ T cells, the pro-inflammatory cytokines interferon 

(IFN), IFN, interleukin (IL)-12, tumor necrosis factor (TNF), natural killer group 2 member D (NKG2D) and 

the cytotoxic enzymes TNF related apoptosis inducing ligand (TRAIL) and perforin; this constitutes the 

elimination phase. Under the pressure of these immune mediators, tumor will undergo transformation to resist to 

the immune attacks; this corresponds to the equilibrium phase, a state of functional dormancy in which 

proliferation is controlled by mediators of the adaptive immune response. This may last for a while, until variants 

arise which have acquired the capacity not to be recognized and/or eliminated by the immune system; this 

constitutes the escape phase. CTLA-4, cytotoxic T-lymphocyte-associated protein 4; IDO, indoleamine 2,3-

dioxygenase; MDSC, myeloid-derived suppressor cells; MHC, major histocompatibility complex; NKR, natural 

killer receptor; PD-1, programmed cell death 1; PD-L1, programmed cell death ligand 1; Treg, regulatory T cell. 
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 At this stage, the constitution of the tumor immune infiltrate indicates the outcome of 

the disease, with the presence of CTLs, tertiary lymphoid structures and M1 macrophages as 

good prognostic factors, whereas Tregs and M2 macrophages being worst prognosis factors 

(Fridman et al, 2017; Pages et al, 2018). It can be driven by the choice of anticancer therapy: 

ICB prevents from CTLs exhaustion, vaccination enhances tumor specific CD8+ T cells and 

immunogenic cell death inducers promote the emission of danger signals. 

 

2.4.  Adjuvanticity through immunogenic cell death 

For a long time, cell death has been classified based on morphological features in a dichotomic 

manner. Apoptosis was described as a regulated, physiological and non-immunogenic type of 

cell death, whereas necrosis was considered as an uncontrolled pathological and 

proinflammatory mechanism. Since then, we learned that regulated cell death can exert 

morphological features of necrosis whereas apoptosis can trigger an immune response (Galluzzi 

et al, 2015a). The immunogenicity of  cell death cannot be defined merely based on 

morphological traits, but need to be addressed with vaccination experiment which consists in 

the injection of dying cells into syngeneic host on their sequential rechallenge with live cells 

(Kepp et al, 2014). An absence of (or delayed) tumor growth in this model is an indication for 

anticancer vaccination efficacy and thus for the immunogenicity of cell death. 

 Immunogenic cell death (ICD) following pathogens infection constitutes an ancient 

mechanism of defense. Indeed, when cells are infected by viruses or intracellular bacteria, they 

sense microbe-associated molecular patterns (MAMPs) via their specific PRRs which trigger 

an intracellular and micro-environmental danger response and consequent activation of immune 

cells. In 2005, it has been demonstrated that anthracyclines can also drive a kind of cell death 

which induces an anticancer adaptive immune response (Casares et al, 2005). In the following 

years, many other chemotherapeutics, like oxaliplatin (OXA), as well as physical modalities, 

like irradiation, photodynamic therapy (PDT) or high hydrostatic pressure (Fucikova et al, 2014; 

Garg et al, 2012a; Obeid et al, 2007a), were shown to be able to trigger ICD. Similarly to their 

microbial counterparts, these anticancer agents induce pre-mortem stress mechanisms leading 

to the emission of DAMPs, recognized by PRRs expressed on DCs (Figure 4). Calreticulin 

(CALR), adenosine triphosphate (ATP) and high-mobility group box 1 (HMGB1) are DAMPs 

common to almost all instances of ICD discovered until now (Galluzzi et al, 2017). Type I IFN 

and annexin A1 (ANXA1), discovered in the context of chemotherapeutics-induced ICD, have 

been further added to the list (Sistigu et al, 2014; Vacchelli et al, 2015a), but their general 
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involvement in ICD remains to be investigated. Even though these five DAMPs may be general 

features of ICD, the pathways underlying their emission is particular to each form of ICD, as 

exemplified by autophagy, which is involved in anthracyclines-induced ICD but displays an 

immunosuppressive action in the context of hypericin-based PDT (Garg et al, 2013). 

 

 

Figure 4 Activation of immunogenic cell death (Galluzzi et al, 2017). Chemotherapeutics induce calreticulin 

(CALR) exposure at the plasma membrane, as well as adenosine triphosphate (ATP), annexin A1 (ANXA1) and 

high-mobility box 1 (HMGB1) release from stressed and dying cancer cells, which are recognized by low density 

liproprotein receptor related protein 1 (LRP1), purinergic receptors P2Y2 (P2RY2) and P2X7 (P2RX7), formyl 

peptide receptor 1 (FPR1) and toll-like receptor 4 (TLR4) expressed by dendritic cells (DCs) respectively. In 

addition, they induce the autocrine/paracrine secretion of type I interferon (IFN) leading to C-X-C motif 

chemokine ligand 10 (CXCL10) release. These mechanisms allow DCs recruitment, activation and maturation and 

elicit an adaptive immune response involving IL-17 producing  T cells and type I IFN secreting  T cells. In 

addition to the establishment of an immune memory, this has the potential to eliminate cancer cells through 

cytotoxic T lymphocytes (CTLs)-mediated cytotoxicity. 

 

 In the context of ICD, inflammatory DCs (CD11b+ CD11c+ Ly6Chigh) sense the emission 

of DAMPs and in turn secrete proinflammatory cytokines and cross-present antigens to naïve 

T cells, most of which differentiate in IFN producing CD8+ T cells. IL-17 producing  T cells 

are also activated and sustain the proliferation of CD8+ T cells (Figure 4) (Ma et al, 2013; Ma 

et al, 2011). In addition, neutrophils are recruited through the release of DAMPs, but also 

through the secretion of certain chemokines, such as C-X-C motif chemokine ligand (CXCL)1, 
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C-C motif chemokine ligand (CCL)2 and CXCL10, by dying cancer cells (Garg et al, 2017b). 

Altogether, these mechanisms participate in elimination of residual cancer cells. 

 Some signaling events in dying cells involving in particular RIPK1 and nuclear factor 

B (NF-B)-induced transcriptional programs have also been reported to be required for DCs 

cross-presentation and consequent CD8+ T cells activation, but the precise mechanism by which 

they activate DCs is not well understood (Giampazolias et al, 2017; Yatim et al, 2015).  

 Even though ICD was first described as an apoptotic kind of cell death (Casares et al, 

2005), it has been recently reported that necroptosis, a form of regulated necrosis mediated by 

receptor-interacting serine-threonine kinase 1 (RIPK1), RIPK3 and mixed lineage kinase 

domain-like (MLKL), is also able to drive an anticancer immune response (Aaes et al, 2016; 

Yang et al, 2016). Necroptosis can be induced in cells engineered for RIP3K3 to be inducible 

by doxycycline or by the combination of TNF- with a synthetic second mitochondria derived 

activator of caspase (SMAC) mimetic and the caspase inhibitor z-VAD-FMK. Similarly to 

apoptotic ICD, it triggers the emission of DAMPs (CALR, ATP, HMGB1) that confer long 

term protection in mice against subsequent challenge with living cancer cells of the same type. 

Interestingly, anthracyclines and OXA’s immunogenic properties are attributable to necroptosis 

in addition to apoptosis (Aaes et al, 2016; Yang et al, 2016).   

 The success of a specific anticancer immune response relies both on tumor antigenicity, 

which is related to its mutational load (Samstein et al, 2019), and on the choice of the therapy 

driving the antigenicity through DAMPs emission. 

 

2.4.1. Mechanisms of chemotherapeutics-driven immunogenic cell death 

Most ICD mechanisms discovered so far rely on the exposure of CALR, the secretion of ATP 

and the release of HMGB1, but the mechanisms underlying the emission of these DAMPs 

depend on the type of ICD. Moreover, more recently discovered hallmarks of ICD, i.e. type I 

IFN and ANXA1 release have been much less studied and we don’t know yet if they are specific 

to chemotherapeutics-induced ICD or shared with other modalities. The present work aims at 

finding new ICD inducers among chemotherapeutics agents. Thus, here, we will present the 

mechanisms of chemotherapeutics-driven ICD (Figure 5), which have been most described so 

far. 
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Figure 5. Mechanisms of immunogenic cell death induction by chemotherapeutics (modified from (Vacchelli 

et al, 2016b). Immunogenic cell death agents trigger various pre-mortem stress pathways which activate the 

exposure and release of DAMPs recognized by dendritic cells (DCs) through particular receptors that exert 

different functions on immune cells. Cancer cells have developed certain strategies to avoid danger signaling. 

ANXA1, annexin A1; ATP, adenosine triphosphate; CALR, calreticulin; CXCL10, C-X-C motif chemokine ligand 

10; CXCR3, C-X-C chemokine receptor 3; ER, endoplasmic reticulum; FPR1, formyl peptide receptor 1; HMGB1, 

high-mobility box 1; IFN, interferon; IFNAR, interferon-α/β receptor; IRF7, interferon regulatory factor 7, LRP1, 

low density lipoprotein receptor related protein 1; MX1, myxovirus 1; P2RY2, purinergic receptors P2Y2; P2RX7, 

purinergic receptors P2X7; STAT1, signal transducer and activator of transcription 1; TLR3/4, toll-like receptor3/ 

4; SNP, single nucleotide polymorphism.  

 

 

2.4.1.1. eIF2 phosphorylation-dependent calreticulin exposure 

Effect of CALR on the immune system 

CALR, a 60 kDa chaperone, is the most abundant protein in the ER. It regulates calcium 

homeostasis and protein folding. When treated with ICD inducers, a fraction of CALR together 

with other ER chaperones, such as heat shock protein (HSP) 70 (also known as HSPA1A), HSP 

90 (also known as HSP90AA1) and the protein disulfide isomerase family A member 3 (PDIA3, 

also known as ERp57), are externalized from the ER lumen to the plasma membrane of  stressed 

and dying tumor cells (Fucikova et al, 2011; Gardai et al, 2005; Garg et al, 2012b; Obeid et al, 

2007b; Panaretakis et al, 2008). Theses events occurs before exposure of phosphatidylserine, 

meaning that it is not related to plasma membrane alterations accompanying apoptosis (Obeid 

et al, 2007b). At the surface of dying cells, CALR acts as an “eat-me” signal; it is recognized 
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by low density liproprotein receptor related protein 1 (LRP1; also known as CD91) expressed 

by myeloid cells (mostly macrophages and DCs), unless the dying cells express simultaneously 

CD47, a “don’t eat-me” signal (Gardai et al, 2005; Garg et al, 2012b). Following, signaling 

through CD91 in DCs promote the activation of a Th1 or Th17 immune response according to 

the profile of danger signals (Pawaria & Binder, 2011). Accordingly, vaccination induced by 

anthracyclines-, OXA- or crizotinib-treated cells is abolished if dying cells are incubated with 

neutralizing CALR antibodies or if CALR is depleted with siRNAs (Liu et al, 2019b; Obeid et 

al, 2007b; Tesniere et al, 2010). In addition, PDT-driven ICD is reduced when LRP1 expression 

is down regulated with shRNAs (Garg et al, 2012b), bortezomib- and capsaicin-induced ICDs 

are abolished by LRP1 targeted monoclonal antibody or by silencing LRP1 with siRNA 

(Gilardini Montani et al, 2015) and mouse macrophages lacking LRP1 exhibit a reduced 

phagocytotic potential (Gardai et al, 2005; Lillis et al, 2008).  

 

EIF2 phosphorylation-dependent mechanism of CALR exposure 

The canonical response to ER stress is called unfolded protein response (UPR) and involves 

three pathways, which are mediated by the transmembrane proteins eukaryotic translation 

initiation factor 2-alpha kinase 3 (eIF2AK3, also called PERK for protein kinase R (PKR)-like 

endoplasmic reticulum kinase), inositol-requiring enzyme 1 (IRE1α) and the activating 

transcription factor (ATF) 6. In normal conditions, these proteins are maintained in an inactive 

state by the binding immunoglobulin protein (BiP) chaperone. During ER stress, BiP 

dissociates from them to bind the misfolded/unfolded proteins, resulting in the activation of the 

three arms of UPR. EIF2AK3 is a type I ER transmembrane kinase that contains a PEK-like 

catalytic domain in its cytosolic C-terminal region. When dissociated from BiP, EIF2AK3 

oligomerizes, autophosphorylates and promotes phosphorylation of the serine 51 on eukaryotic 

initiation factor 2 (eIF2α). EIF2α phosphorylation leads to messenger RNA (mRNA) 

translational attenuation by preventing cap-dependent ribosomal initiation complexes 

formation. In addition, phosphorylated eIF2α selectively activates the translation of the mRNA 

encoding for ATF4. ATF4 is a basic leucine zipper (b-ZIP) transcription factor that induces 

growth arrest and upregulates genes coding for chaperones, antioxidants, XBP1 as well as DNA 

damage-inducible transcript 3 (DDIT3, also known as CHOP for CCAAT/enhancer-binding 

homologous protein). IRE1 is also a type I ER transmembrane endoribonuclease/kinase that has 

a kinase domain and an endoribonuclease domain in its cytosolic N-terminal luminal domain. 

IRE1 exists as two isoforms: IRE1α and IRE1β. IRE1α is present in all cell types and has been 

widely studied. Upon ER stress conditions, it becomes active by dimerization and 
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autophosphorylation. Activated IRE1α catalyzes the splicing of a 26 nucleotides intron from 

the X-box binding protein 1 (XBP1) mRNA. Spliced XBP1 encodes a b-ZIP transcription factor 

that upregulates UPR genes, including genes involved in ER-associated protein degradation 

(ERAD) as well as genes involved in protein folding. The third pathway involves ATF6, a type 

II ER transmembrane protein that has a transcriptional activation domain in its cytosolic region. 

ATF6 has two isoforms, ATF6α and ATF6β; when dissociated from BiP, ATF6α transits from 

the ER membrane to the Golgi where it is cleaved by the Golgi resident site 1 and 2 proteases 

(respectively S1P and S2P), leading to the generation of an activated b-ZIP factor. The N-

terminal fragment of ATF6α is transported to the nucleus where it activates UPR genes, like 

chaperones, XBP1 and BiP overexpression, which promote protein folding (Figure 6-A) (Kato 

& Nishitoh, 2015; Oslowski & Urano, 2011).  

Importantly, eIF2 phosphorylation is induced by eIFAK3 during ER stress, but can 

also be activated by eIF2AK1 (also called HRI for heme regulated inhibitor) upon heme 

deprivation, eIF2AK2 (also named PKR for protein kinase R) in response to viral infection or 

eIF2AK4 (also called GCN2 for general control nonderepressible 2) in the context of nutrient 

deprivation.  

In ICD induced by chemotherapeutics, CALR exposure is preceded by the 

phosphorylation of eIF2, which has been showed to be mediated by eIF2AK3 in the murine 

methylcholanthrene-induced fibrosarcoma MCA205, the human osteosarcoma U2OS and colon 

carcinoma CT26 (Bezu et al, 2018a; Obeid et al, 2007b; Panaretakis et al, 2009). However, it 

was recently demonstrated that in melanoma human cells, anthracyclines induce eIF2 

phosphorylation via the activation of other kinases: eIF2AK2 or eIF2AK4 (Giglio et al, 2018). 

Importantly, during ER stress elicited by chemotherapeutics, solely eIF2 phosphorylation is 

involved, without the downstream expression of ATF4 and DDIT3 and without activation of 

the two other arms of ER stress, i.e. the translocation of ATF6 and the alternative splicing of 

XBP1 (Figure 6-B) (Bezu et al, 2018a). This split ER stress response was also observed for 

crizotinib-induced ICD in various cell lines (Liu et al, 2019b) and for anthracyclines-treated 

human melanoma cells (Giglio et al, 2018). In addition, following administration of the EGFR 

specific antibody cetuximab, ICD was abolished by overexpression of XBP1 (Pozzi et al, 2016). 
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Figure 6. Split ER stress response involved in chemotherapeutics driven ICD (Bezu et al, 2018b). Canonical 

endoplasmic reticulum (ER) stress activates three pathways: (i) protein kinase R-like endoplasmic reticulum kinase 

(PERK)-mediated eukaryotic initiation factor 2 (eIF2) phosphorylation leading to activating transcription factor 

(ATF) 4 translation due to particular open reading frame (ORF) arrangement, (ii) inositol-requiring enzyme 1 

(IRE1) dimerization leading to X-box protein 1 alternative splicing (XBP1s) and (iii) ATF6 translocation to the 

Golgi where it undergoes proteolytic cleavage followed by translocation to the nucleus of the N-terminal part; all 

aiming at eliminating and/or repairing misfolded proteins (A). Immunogenic cell death (ICD) inducers mediate 

PERK-dependent eIF2 phosphorylation but none of the other protein activation (B). 

  

 CALR needs to be engaged in a complex with PDIA3 to be able to translocate from the 

ER to the membrane (Liu et al, 2019a; Panaretakis et al, 2008). Following eIF2 

phosphorylation, B-cell receptor-associated protein 31 (BAP31) is proteolyzed in a caspase 8-

dependent manner, leading to the activation of the pro-apoptotic Bcl-2–associated factors X et 

K (BAX and BAK) and the anterograde translocation of the CALR/PDIA3 complex from the 

ER lumen to the plasma membrane via the Golgi apparatus. CALR is finally secreted by soluble 

N-ethylmaleimide-sensitive-factor attachment protein receptor (SNARE)-dependent 

exocytosis (Panaretakis et al, 2009). Inhibition of any step of this pathway abolished CALR 

exposure. In addition, the inhibition of (i) eIF2AK3 phosphorylation with a siRNA, (ii) caspase 

8 activation with a pharmacologic inhibitor (Z-VAD-fmk) or siRNA, (iii) BAX with a siRNA, 

(iv) the ER-Golgi traffic with brefeldin A or (iv) SNARE-dependent exocytosis with a 

synaptosomal-associated protein 23 (SNAP23) siRNA also abolished vaccination capacity of 

anthracyclines (Panaretakis et al, 2009). Of note, even though eIF2AK3-dependent CALR 

exposure is also required for the immunogenicity of cells treated with hypericin based PDT, 

this does not involve eIF2 phosphorylation, caspase 8 and PDIA3 (Garg et al, 2012b).  

Additionally, CALR exposure following anthracyclines chemotherapy is not only 

dictated by cell intrinsic pathways, but also relies on autocrine/paracrine signalization pathways 
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in stressed cancer cells, mediated by the CXCL8 (also known as IL-8) and its receptor CXCL2 

(Sukkurwala et al, 2014b). 

Eventually, it has been recently shown that CALR exposure also relies on ANXA1. 

Indeed, following treatment with anthracyclines, CALR exposure and the consequent tumor 

growth control is abolished in Anxa1-/- cells, effect which is restored by supplementation with 

rCALR. The underlying mechanism remains to be elucidated, but it may be related to the 

involvement of ANXA1 in unconventional protein secretion pathways or in intracellular 

trafficking (Baracco et al, 2019). 

 

Strategies to modulate CALR exposure 

Chemotherapeutics like CDDP or mitomycin C, which induce all ICD hallmarks apart from 

CALR exposure, are not able to induce ICD (Casares et al, 2005; Tesniere et al, 2010), which 

could be compensated by the co-incubation with CALR recombinant protein (rCALR) prior to 

vaccination (Obeid et al, 2007b; Tesniere et al, 2010). In line with this, coating with rCALR 

enhances phagocytosis and vaccination with apoptotic melanoma cells (Dudek-Peric et al, 2015; 

Qin et al, 2011). CALR trafficking can also be targeted: -integrins and PDIA3 interact with 

CALR in the ER and coordinate CALR translocation. Incubation of cells with 9EG7, a 1 

integrin activating antibody, reduces CALR exposure; conversely, knocking down integrins 

leads to enhanced CALR exposure, even though this strategy can obviously not be transferred 

to the clinics (Liu et al, 2019a). The immunogenicity of CDDP or mitomycin C could also be 

restored in combination with activators of ER stress like the inhibitor of sarco/endoplasmic 

reticulum Ca2+ ATPase (SERCA) thapsigargin, or the inhibitor of N-glycosylation tunicamycin 

(Martins et al, 2011). Similarly, pyridoxine, a precursor of the bioactive vitamin B6 as well as 

zinc supplementations were able to restore immunogenicity to CDDP-induced cell death 

(Aranda et al, 2014a; Aranda et al, 2015; Cirone et al, 2013).  

 Another strategy consists in the administration of inhibitors of the eIF2 phosphatase 

complex formed by protein phosphatase 1 regulatory subunit 15A (PPP1R15A, also called 

growth arrest and DNA damage-inducible protein, GADD34) and protein phosphatase 1 (PP1), 

like calyculin A, tautomycin or salubrinal, which mediate eIF2 phosphorylation-dependent 

CALR exposure (Kepp et al, 2009; Obeid et al, 2007b). All these approaches underline the 

relevance of eIF2 phosphorylation for CALR exposure and may be promising, but only 

coating with recombinant CALR could circumvent any kind of deficiency including 

downregulation of CALR itself.  
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Clinical relevance of CALR exposure 

In patients with non-Hodkin’s lymphoma, vaccinated with DCs which were previously 

activated by co-culture with radiation-treated lymphoma cells, high amounts of CALR and 

HSP90 were correlated with improved clinical outcome (Zappasodi et al, 2010). Growth of 

monocytes from melanoma patients were shown to be slower when LPR1 expression was 

elevated (Stebbing et al, 2004). In lung and ovarian cancers, high CALR expression was 

associated with better clinical response to therapies with ICD inducers (Garg et al, 2015). In 

two independent cohorts of patients with non-small cell lung carcinoma (NSCLC), high level 

of CALR correlated with eIF2 phosphorylation and with improved clinical outcome (Fucikova 

et al, 2016a). The analysis of acute myeloid leukemia (AML) from patients showed that (i) 

CALR expression and exposure are associated with increased relapse free survival and overall 

survival (Fucikova et al, 2016b), (ii) spontaneous CALR exposure correlates with the 

phosphorylation of eIF2, with a stronger T cell response and with improved disease outcome, 

regardless of the chemotherapeutics regimen (Wemeau et al, 2010) and (iii) CALR exposure is 

higher in daunorubicin-treated patients accompanied by elevated CD8+ T cells infiltration and 

improved disease outcome (Aurelius et al, 2019). Immunohistochemical analysis of NSCLC 

patients’ tumors revealed that loss of CALR expression was a negative prognostic factor and 

that CALR expression was correlated to CTLs infiltration (Stoll et al, 2016). These clinical data 

emphasize the importance of the CALR-LRP1 axis for the outcome of cancer treatment and the 

reestablishment of immunosurveillance. Another element that emphasize this finding is the 

negative prognostic value of CD47 expression in AML (Majeti et al, 2009), in ovarian cancer 

(Wang et al, 2015a) and in esophageal carcinoma (Suzuki et al, 2012).  

 Interestingly, in a cohort of breast cancer patients treated with neoadjuvant 

chemotherapy, none of the ER stress induced transcription factors ATF4, ATF6 and XBP1 

could reflect therapy outcome, whereas a metagene analysis showed that IFN T cells 

infiltration was implicated (Stoll et al, 2014). This strengthens recent findings showing a split 

ER stress response involving exclusively eIF2 phosphorylation in the response to 

anthracyclines (Bezu et al, 2018a). 

 

2.4.1.2. Autophagy-mediated ATP secretion 

Effect of ATP on the immune system 

ATP is the most abundant metabolite in the human body which provides energy for most 
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biochemical reactions. It is also an important messenger that can act via the ligation of 

purinergic receptors (Burnstock, 2007). In addition to its involvement in transmission of 

neurological signals, ATP can be released into the extracellular space by various stimuli 

including ICD inducers, where it exerts chemotactic and adjuvant effects, serving as a “find-

me” signal for myeloid cells (Elliott et al, 2009). Extracellular ATP interacts with purinergic 

receptors P2Y2 (P2RY2) and P2X7 (P2RX7) expressed by antigen presenting cells (Elliott et 

al, 2009; Ghiringhelli et al, 2009; Kronlage et al, 2010). Accordingly, injection of ATPS, a 

non-hydrolysable analog of ATP, induces local recruitment of DCs via P2Y (Muller et al, 2010).  

 Besides its role as chemoattractant, ATP can influence the function of immune cells by 

triggering DCs maturation in vivo (Idzko et al, 2007). Moreover, intradermal injection of 

ATPS stimulates vaccination effects dependent on the expression of MHC class II molecules, 

CD80, CD86, IL-1 and IL-12 by Langerhans cells (Granstein et al, 2005). Conversely, 

enzymatic degradation of ATP (by administration of apyrase, an ectonucleotidase) or the 

deletion of P2Y2 (by incubation with suramin, a P2Y antagonist, or by gene knockout) reduces 

phagocytosis of thymocytes by macrophages (Elliott et al, 2009).  

 Accordingly, ICD fails when ATP is neutralized with apyrase or with the membrane 

bound nucleosidase CD39, or if the receptors P2RY2 or P2RX7 are not expressed at the surface 

of antigen presenting cells of the host (Elliott et al, 2009; Ghiringhelli et al, 2009; Liu et al, 

2019b; Ma et al, 2013; Michaud et al, 2011). ATP-induced purinergic signaling activates the 

NOD-like receptor family pyrin domain containing-3 (NLRP3) caspase-1 activation complex 

(the inflammasome) in DCs, leading to IL-1 secretion (Ghiringhelli et al, 2009). IL-1 

promotes activation of IL-17 producing  T cells and further recruitment of IFN producing 

by CD8+ T cells (Ma et al, 2011). Accordingly, mice deficient for P2RX7, caspase 1, NLRP3, 

IL-1, IL-1 receptor, IL-17 or IL-17 receptor fail to elicit an adaptive anticancer immune 

response after treatment with anthracyclines (Ghiringhelli et al, 2009; Ma et al, 2011).  

 

Autophagy-dependent mechanism of ATP release 

ATP released from dying tumor cells in the course of ICD depends on the autophagic machinery. 

Autophagy is a mechanism which entails the engulfment of cytoplasmic material within 

doubled membrane cytosolic organelles, called autophagosomes. Subsequently, autolysosomes 

form through the fusion of autophagosomes with lysosomes, which leads to the degradation of  

autophagosomes cargo by lysosomal hydrolases (Kroemer et al, 2010). Of note, microtubule-

associated proteins 1A/1B light chain 3B called (MAP1LC3B, hereafter referred to as LC3) is 
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the most widely used marker of autophagosomes. Accordingly, in cancer cells treated with 

anthracyclines, reduced or absent expression of the autophagy related genes (ATG) Atg5, Atg7, 

Atg10, Atg12, Beclin 1, Vsp34 or lysosomal-associated membrane protein (LAMP) 1 and 2, 

either by shRNAs or by genetic alterations, were unable to induce ATP release, T cell activation 

and subsequent vaccination (Michaud et al, 2011). Consistently, autophagy-deficient virus-

infected fibroblasts were unable to induce cross-presentation (Uhl et al, 2009). During 

anthracycline-induced autophagy, ATP switches from lysosomes to autolysosome and is further 

secreted by a mechanism dependent on LAMP1 which translocates to the membrane in a 

caspase-dependent manner. ATP secretion also requires membrane blebbing and the opening 

of pannexin 1 (PANX1) channels, both mechanisms depending on caspases activation (Martins 

et al, 2014). Of note, autophagy not only is dispensable for ICD induced by hypericin-based 

PDT but its inactivation can enhance immune cells activation (Garg et al, 2013). 

 

Modulation of ICD via the autophagy-ATP axis 

CD39 (also known as ENTPD1 for ectonucleosidase triphosphate diphosphohydrolase 1), 

which converts ATP into adenosine triphosphate (ADP) and adenosine monophosphate (AMP) 

as well as CD73, which converts AMP into adenosine, can degrade ATP and inhibits the 

activation of an anticancer immune response mediated by CD8+ T cells and NK cells (Stagg et 

al, 2012; Sun et al, 2010). CD39 is expressed by Tregs and a subset a Th17 cells, both described 

as immunosuppressive and tumor promoting (Chalmin et al, 2012; Sun et al, 2010). 

Accordingly, mice lacking the CD73 encoding genes develop less induced cancers due to 

enhanced immunosurveillance (Stagg et al, 2012). Consistently, co-administration of 

ARL67156, a nucleosidase inhibitor can restore the ability of ATP to trigger an immune 

response (Michaud et al, 2011; Michaud et al, 2012).  

 Another strategy to elicit ATP release consists in inducing autophagic flux. Caloric 

restriction mimetics (CRMs) have been recently described as agents able to mimic the effect of 

starvation, i.e. they promote autophagy without inducing any toxicity, and are therefore 

particularly interesting for clinical applications (Pietrocola et al, 2016). When combined with 

the anthracycline mitoxantrone (MTX), CRMs are able to potentiate the anticancer effect by 

enhancing ATP release and subsequent activation of an autophagy-dependent anticancer 

immune response (Pietrocola et al, 2016).  

 

Clinical relevance of ATP as a hallmark of ICD 

In a cohort of patients with breast carcinoma treated with anthracyclines, a loss-of-function 
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variation of P2RX7 led to rapid metastatic disease development (Ghiringhelli et al, 2009). In 

two other independent cohorts of breast cancer patients treated with anthracyclines, LC3 

correlated with autophagic flux and the combination of LC3 and HMGB1 constituted a good 

prognostic factor for metastasis free survival (Ladoire et al, 2015). Another 

immunohistochemical study in a cohort of breast cancer patients revealed that the absence of 

autophagy was correlated with poor disease outcome as well as with reduced CD8+CD68+ T 

cells and increased CD4+FoxP3+ T cells in the tumor infiltrate (Ladoire et al, 2016). 

 

2.4.1.3. HMGB1 release and TLR4 mimicry 

Effect of HMGB1 on the immune system 

HMGB1 is the most abundant non-histone chromatin-binding protein, present in the nucleus of 

all cells. It can be actively secreted by myeloid cells in response to infection or released by cells 

undergoing necrosis and promotes strong inflammation (Scaffidi et al, 2002; Sims et al, 2010; 

Wang et al, 1999). In line with this, induction of necroptosis in melanoma leads to HMGB1 

release, as well as expression of MHC class II and CD86 by DCs and macrophages, effects 

which were abolished in Rage-/- and Myd88-/- mice (which respectively lack receptor for 

advanced glycation end products and myeloid differentiation primary response protein 88).  

 In response to tissue damage, HMGB1 could also form a complex with CXCL12 leading 

to the recruitment of immune cells (Schiraldi et al, 2012). However, in the context of ICD, the 

only receptor of HMGB1 is the toll-like receptor (TLR) 4. Indeed, both Tlr4-/- and Myd88-/-  

mice cannot mount an efficient anticancer immune response in response to anthracylines or 

OXA (Apetoh et al, 2007). This is reinforced by the fact that in co-culture experiments, 

neutralization or depletion of HMGB1 abolishes the cross-presentation, whereas administration 

of HMGB1 promotes inflammation (Apetoh et al, 2007). These findings reveal that the 

HMGB1-TLR4-MYD88 axis is required for ICD (Apetoh et al, 2007). However, the molecular 

mechanisms underlying HMGB1 release from the nucleus of cells undergoing ICD remains to 

be elucidated. 

 

Modulation of ICD via the HMGB1 pathway 

Dendrophilin, a highly potent and exclusive Tlr4 agonist could both reestablish anticancer 

immune responses when HMGB1 expression is depleted by siRNA, and increase IFN 

production and consequent tumor growth reduction in several mice models when combined to 

anthracycline-based chemotherapy (Yamazaki et al, 2014). Besides, lots of ongoing clinical 
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trials employ TLR4 agonists, emphasizing their promising use as anticancer therapies (Aranda 

et al, 2014b; Vacchelli et al, 2013). 

 

Clinical relevance of the importance of the HMGB1–TLR4 axis 

Different loss-of-function polymorphisms in TLR4 were associated with bad prognosis in 

different cohorts of patients: individuals with breast cancer undergoing anthracyclines-based 

chemotherapy had a more rapid post treatment relapse (Apetoh et al, 2007; Vacchelli et al, 

2015a); subjects bearing head and neck squamous cell carcinoma treated with systemic 

chemotherapy had a reduced disease-free and overall survival (Bergmann et al, 2011) and 

colorectal cancer patients treated with OXA-based chemotherapy had a lower overall survival 

(Tesniere et al, 2010). TLR4 loss-of-function was also a bad prognostic factor for melanoma 

patients treated with a DC-based vaccine (Tittarelli et al, 2012). Conversely, it has been shown 

that esophageal cancer patients bearing at least one mutated allele of TLR4 exhibited an 

improved cancer-specific survival (Vacchelli et al, 2015b). 

 

2.4.1.4. Autocrine signaling of type I interferon 

The TLR3 – type I IFN – CXCL10 pathway 

Type I IFN secretion serves as a mechanism of defense against pathogens. These cytokines can 

be secreted by any cell of the organism infected by virus or intracellular bacteria. Autocrine and 

paracrine type I IFN signaling protects surrounding cells from infection by binding the 

interferon-α/β receptor (IFNAR)1-IFNAR2 heterodimer, but also alerts the immune system of 

pathogens infection by promoting the activation of DCs, macrophages and NK cells. 

Accordingly, Ifnar-/- mice are more sensitive to various viral infections (Goritzka et al, 2014; 

Robinson et al, 2012). Type I IFNs are also secreted by cells undergoing anthracycline- or 

radiation-mediated ICD, most likely due to the activation of TLR3 by RNA from dying cancer 

cells (Deng et al, 2014; Lim et al, 2014; Sistigu et al, 2014).  

 Type I IFN secretion induces autocrine signaling leading to CXCL10 secretion, 

promoting recruitment and activation of T cells (Sistigu et al, 2014). Accordingly, the efficacy 

of doxorubicin-based chemotherapy, which is reduced if cancer cells lack Tlr3 or Ifnar or if 

IFNAR1 is neutralized by a specific antibody, can be restored by exogenous supply of 

recombinant type I IFN or CXCL10. Besides, the administration of a C-X-C chemokine 

receptor 3 (CXCR3, main receptor of CXCL10) neutralizing antibody abolishes the efficacy of 

doxorubicin, further supporting the importance of the TLR3 – type I IFN – CXCL10 – CXCR3 
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axis which may mediate chemotactic effect on T cells (Sistigu et al, 2014). Of note, the absence 

of IFNAR in the host has no influence on the vaccination efficacy of doxorubicin treated cells, 

which emphasizes the autocrine character of type I IFN signaling of dying tumor cells (Sistigu 

et al, 2014). 

 

Activation of ICD by type I IFN release 

Poly-ICLC, a TLR3 agonist combined with cetuximab, was shown to enhance immune cell 

activation in NSCLC (Ming Lim et al, 2013). Poly(A:U), another TLR3 agonist, could improve 

breast cancer patients’ outcome in TLR3 positive individuals (Salaun et al, 2011). According 

to their present employment in numerous clinical trials, the use of TLR3 agonists in cancer 

therapy seems promising (Aranda et al, 2014b; Vacchelli et al, 2013). Eventually, this might 

suggest that oncolytic viruses, which stimulate type I IFN signaling, could be combined with 

chemotherapeutics to enhance ICD.  

 

Clinical data related to the TLR3-dependent type I IFN release 

Regarding the importance of this pathway in a cohort of breast cancer patients, a transcriptional 

signature centered on metagene myxovirus 1 (MX1) expression (a type I IFN related metagene), 

could predict the outcome of response to anthracyclines-based chemotherapy (Sistigu et al, 

2014). In line with this notion, low levels of interferon regulatory factor 7 (IRF7), a transcription 

factor involved in type I IFN expression, were correlated with reduced metastasis free survival 

in a large cohort of breast carcinoma patients (Bidwell et al, 2012). In another cohort of 

mammary breast cancer patients, one third of the individuals had very low levels of signal 

transducer and activator of transcription 1 (STAT1), a transcription factor activated, among 

others, by IFN1 (Chan et al, 2012). In addition, TLR3 loss-of-function polymorphism was a 

sign of bad prognostic in a cohort of colorectal cancer patients (Castro et al, 2011) and of breast 

cancer patients (Chen et al, 2015; Vacchelli et al, 2015a).  

 

2.4.1.5. The ANXA1 FPR1 axis 

FPR1 activation by ANXA1  

ANXA1 is expressed by immune cells as well as by many epithelial cells. It binds acidic 

phospholipids in a Ca2+-dependent manner and was initially described as a key factor in 

inflammatory responses though binding to formyl peptide receptor 2 (FPR2) (Perretti & 

D'Acquisto, 2009). In the context of ICD, it is the interaction between ANXA1 and another 
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receptor present at the surface of DCs, the formyl peptide receptor 1 (FPR1), that stands out as 

being essential for eliciting ICD. Indeed, anthracyclines and OXA fail to induce vaccination in 

Anxa1-/- cancer cells and in Fpr1-/- mice because DCs cannot initiate an adaptive immune 

response in these settings (Vacchelli et al, 2015a). This was confirmed in a carcinogen-induced 

breast cancer model in which the efficacy of chemotherapeutics was abolished when Fpr1 

receptors were blocked with the non-immunosuppressive antagonist cyclosporine H (Baracco 

et al, 2016). The detailed mechanisms underlying ANXA1 release in the context of ICD remain 

to be determined. 

 

Clinical data 

In line with the discovery of the aforementioned mechanism, a loss-of-function polymorphism 

in FPR1 correlates with poor metastasis-free and overall survival in a cohort of breast 

carcinoma patients treated with anthracyclines-based chemotherapy and in a cohort of 

colorectal carcinoma patients treated with OXA-based chemotherapy (Vacchelli et al, 2015a). 

Of note, the presence of wild-type (wt) FPR1 was only important in patients bearing wt TLR3 

and TLR4, suggesting that these three PRRs operate in a coordinated fashion to trigger an 

immune response (Vacchelli et al, 2016a; Vacchelli et al, 2015a). 

 

2.4.2. Methods to assess immunogenic cell death 

In anticancer therapy, all aforementioned ICD hallmarks, including the eIF2-dependent 

exposure of CALR, autophagy-mediated ATP release, the secretion of HMGB1 into the 

extracellular space, type I IFN responses as well as ANXA1 release, are essential for ICD 

induction and adaptive immune response mounting. However, the mere presence of the 

molecules cannot predict with an absolute certainty the immunogenicity of cell death, 

underlining the fact that other immunogenic pathways remain to be discovered (Galluzzi et al, 

2017).  

 The current gold standard approach to evaluate immunogenic cell death relies on in vivo 

vaccination assay employing immunocompetent animals. The experiment consists in injection 

of murine cells treated in vitro with a cytotoxic agent into syngeneic mice, followed by 

rechallenge with living cells of the same type (one to two weeks later). The absence of tumors 

or delayed tumor growth indicates that an adaptive immune response has been elicited by the 

cells dying in response to the employed cytotoxicant (Humeau et al, 2019; Kepp et al, 2014). 

Of note, the standard ICD inducers MTX and doxorubicin vaccinate around 80 % mice from 
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CT26 colon carcinoma or MCA205 fibrosarcoma (Humeau et al, 2019; Kepp et al, 2014). In 

case of agents or combinations of drugs that enable the cure from transplanted cancers, the 

absence of proliferation of further injected cells of the same type also proves that immune 

memory has been elicited. The immunogenicity of such agents can be further confirmed by 

comparing their effect in immunocompetent versus immunodeficient mice. However, 

compounds that are endowed with immunostimulatory effect also exhibit decreased effectivity 

in immunodeficient mice, yet do not necessarily induce pre-mortem signals leading to the 

release of DAMPs from cancer cells, emphasizing the limitations of this technique to determine 

if an agent induces ICD. These methods are constrained by the restricted amount of available 

syngeneic models, as well as cost, time and ethical issues. As an alternative to vaccination, in 

vitro phagocytosis assay can be performed to assess the recruitment of DCs by dying tumor 

cells. Of note, this method does not test for the further activation of adaptive immune responses. 

Unfortunately, the aforementioned current available techniques do not enable to study ICD in 

human cells.  

 Regarding the growing importance of ICD for anticancer therapies, there is a need to 

discover new agents endowed with the capacity to elicit such process. We therefore investigated 

if we could predict in silico the immunogenic potential of drugs, based on their chemical and 

physical properties, such as molecular weight, number of hydrogen bonds donors/acceptors, 

polar surface area etc. Using machine learning approaches and taking into account that 

anthracyclines are strong ICD inducers, a model calculating an “ICD score” according to 

molecular properties was established (Figure 7) (Bezu et al, 2018a). This model was further 

applied to two independent chemical compound libraries, namely the US Drug Set of Food and 

Drug Administration (FDA)-approved drugs and the National Cancer Institute (NCI) 

mechanistic diversity set, returning the highest ICD scores for drugs previously shown as 

exhibiting hallmarks of ICD in vitro (Bezu et al, 2018a; Menger et al, 2012; Sukkurwala et al, 

2014a). Hence, this algorithm is endowed with high accuracy and offers the opportunity to 

quickly predict new potential ICD inducers among huge libraries.  
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Figure 7. Construction of a model to predict ICD based on molecular descriptors (Bezu et al, 2018a). A 

screening of 75 anticancer agents was performed, for their ability to induce in vitro 11 biological parameters related 

to immunogenic cell death (ICD). Available molecular descriptors were obtained from PubChem or Github, 

accounting for 343 parameters in total which were further reduced to 93 independent descriptors by principal 

component analysis (PCA). Using a machine learning approach, we searched for a model which would fit a 

relationship between the relevant molecular descriptors and an ICD score (a linear combination of these 11 

biological parameters), with the condition that anthracyclines display the highest ICD score. The selected model 

was able to fit the data with a high linear regression R = 0.78. The algorithm was further validated on two libraries 

previously screened for ICD. CDK, chemistry development kit; FDA, Food and Drug Administration; NCI, 

National Cancer Institute. 

 
 

2.4.1. Immunogenic cell death inducers 

The first anticancer agents discovered as intrinsically endowed with the ability to elicit a 

proinflammatory immune response in mice were doxorubicin, daunorubicin and iadarubicin. 

Indeed, when dying cancer cells pre-treated with these agents are injected in mice, they induce 

long term protection against subsequent challenge with living cells of the same type, whereas 

cancer cells displaying the same extent of apoptosis following mitomycin C treatment or freeze 

thawing cycles are not able to do so (Casares et al, 2005). Yet another anthracycline MTX 

(Obeid et al, 2007a, Panaretakis et al, 2009), as well as the platinum derivative OXA (Ma et al, 

2011; Obeid et al, 2007a; Panaretakis et al, 2009; Schiavoni et al, 2011), the alkylating agent 

cyclophosphamide (Chen et al, 2012; Ghiringhelli et al, 2009; Schiavoni et al, 2011), the 

proteasome inhibitor bortezomib (Chang et al, 2012; Cirone et al, 2012; Demaria et al, 2005; 

Spisek et al, 2007), the RNA polymerase II inhibitor lurbinectedin (Xie et al, 2019a), the cyclin-
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dependent kinase inhibitor dinaciclib (Hossain et al, 2018), the topoisomerase inhibitor 

teniposide (Wang et al, 2019b), the bromodomain inhibitor JQ1 (Riganti et al, 2018; Wang et 

al, 2019a) and the antibiotics bleomycin (Bugaut et al, 2013), wogonin (Yang et al, 2012) and 

septacidin (Sukkurwala et al, 2014a) share the same properties. Some anticancer therapies 

involving physical signals such as radiotherapy (Apetoh et al, 2007; Ma et al, 2011; Obeid et 

al, 2007a), photodynamic therapy (Garg et al, 2012a; Gomes-da-Silva et al, 2018; Korbelik & 

Dougherty, 1999; Korbelik et al, 2007; Korbelik et al, 2011; Krosl et al, 1995), ultraviolet C 

(UVC) light (Obeid et al, 2007a; Panaretakis et al, 2009; Schiavoni et al, 2011; Yamamura et 

al, 2015), electrical pulses (Nuccitelli et al, 2015; Nuccitelli et al, 2017), high hydrostatic 

pressure (Fucikova et al, 2014; Urbanova et al, 2017), microwave thermal ablation (Yu et al, 

2014) and photochemotherapy (Tatsuno et al, 2019; Ventura et al, 2018) have also shown to be 

immunogenic, as well as some targeted agents like targeting epidermal growth factor receptor 

(EGFR) antibody (Pozzi et al, 2016); (Garrido et al, 2011), certain oncolytic peptides (Zhou et 

al, 2016a), oncolytic viruses (Bommareddy et al, 2019; Koks et al, 2015; Zamarin et al, 2014) 

and certain specific bacterial toxins (Sun et al, 2015) (Table 1). 

 In most cases, chemotherapies that are non-immunogenic fail to induce CALR exposure, 

such as etoposide, mitomycin C or cisplatin (CDDP) (Martins et al, 2011; Obeid et al, 2007b). 

Their immunogenic potential can be restored by combination with agents targeting the 

endoplasmic reticulum (ER) and consequently activating CALR translocation, like the ER 

stress inducer thapsigargin or the eIF2 phosphatase inhibitor salubrinal (Obeid et al, 2007b). 

Crizotinib (Liu et al, 2019b) and cardiac glycosides (Menger et al, 2012), even though eliciting 

all the hallmarks of ICD in vitro, were efficient ICD inducers only when combined with 

cytotoxic agents like CDDP or mitomycin C.  

 Many other agents trigger the ICD-pathognomonic eIF2 phosphorylation (Bezu et al, 

2018a), elicit the exposure and release of certain DAMPs (CALR, ATP, HMGB1, ANXA1), 

activate some immune cells (DCs, NK, NKT, CD8+ T cells), inhibit immunosuppressive cells 

(Tregs, MDSCs) and/or promote proinflammatory cytokines secretion (typically type I IFNs, 

IL1-, IFN or IL-6) (Table 1). Even if this suggests an immunogenic potential, it is not 

sufficient to ensure that they bona fide induce ICD. Agents that induce a partial immune 

response may synergize to efficiently trigger an anticancer immune response, like (i) 5-

Fluorouracil and cycloheximide, which together are very efficient in reducing the proliferation 

of the thymoma cell line EL-4, (effect abolished in nu/nu mice) (Vincent et al, 2010), (ii) 

gemcitabine and the hypoxia inducible factor-1 (HIF-1) inhibitor, which can induce vaccination 
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in pancreatic ductal adenocarcinoma (Zhao et al, 2015), (iii) PX-478 or temozolomide with 

oncolytic adenovirus, which together could induce long term protection against prostate cancer 

in mice, accompanied by an activation of CALR exposure as well as ATP and HMGB1 release 

(effect even amplified by addition of cycloheximide) (Liikanen et al, 2013). In addition, 

different studies have shown that the synergistic anticancer effect of radiation therapy and 

chemotherapy relies on an activation of the immune system (Golden et al, 2014; Rubner et al, 

2014).  

 Underlying the potential impact in clinics of these immunogenic chemotherapies, 

several of them, e.g anthracyclines, OXA, bleomycin and cyclophosphamide, are engaged in 

clinical trials to investigate their immunological effects in patients (Garg et al, 2017a).
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Drug peIF2 DAMPs Immune infiltrate 
Vaccination 

/ memory 
Effect in ID system References 

ICD inducers 

Anthracyclines (daunorubicin, 

doxorubicin, epirubicin, 

iadarubicin, mitoxantrone) 

Yes 
CALR, ATP, HMGB1, 

ANXA1 

↑DCs, CD8+   17, IL-1  IFN 

↑IFN1 

↓Tregs, MDSCs 

Yes 

Abolished (nu/nu mice, CD8+, 

IFN, IL-17 or IL-17R 

depletion)  

(Ma et al, 2011; Michaud et al, 2011; Obeid et al, 

2007b; Panaretakis et al, 2009; Vacchelli et al, 

2015a) 

Oxaliplatin Yes CALR, ATP, HMGB1 ↑DCs, CD8+   17, IL-1  IFN Yes 

Abolished (nu/nu mice, CD8+, 

IFN, IL-17 or IL-17R 

depletion) 

(Michaud et al, 2011; Panaretakis et al, 2009; 

Pietrocola et al, 2016; Tesniere et al, 2010) 

Bortezomib Yes CALR ↑DCs, CD8+ Yes 
Abolished (nu/nu, Rag-/-, 

CD8+ depletion) 
(Cirone et al, 2012; Spisek et al, 2007) 

Cyclophosphamide 

(and its active derivative 

mafosfamide)  

n.d. CALR, HMGB1, ATP 

↑DCs, NK**, CD8+, IFN, IL-17, 

NKT 

↑IFN1 

↓MDSCs, Tregs 

Yes n.d.  

(Chen et al, 2012; Ghiringhelli et al, 2009; 

Giampazolias et al, 2017; Schiavoni et al, 2011; 

Viaud et al, 2011) 

Bleomycin Yes  CALR, ATP, HMGB1 
↑CD8+, IFN 

↑Tregs, TGF- 
Yes 

Abolished (CD8+, 

IFN depletion) 
(Bugaut et al, 2013) 

Lurbinectedin Yes CALR, ATP, HMGB1 ↑ IFN1 Partial 
Abolished (CD4+ and CD8+ 

depletion) 
(Xie et al, 2019a) 

Septacidin n.d. CALR, ATP, HMGB1 n.d. Yes Abolished (nu/nu mice) (Sukkurwala et al, 2014a) 

Wogonin Yes 
CALR, ATP, HMGB1, 

ANXA1 
↑DCs, lymphocytes Yes n.d. (Yang et al, 2012) 

Teniposide n.d. CALR, HMGB1 
↑DCs, CD8+, Il-2, IFN 

↑ IFN1 
Yes n.d. (Wang et al, 2019) 

Bromodomain inhibitor JQ1 Yes CALR, ATP, HMGB1 
↑DCs, CD8+ 

↓MDSCs 
Yes Reduced (nu/nu mice) (Bauzon et al, 2019; Riganti et al, 2018) 

EGFR antibody cetuximab n.d. CALR, HMGB1 ↑DCs, CD8+ Yes n.d. (Pozzi et al, 2016) 

EGFR antibody 7A7 Yes CALR ↑DCs, CD8+, CD4+, IFN Yes Abolished (CD8+ depletion) (Garrido et al, 2011) 

CDK inhibitor dinaciclib n.d. CALR, HMGB1, ATP ↑DCs, CD8+, CD4+, IFN Yes Abolished (Rag-/- mice) (Hossain et al, 2018) 

Oncolytic peptides DTT-205 

and DTT-304 
n.d. CALR, HMGB1 ↑IFN1 Yes 

Abolished (CD8+ and CD4+ 

depletion) 
(Zhou et al, 2018) 

Oncolytic peptide LTX-315 No CALR, ATP, HMGB1  

↑DCs, macrophages, CD8+, Th1 

CD4+, IL-1, IL-6 

↑ IFN1 

↓MDSCs, Tregs 

Yes n.d. 
(Camilio et al, 2014; Eike et al, 2015; Yamazaki 

et al, 2016; Zhou et al, 2016a)  

Oncolytic peptide LTX-401 ROS CALR, ATP, HMGB1, 
↑ CD3+ IFN 

↑ IFN1 
Yes n.d. 

(Eike et al, 2016; Mauseth et al, 2019; Xie et al, 

2019b; Zhou et al, 2016b) 
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Radiotherapy n.d. CALR, HMGB1 ↑DCs, CD8+,   17, IFN Yes Abolished (nu/nu mice) 
(Apetoh et al, 2007; Ma et al, 2011; Obeid et al, 

2007a) 

Photofrin-based PDT n.d. CALR, HMGB1 
↑monocytes, neutrophiles, CD8+, 

NK 
Yes Abolished (CD8+ depletion) 

(Korbelik & Dougherty, 1999; Korbelik et al, 

2007; Korbelik et al, 2011; Krosl et al, 1995) 

Hyperycin-based PDT 

No (but 

PERK 

and 

ROS) 

CALR, ATP ↑DCs, IL-1 Yes n.d. (Garg et al, 2012a; Garg et al, 2012b) 

Redaporfin-based PDT  Yes CALR, ATP, HMGB1 n.d. Partial n.d. (Gomes-da-Silva et al, 2018) 

Microwave thermal ablation n.d. CALR, ATP, HMGB1 ↑CD8+, TNF, IFN Yes Abolished (CD8+ depletion) (Yu et al, 2014) 

8-methoxypsolaren 

photochemotherapy 
n.d. CALR, ATP, HMGB1 

↑DCs, monocytes 

CD8+, NK 

↑IFN1 

Yes 
Abolished (CD8+, CD4+, 

spleen, NK depletion) 
(Tatsuno et al, 2019; Ventura et al, 2018)  

Electrical nanopulses n.d. CALR, ATP, HMGB1 ↑CD8+ Partial n.d. (Nuccitelli et al, 2015; Nuccitelli et al, 2017) 

UVC light n.d. CALR**, HMGB1** ↑DCs, CD8+, IFN Yes n.d. 
(Obeid et al, 2007a; Panaretakis et al, 2009; 

Schiavoni et al, 2011; Yamamura et al, 2015) 

Oncolytic virus T-VEC n.d. CALR, ATP, HMGB1 

↑CD8+ T cells 

IL-1, TNF 

↑IFN1 

Yes n.d. (Bommareddy et al, 2019) 

Newcastle disease virus n.d. 
CALR, HMGB1 

No ATP 

↑DCs, CD8+, CD4+, NK, NKT, 

IFN 

↓MDSCs 

Yes 
Abolished (Rag2-/-mice, CD8+ 

depletion) 
(Koks et al, 2015; Zamarin et al, 2014) 

Clostridium difficile toxin B ROS CALR, HMGB1, ATP n.d. Yes n.d. (Sun et al, 2015) 

Cardiac glycosides (digitoxin 

and digoxin)* 
n.d. CALR, ATP, HMGB1 ↑ CD8+, CD4+, T 17, IFN 

Yes (with 

CDDP or 

mitomycin 

C) 

Abolished (nu/nu mice) (Menger et al, 2012) 

Crizotinib* Yes CALR, ATP, HMGB1 

↑DCs, CD8+, NKT, IL-17  

↑ IFN1 

↓Tregs 

Yes (with 

CDDP or 

mitomycin 

C) 

Abolished (nu/nu mice) (Liu et al, 2019b) 

Agents endowed with immunogenic properties 

Shikonin n.d. CALR, HMGB1** ↑DCs, CD8+, Th1 
Partial (DC 

vaccine) 
n.d. (Chen et al, 2012; Lin et al, 2015) 

Melphalan No 
CALR**, HMGB1 

No ATP 

↑DCs, monocytes, CD8+, CD4+, IL-

1 IL-6, IL-8 

↓Tregs  

Partial 

(enhanced 

with 

rCALR) 

n.d. (Dudek-Peric et al, 2015; Lu et al, 2015b)  

Docetaxel Yes CALR ↑DCs, CD8+, cytokines n.d. n.d. (Chan & Yang, 2000; Kodumudi et al, 2010; 
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No HMGB1, no ATP ↓MDSCs, Tregs Senovilla et al, 2012; Tanaka et al, 2009a; Wang 

et al, 2015b) 

Paclitaxel Yes CALR, HMGB1 

↑DCs  

↑sensitivity to CTLs 

↓Tregs 

n.d. n.d. 

(Alagkiozidis et al, 2011; Chan & Yang, 2000; 

Golden et al, 2014; Senovilla et al, 2012; Tanaka 

et al, 2009a) 

Epothilone B  Yes CALR 
↑IL-1β, IL-12, IL-6 

↑ IFN1 
n.d. n.d. (Pellicciotta et al, 2011; Senovilla et al, 2012)  

Vinblastine Yes CALR**, HMGB1** ↑DCs n.d. Reduced (SCID mice) 
(Senovilla et al, 2012; Tanaka et al, 2009a; 

Tanaka et al, 2009b)  

Vincristine Yes CALR, ATP, HMGB1 ↑DCs n.d. n.d. 
(Menger et al, 2012; Senovilla et al, 2012; Tanaka 

et al, 2009a) 

Vinorelbine Yes CALR ↑DCs n.d. n.d. 
(Menger et al, 2012; Senovilla et al, 2012; Tanaka 

et al, 2009a)  

Capsaicin n.d. CALR, ATP ↑DCs n.d. Abolished (nu/nu mice) 
(Beltran et al, 2007; D'Eliseo et al, 2013; 

Gilardini Montani et al, 2015) 

5-Fluorouracil n.d. CALR** 
↑CD8+, IFN 

↓MDSCs 
n.d. n.d. (Vincent et al, 2010; Yamamura et al, 2015) 

Gemcitabin n.d. 
CALR**, HMGB1**, 

ATP** 

↑DCs, CD8+, NK**, NKT, IFN 

IL-17 

↓MDSCs, Tregs** 

Partial Abolished (nu/nu mice) 

(Fucikova et al, 2011; Giampazolias et al, 2017; 

Suzuki et al, 2005; Vincent et al, 2010; 

Yamamura et al, 2015; Zhao et al, 2015) 

Camptothecin n.d. CALR ** ↑DCs  Partial n.d. (Obeid et al, 2007b; Tanaka et al, 2009a) 

Carboplatin n.d. 
CALR**, HMGB1** 

No ATP 
↑ DCs, CD8+, CD4+,  n.d. n.d. (Golden et al, 2014) 

Platinum-N-heterocyclic 

carbene complex 
ROS CALR, ATP, HMGB1 ↑DCs n.d. n.d. (Wong et al, 2015) 

Vemurafenib n.d. CALR ↑DCs n.d. n.d. (Martin et al, 2015) 

Coxsackievirus B3 n.d. CALR, ATP, HMGB1 
↑DCs, granulocytes, macrophages, 

NK 

Yes (but in 

nu/nu mice) 
n.d. (Miyamoto et al, 2012) 

Measles virus n.d. HMGB1 
↑DCs, IFN IL-6, IL-8 

↑ IFN1 
n.d. n.d. (Donnelly et al, 2013) 

Adenovirus n.d. CALR, HMGB1, ATP ↑DCs, IFN IL-12, TNF  n.d Abolished (nu/nu mice) (Diaconu et al, 2012; Hemminki et al, 2015) 

Vorinostat n.d. CALR, ATP, HMGB1 ↑B cells, IFN  n.d. 
Abolished (Rag2c-/-, IFNR-

/- , IFN-/- mice) 
(Sonnemann et al, 2010; West et al, 2013) 

High hydrostatic pressure  n.d. CALR, ATP, HMGB1 ↑DCs, CD8+, IL-6, IL-12 n.d. n.d. (Fucikova et al, 2014; Urbanova et al, 2017)  

Docosahexaenoic acid n.d. CALR, HMGB1 ↑DCs n.d. n.d. (D'Eliseo et al, 2017) 

Pemetrexed n.d. CALR, HMGB1 ↑CD8+ n.d. n.d. (Schaer et al, 2019) 

CM-272 n.d. CALR, HMGB1 ↑CD8+, NK, IFN n.d. n.d. (Segovia et al, 2019) 
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↑ IFN1 

CY-1-4 NP n.d. CALR, HMGB1 
↑DCs 

↓MDSCs 
n.d. n.d. (Yang et al, 2019) 

KP1339/IT-13 Yes CALR, ATP, HMGB1 n.d. n.d. n.d. (Wernitznig et al, 2019) 

Maytansine-bearing antibody Yes CALR, ATP, HMGB1 n.d. n.d. n.d. (Bauzon et al, 2019) 

Disulfiram Yes CALR n.d. n.d. n.d. (Majera et al, 2019; You et al, 2019) 

Table 1. List of ICD inducers. Immunogenic cell death (ICD) inducers are agents that vaccinate against subsequent injection of tumors of the same type (either by injection of treated dying 

tumor cells or following complete treatment of transplanted tumors). Agents which delay tumor growth are considered as inducing partial vaccination and are classified as ICD inducers only if 

they elicit damage-associated molecular pattern (DAMPs) associated with ICD. In the second part of the table are listed agents that activate immune cells and/or act in an immune-dependent 

fashion in addition to exert at least one hallmark of ICD. *Immunogenic but need to be combined to a cytotoxicant. **Not activated in all the investigated cell lines. ANXA1, annexin A1; ATP, 

adenosine triphosphate; CALR, calreticulin; CTLs, cytotoxic T lymphocytes; CY-1-4 NP, nano-encapsulated tryptanthrin derivative CY-1-4; DCs, dendritic cells;   17, interleukin-17A–

producing  T cells; HMGB1, high mobility group box 1; ID, immunodeficient; IFN, interferon; IFN1, type I interferon; KP1339/IT-13, ruthenium complex sodiumtrans-[tetrachloridobis(1H-

indazole)-ruthenate(III)]; MDSC, myeloid derived suppressor cells; peIF2 eukaryotic initiation factor 2 phosphorylation; PDT, photodynamic therapy; rCALR, recombinant calreticulin; 

SCID, severe combined immunodeficiency; Th, helper T cells; Treg, regulatory T cells; T-VEC, talimogene laherparepvec; ROS, reactive oxygen species; n.d. not determined; UVC,  ultraviolet 

C. 
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3. The anticancer agents dactinomycin inhibits transcription 

Dactinomycin (DACT, also known as actinomycin D and called actinomycin C1 in the past) is 

a 1.26 kDa peptide belonging to the family of actinomycins (Figure 8), which are characterized 

by their two pentapeptide lactones linked to a phenoxazinone dicarbolxylic acid and appear as 

clear yellow liquids. They are produced by different strains of Streptomyces bacteria and were 

first isolated by Selman Waksman and H. Boyd Woodruff in 1940 (Waksman & Woodruff, 

1940), with more than 40 actinomycin reported today. The group of Waksman has demonstrated 

the antibacterial and anticancer effects of DACT, further confirmed by several studies on 

sarcoma cell lines (Gregory et al, 1956; Reilly et al, 1953). This led to the approval of DACT 

by the FDA in 1964, constituting the first antibiotic used as an anticancer agent. DACT is 

commercialized under the name Cosmegen and is mostly obtained by fermentation of 

Streptomyces parvullus, even if it was recently shown that Streptomyces flavogriseus also 

enables to obtain high yield of DACT (Wei et al, 2017). It is currently part of chemotherapeutics 

combinations for the treatment of pediatric sarcoma: Wilms’ tumors, rhabdomyosarcoma, and 

Ewing’s sarcoma, for trophoblastic neoplasia, as well as for some cases of advanced testicular 

cancers, and is still subject of numerous in vitro, in vivo and clinical studies. Its anticancer effect 

is thought to be due to intercalation between the DNA helix leading to transcription inhibition, 

even though other effects on cells have been enlightened. It is also widely used in laboratories 

for its ability to inhibit transcription.  

 

 

Figure 8. Chemical structure of DACT (Takusagawa et al, 1982). DACT is formed of two cyclic pentapeptide 

lactone groups (a and b rings), bound to a phenoxazone chromophore (4,6-dimethyl-2-amino-phenoxazone-3-one-

1,9-dicarboxylicacid). 
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3.1.  Transcription and translation in eukaryotic cells 

3.1.1. Mechanisms of transcription 

Transcription is the synthesis of single stranded RNA from double stranded DNA (dsDNA) in 

the nucleus of cells, using the template (non-coding) strand. It generates a 5’ to 3’ pre-RNA 

molecule, similar to the coding strand apart from thymines which are replaced by uracils. 

Transcription is catalyzed by RNA polymerases (RNAP). There are three RNAP in the nucleus: 

RNAPI for 5.8S, 18S and 28S ribosomal RNA (rRNA) synthesis, RNAPII for mRNA and 

RNAPIII for transfer RNA (tRNA), 5S rRNA and other short RNAs transcription (Table 2), in 

addition to a mitochondrial-specific polymerase. All three nucleic polymerases contain ten 

common subunits forming the catalytic subunit core, two additional more distant subunits, as 

well as peripheral subunits for RNAPI and III. While RNAPII and III are located into the 

nucleoplasm, RNAPI operates within the nucleoli, which are located around tandem repeats of 

rDNA called nucleolus organizer regions (NOR). rRNA transcription occurs in fibrillar centers, 

then pre-rRNA is processed in dense fibrillar region involving the proteins fibrillarin and 

nucleolin and finally the 40S and 60S subunits of the pre-ribosome are assembled into granular 

components by nucleophosmin (Figure 9) (Pombo et al, 1999). 

 

Name 
Number of 

subunits 

Molecular 

weight 
Location Abundance Product 

DACT 

specificity 

RNA 

polymerase I 
14 590 kDa Nucleolus 50 to 75 % 

Large rRNA subunits 

(28S, 18S, 5.8S) 
High 

RNA 

polymerase II 
12 500 kDa Nucleoplasm 5 to 10 % 

mRNA, snRNAs, 

miRNAs 
Medium 

RNA 

polymerase III 
17 700 kDa Nucleoplasm 15 % 

tRNA, 5S rRNA 

subunit, U6 snRNA and 

other short RNAs 

Low 

Table 2. Eukaryotic nucleic RNA polymerases. rRNA ribosomal RNA; mRNA messenger RNA; miRNA micro 

RNA; snRNA small nuclear RNA; tRNA transfer RNA. 
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Figure 9. Structure and composition of the nucleus. The nucleus is a double-membraned organelle which 

contains the DNA and the nucleoli (one or several per nucleus, number which may vary during cell cycle). The 

nucleolus is the site for rRNA transcription, thanks to fibrillar centers surrounded by dense fibrillar components. 

 

 RNAPII serves the transcription of coding genes and has been widely studied since 2000. 

It is initiated at the core promoter, which typically includes the site of transcription initiation 

extended by around 35 supplementary downstream or upstream nucleotides. Several sequence 

motifs are typically found in core promoters such as the TATA box, initiator (Inr), TFIIB 

recognition element (BRE) and downstream core promoter elements (DPE). Importantly, none 

of these elements is found in all core promoters. These elements serve to recruit RNAPII as 

well as its general transcription factors: TFIIA, TFIIB, TFIID (including the core factor (CF) 

subunit), TFIIE, TFIIF, and TFIIH. Once DNA is decondensed, helicase separates the two DNA 

strands, allowing fixation of RNA polymerase and transcription factors on the core promoter 

region. When the TATA box (located around 25 to 30 base pairs (bp) upstream transcription 

origin) is present in the core promoter, it forms a pre-initiation complex (PIC) by recruiting 

different elements in the following order: TFIID, TFIIB, RNAPII-TFIIF complex, TFIIE and 

finally TFIIH. BRE serves to recruit TFIIB whereas Inr and DPE are mostly involved in TFIID 

recruitment (Butler & Kadonaga, 2002; Hahn, 2004). The initiation of RNAPI and III 

transcription has been only recently studied and is less well understood. The peripheral subunits 

of RNAPI and III share sequence similarity and location with general TF of RNAPII, with the 

heterodimer being homologous to TFIIF and the heterotrimer being homologous to TFIIE, 

suggesting that during evolution, these polymerases have stably incorporated these enzymes. 

The PIC of RNAPI is composed of upstream activating factor (UAF), a TATA box binding 

protein (TBP), the trimeric CF comprising the TFIIB-like factor Rrn7 (TAFAB in human), Rrn6 

and Rrn11, as well as Rrn3. The formation of the RNAPIII PIC begins with transcription factors 

binding to control sequences followed by TFIIIB recruitment to the complex. TFIIIB is made 

of a TBP, a TFIIB-related factor (BRF1 or BRF2) and a B-double-prime (BDP) 1 unit (Khatter 

et al, 2017). 
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 Importantly, the majority of promoters contain CpG islands, regions containing high 

amounts of CG motifs, which are otherwise underrepresented in the genome due to methylation 

of the cytosine. In addition to the aforementioned most common motifs, other core promoter 

sequences have been found to contribute to transcription initiation and probably other remain 

to be discovered. Cis-regulator elements that are not part of the core promoter are also involved 

in RNAPII transcription control, such as proximal promoters which are located less than 250 

bp far from the transcription start site, enhancers and silencers which can be positioned several 

kbp far from the start site as well as boundary/insulator elements, which aim at preventing 

enhancers and silencers to affect neighboring promoters (Butler & Kadonaga, 2002; Hahn, 

2004). 

 Once the initiation complex is in place, abortive initiations may occur releasing short 

transcripts. Once a transcript reaches ten nucleotides, the polymerase breaks its interaction with 

the transcription factors, process which requires TFIIH-mediated hydrolysis of ATP, as well as 

the phosphorylation of a carboxy terminal domain (CTD), a specific domain of RNAPII. This 

promotes RNA polymerase positioning into the starting site of transcription where elongation 

begins, at a speed of 10 to 100 nucleotides per second.  Addition of ribonucleotides requires, in 

addition to polymerase, different elongation factors including the positive transcription 

elongation factor (P-TEFb). 

 Termination differs for each three polymerases. For RNAPI transcription, several 

transcription termination sites are located into ribosomal intergenic spacer region. When 

RNAPI reaches the end of a gene, the 3’-end of the transcript is cut, creating a pre-rRNA 

molecule that is further processed into the mature 18S, 5.8S and 28S rRNAs. For RNAPII, the 

cleavage and polyadenylation specificity factor (CPSF) and the cleavage stimulation factor 

(CSTF) bind the polyadenylation signal AAUAA. This leads to recruitment of other proteins, 

which promote RNA cleavage and poly-A tail addition in 3’, essential mechanism for mRNA 

stability (to prevent degradation by exonucleases). In addition, pre-mRNA undergoes two other 

steps of maturation: the addition of 7-methylguanosine cap in 5’ which allows recognition by 

ribosomes for further translation, as well as introns removal by the spliceosome which can lead 

to varying mRNAs. Once this mature form of mRNA has been synthetized, it can translocate 

to the cytoplasm for translation. In contrary to both aforementioned termination mechanisms, 

RNAPIII transcription termination does not require any other transcription factors, but a stretch 

of thymines (poly-T). This termination signal induces RNAPIII backtrack to the closest RNA 

hairpin where it forms a “dead-end” complex. As a consequence, RNAPIII opens, leading to 

the disassembly of the elongation complex. 
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3.1.2. Mechanisms of translation 

3.1.2.1. From mRNA to protein 

Translation is the synthesis of a polypeptide from mRNA templates which can occur in the 

cytosol or across the membrane of the ER. Prior translation, each amino acid is attached by an 

ester bound at the 3’ extremity of the corresponding tRNA by an enzyme called aminocacyl-

tRNA synthetase using ATP. There are as many tRNAs and aminocacyl-tRNA synthetases as 

amino acids. Only selenocysteine differs because directly produced on its tRNA. Once mRNA 

enters the cytoplasm, it binds a ribosome, a complex made of proteins and rRNA. This organelle 

is composed of two subunits: 60S (large subunit) and 40S (small subunit) in eukaryotic cells 

and possess three notable sites: aminoacyl (A) site, peptidyl (P) site and exit (E) site.  

 Initiation of translation consists in the assembly of both ribosomal subunits with the 

initiation codon base paired with the anticodon of the methionine charged initiator tRNA (Met-

tRNAi
Met) in the P site of the ribosome. This process is catalyzed by eukaryotic initiation factors 

(eIF), which interact with the 5’cap and the 5’untranslated region (5’UTR) of mRNA molecules. 

Each eIF plays a particular role. EIF1, 1A and 3 associate with the 40S subunit, they stabilize 

the PIC and prevent from 60S subunit premature binding. EIF3 interacts with the eIF4F 

complex, a complex composed of eIF4A, an ATP-dependent RNA helicase that resolves certain 

secondary structures in the 5’ region to prepare ribosome binding, eIF4E, a cap-binding protein 

which is considered as a rate limiting factor of translation, and eIF4G, a scaffold protein which 

binds the poly(A)-binding protein (PABP). PABP binds the poly(A) tail of mRNA transcript 

and is involved in mRNA movement during translation. EIF2 brings the Met-tRNAi
 Met to the 

P site of the 40S ribosome subunit. EIF2 is composed of three subunits, ,  and . EIF2 can 

be phosphorylated on its serine 51 and thereby constitutes the regulatory subunit; the  subunit 

is responsible for the interaction with eIF2B as well as with mRNA and tRNA; the  subunit 

can also interact with tRNA. EIF2B is a guanine nucleotide exchange factor that initiates 

translation though GDP hydrolysis by the GTPase activator protein eIF5; thereby it constitutes 

another translation initiation limiting step (Figure 10) (Jackson et al, 2010; Pavitt, 2005). 

Importantly, the transcription of certain mRNAs has a cap-independent initiation; the most 

described example of such mechanism is the internal ribosomal entry segment (IRES), in which 

the ribosome can traffic to the start site without scanning the whole 5’UTR (Lopez-Lastra et al, 

2005). The different cap-independent translation initiation mechanisms seem to be strategies 

that have evolved to ensure the synthesis of proteins involved in cell repair under stress 

conditions. 
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 Translation initiation starts by the formation of the ternary complex (eIF2-GTP-Met-

tRNAi
Met), which associates with the 40S subunit of the ribosome as well as with eIF1, eIF1A, 

eIF3 and likely eIF5, forming the 43S PIC, which is recruited to the 5’ methylguanine cap. 

Together with eIF4F, they constitute the 48S complex, which scans the 5’UTR in the 5’→3’ 

sense until it finds a start codon (AUG, corresponding to a methionine or eventually a CUG or 

UUG codons, which are viewed as methionine when initiating translation). This triggers eIF5-

mediated conversion of eIF2-GDP into eIF2-GTP, dissociation of several factors from the 40S 

subunit and binding of the 60S subunit (Figure 10) (Jackson et al, 2010).  

 During elongation, each aminocacyl-tRNAs brings the corresponding amino acid, which 

involves elongation factor thermo unstable (EF-Tu) and elongation factor 1-alpha 1 (EF-1) 

proteins, that have previously bound to an aminoacyl-tRNA in the cytoplasm and accompany 

it at the entry of the A site. If the anti-codon of the tRNA is recognized by the mRNA, EF-Tu 

and eEF-1 hydrolyze GTP to detach the aminoacyl-tRNA and push it into the A site. This 

leads to a rapprochement between nascent peptide chain (which is attached via a tRNA to the 

P site) and aminoacyl at the A site. The peptide chain is catalyzed by ribosome and transferred 

to the tRNA of the A site which liberates the tRNA of the P site. Then the EF-G and eEF-2 

proteins push peptidyl-tRNA from A to P and the free tRNA from P to E where it is released 

from the ribosome. Elongations factors that hydrolyze GTP translocate the ribosome to the 

following codon along the mRNA subsequently receiving new aminoacyl-tRNAs. The 

polypeptide chain is synthetized from the N-terminal to the C-terminal extremity. Once the stop 

codon is reached (UAA, UGA or UAG), the ribosome detaches from both protein and mRNA. 

The two subunits of the ribosome are separated and can drive additional translation processes. 

mRNA can serve as a template for 10 to 20 other proteins translation before being degraded. 

Newly synthetized protein is released in the cytosols or in the ER where it will undergo post-

translational modifications and can be stored for future vesicle transport and secretion.  

 The newly synthetized protein undergoes covalent modifications, usually mediated by 

enzymes to be functional. These modifications occur in the ER or in the Golgi apparatus. Of 

note, some structure modifications like acetylation, folding by chaperones occur during 

translation and are therefore called co-translation modifications. Phosphorylation is the most 

common modification. Post-translational modifications can be divided into three main classes: 

addition of functional groups (methylation, glycosylation which promote protein folding and 

increase stabilization, lipidation for proteins that aim to be part of membranes etc.), addition of 

peptide group (ubiquitination, sumoylation etc.), modification of the nature of amino acids or 

structural changes (formation of disulfide bridges formation between cysteine residues, 
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proteolytic cleavage etc.). Proteins which are intended to integrate into the plasma membrane 

or to be secreted, move from the ER to the Golgi apparatus to reach the plasma membrane. 

 

3.1.2.2. ER stress inhibits cap-dependent translation 

In eukaryotic cells, the ER is an organelle that serves protein assembly and folding, 

phospholipids synthesis as well as calcium homeostasis regulation. In response to the 

accumulation of misfolded/unfolded proteins in the ER lumen as well as in other contexts of 

stress including immunogenic cell stress (Paragraph 2.4.1.1), eIF2 is phosphorylated (Figure 

6), leading to the formation of a stable eIF2αP-GDP-eIF2B complex preventing from the 

conversion of eIF2-GDP into its active form, eIF2-GTP. Cap-dependent initiation is thereby 

inhibited and allows the reduction of protein load in the ER lumen to protect cells from ER 

stress-mediated apoptosis (Figure 10).  

 

Figure 10. Translation initiation in physiological conditions and upon stress. Under normal conditions, 

different eukaryotic initiation factors (eIFs) assemble with the 5’ untranslated region (5’UTR) region of the 

messenger RNA (mRNA) and the methionine charged initiator tRNA (Met-tRNAi
Met) in the P site of the ribosome, 

forming the 48S initiation complex. After assembly with the 60S subunit, translation can start. Under stress 

conditions mediated by eIF2 kinases (eIF2AK), the initiation complex is not functional and 48S* complex bound 

to mRNA form stress granules. CReP, constitutive repressor of eIF2 alpha phosphorylation; GADD34, growth 

arrest and DNA damage-inducible protein; GDP, guanine diphosphate; GTP, guanine triphosphate; PABP, 

poly(A)-binding protein.  

 



 

50 
 

 Nevertheless, some mRNAs, such as ATF4, are translationally up-regulated in stress 

conditions, due to a particular configuration of upstream open reading frames (uORFs) in its 

5’UTRs: a short uORF1 is followed by a long uORF2 overlapping ATF4 ORF. Thus, whereas 

high amounts of eIF2-GTP-Met-tRNAi
Met under normal condition allows initiation set up on 

time for uORF2 after uORF1 translation and thereby prevents from ATF4 translation, low 

amounts of activated eIF2-GTP-Met-tRNAi
Met during stress is not sufficient for binding the 40S 

subunit on time for uORF2 but is sufficient for initiating the next start codon, the one of ATF4. 

Importantly, the integrated stress response inhibitor (ISRIB) reverses the effect of eIF2 

phosphorylation by preventing eIF2B inhibition, without dissociating the subunits from the 

complex (Wortham & Proud, 2015). 

 

3.1.3. The inhibition of transcription and translation to prevent neoplastic 

cells proliferation 

The proliferation of cancer cells relies on the hyperactivation of oncogenes and the inactivation 

of tumor suppressor genes. Oncogenes encode growth factors, transcription factors, 

differentiation factors, surface membrane receptors or proteins involved in reception and 

transduction of growth signals. Many oncogenes have been discovered until now, such as the 

transcription factor c-myc which is mutated in nearly all cancers, the GTPase Ras which 

activate several metabolic pathways in most cancers or the transcription factor friend leukemia 

integration 1 transcription factor (FLI1) mutated in 80 % of Ewing’s sarcoma. Consequently, 

altering the transcription of these specific genes constitute interesting anticancer strategies, with 

the successful example of all-trans-retinoid acid (ATRA) which binds promyelocytic leukemia 

gene-retinoic acid receptor alpha (PML-RAR) oncogenic transcription factor responsible for 

acute promyelocytic leukaemia and is part of the first line therapy to treat this type of cancer 

(Lambert et al, 2018). Nevertheless, very few drugs targeting oncogenes have reached the 

clinics and this strategy suffers from the need to know the mutational status of each cancer 

(Bradner et al, 2017). 

More generally, cancer cells require a high transcriptional and translational rate to sustain 

rapid proliferation. Besides, various oncogenes directly or indirectly upregulate transcription, 

like c-myc which activates RNAPI and III transcription, and many tumor suppressors inhibit 

transcription, such as pRB or p53. RNAPI transcription seems to be notably important in 

neoplastic cells. Indeed, rRNA level as well as abnormalities in morphology, quantity and size 

of nucleoli were shown to be particularly high in all kinds of investigated tumors (Drygin et al, 
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2010; White, 2008). It was also demonstrated that rRNA level constitutes a reliable prognostic 

factor in ovarian cancer and rhabdomyosarcoma (White, 2008; Williamson et al, 2006). Cancer 

cells are by consequence particularly sensitive to the inhibition of RNA synthesis, which appear 

to be an interesting target for anticancer treatment (Drygin et al, 2010). Even though most 

chemotherapeutic agents used in clinics for cancers were originally chosen and developed for 

their capacity to arrest cell cycle and induce apoptosis, it turns out that many of them, in parallel, 

affect transcription, such as irinotecan, dactinomycin and others.  

 

3.2.  Dactinomycin intercalates into the DNA and inhibits transcription  

In the 1940’s, DACT was isolated and its antibacterial and anticancer activity was discovered 

(Waksman & Woodruff, 1940).  It was further shown that DACT inhibits RNA synthesis 

without affecting DNA replication in cancer cells (Goldberg, 1962; Reich et al, 1961). 

Moreover, it was demonstrated with bacterial material that DACT induces immediate arrest of 

RNA synthesis, followed by the inhibition of DNA synthesis but with a delay and a ten-fold 

reduced sensitivity (Hurwitz et al, 1962). Accordingly, DACT inhibits the proliferation of DNA 

viruses but not RNA viruses (Goldberg, 1962). Whereas addition of DNA material could 

partially enhance RNA synthesis, supplementation with any other material involved in the 

processes of transcription had no effect, meaning that DACT targets directly DNA (Hurwitz et 

al, 1962).  

 DACT behaves both as a DNA intercalator and as a minor groove binding agent. In 

opposite to most DNA intercalators that have a positive charge, DACT may compensate with a 

high dipole moment induced by non-symmetrical distribution of polar components. DACT was 

shown to specifically bind guanine residues belonging to a GpC step, displaying higher 

specificity to deoxyguanosine than any other nucleotide or nucleoside, and for dsDNA than 

single strand DNA (ssDNA) (Goldberg et al, 1962; Hurwitz et al, 1962; Reich, 1961). X-ray 

diffraction and molecular modelling studies have been used to characterize the complex formed 

by DACT and DNA. The phenoxazone chromophore inserts between the GpC step and 

hydrogen bonds are formed (i) between the amino group in position N2 of the guanine residue 

of the GpC step and the carboxyl oxygen of the threonine residue of DACT, (ii) between the 

ring nitrogen in position N3 of the guanine residue of the complementary strand and the amid 

group of the threonine residue of DACT, both interactions stabilizing the complex (Figure 11). 

The proline, sarcosine and methylamine residues of the pentapeptide establish hydrophobic 

interactions with the DNA minor groove leading to further stabilization. Due to the formation 
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of this very stable complex, DNA adopts a distorted structure, preventing from double helix 

unwinding and polymerase activity (Chinsky & Turpin, 1978; Kamitori & Takusagawa, 1992). 

The higher specificity of DACT for transcription inhibition rather than DNA replication 

inhibition may be explained by the difference of location of the polymerases in the DNA: DNA 

polymerase moves ahead into the major groove of DNA whereas RNA polymerase proceeds 

into the minor groove (Cavalieri & Nemchin, 1964). Besides, the distortion of DNA induced 

by DACT binding prevents another DACT molecule to intercalate closer than six bases away 

(Gellert et al, 1965; Muller & Crothers, 1968). 

 The observation that DACT does not bind with the same affinity to all guanine 

containing sequences suggests that the guanine environment is also important. Binding of 

DACT to DNA sequences have been intensively studied showing that DACT displays the 

highest affinity for d(TGCA), then d(CGCG), followed by d(AGCT) and finally d(GGCC) in 

self-complementary (Chen, 1988), but also non-self-complementary tetranucleotides (Chen, 

1992), with a particularly strong affinity for the d(GAAGCTTC) sequence (Kamitori & 

Takusagawa, 1992). Surprisingly, DACT and the d(CXYGGCCY’X’G) sequence (with X’ 

complementary nucleotide of X and Y’ complementary nucleotide of Y) also formed a 

particularly stable complex despite a very slow association kinetics, properties explained by the 

involvement of hairpins structures in the formation of this complex (Chen et al, 2003). It was 

even later demonstrated that binding between DACT and some sequences lacking GpC can also 

occur, which is strongly sequence dependent (Chen et al, 2004) and that CTG triplets also exert 

an effect on DACT intercalation (Hou et al, 2002). In parallel, another team showed that DACT 

also displays affinity for ssDNA, especially for TAGT sites belonging to nucleotides longer 

than 14 bases (Wadkins et al, 1996). Altogether, these findings demonstrate that the specificity 

of DACT is highly sequence dependent and does not strictly requires d(GC) as previously 

believed. Importantly, the non-covalent binding of DACT to DNA is reversible but very slow, 

with a rate dependent on the DNA sequence involved (Ilan & Quastel, 1966; Muller & Crothers, 

1968). In addition, even though transcription is restored after drug removal, abnormal 

transcription profiles are still observed after 48 h (Schluederberg et al, 1971).   

 The formation of this DACT-DNA complex interferes with all three eukaryotic RNA 

polymerases, yet with different sensitivity: class I transcription is inhibited with a half maximal 

inhibitory concentration (IC50) going from 10 to 100 ng/mL, class II transcription is impaired 

with an IC50 between 0.1 and 1 g/mL and class III transcription inhibition occurs with an IC50 

from 1 g/mL and up to 1g/mL according to the cell lines (Table 2) (Bensaude, 2011; 

Fraschini et al, 2005; Kleeff et al, 2000). From a morphological point of view, low doses of 
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DACT lead to the dissociation of the fibrillar centers, dense fibrillar components and granular 

components of the nucleolus, which supports the specificity of DACT for rRNA synthesis 

inhibition (Boulon et al, 2010). 

 Of note, even though DACT induces a global decrease in RNA synthesis, it has the 

capacity to activate some pathways related to apoptosis, necrosis or inflammation, with an 

increase of the transcription of different caspases, BIM, RIPK1, genes belonging to the 

TNF/TNF receptors family and NF-B regulated genes (Liu et al, 2016). 

 

Figure 11. DACT intercalates into the minor groove of DNA (Kamitori & Takusagawa, 1993). The 

phenoxazone chromophore of DACT inserts between the GpC step and hydrogen bonds are formed between the 

pentaptides of DACT and the neighbor guanine residues. 

 

3.3.  Other anticancer mechanisms of dactinomycin 

3.3.1. Dactinomycin is a topoisomerase inhibitor 

In addition to the effect on the activity of polymerases, the complex formed by DACT with 

DNA prevents the action of topoisomerases. DNA topoisomerases are nuclear enzymes that 

control the structure of the DNA by generating transitory breaks and further reparations in order 

to resolve topological problems such as underwinding or overwinding, arising during DNA 

replication, transcription and certain steps of the cell cycle such as chromatin condensation and 

chromosomes separation. They are divided into two classes: type I topoisomerases induce 

single strand breaks and type II topoisomerases induce ATP-dependent double strand breaks. 

Topoisomerase targeting antitumor drugs, such as DACT, stabilize the interaction between this 

enzyme and the DNA. The increase in cleavable complexes induces DNA damage leading to 

an arrest in G2 and if prolonged to apoptosis. DACT was first shown to induces cleavable 
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complexes with topoisomerases II (D'Arpa & Liu, 1989). It was further shown that it also affects 

topoisomerase I, which may be important for the high selectivity of DACT for rRNA 

transcription inhibition, since topoisomerase I is enriched into the nucleoli (D'Arpa & Liu, 1989; 

Trask & Muller, 1988). It was also demonstrated that no binding occurs at high concentrations 

of DACT, suggesting the following mechanism: at low concentration, DACT induces cleavable 

complexes with topoisomerases and abnormal DNA strand breaks. When drug concentration 

increases, the ratio of double to single strand breaks increases and finally at high concentration, 

the structure of DNA is modified in such an extent that topoisomerase binding is completely 

prevented (D'Arpa & Liu, 1989; Wassermann et al, 1990). 

 

3.3.2. Dactinomycin inhibits protein synthesis 

The rapid protein decrease, observed at the same time as mRNA synthesis inhibition following 

DACT treatment, first suggested that this drug also exerts direct effect on protein translation 

(Goldstein & Penman, 1973; Honig & Rabinovitz, 1965), emphasized by another study that has 

used cell fragmentation to show that DACT, at a an elevated concentration of 5 mg/kg, inhibits 

protein synthesis independently of transcription inhibition (Revel et al, 1964). However, it was 

further demonstrated that proteins keep being synthetized in DACT-treated enucleated cells, 

meaning that the inhibition of translation by DACT is a consequence of the inhibition of 

transcription and not a direct effect of DACT (Cooper & Braverman, 1977). Numerous studies 

rather reinforce this view and all things considered, we can state that DACT induces an 

immediate and complete arrest of rRNA synthesis even at low doses, followed by the inhibition 

of mRNA synthesis, protein translation and finally DNA replication, with the course and 

amplitude of these events strongly depending on the dose and timing (Fraschini et al, 2005; 

Goldstein & Penman, 1973; Hurwitz et al, 1962; Martin et al, 1990b; Schluederberg et al, 1971). 

 

3.3.3. Dactinomycin induces apoptosis 

Quickly after DACT was isolated, its cytotoxic effect in tumor cells was already widely 

demonstrated (Gregory et al, 1956; Reilly et al, 1953), but it is only twenty years later that the 

kind of cell death induced was investigated and revealed that sarcoma transplanted tumors 

treated with DACT display phenotypic features of apoptosis (Searle et al, 1975). This has been 

further confirmed by numerous studies in various cell lines since (Cortes et al, 2016; Kam & 

Thompson, 2010; Takusagawa et al, 1982).  

 We can naturally wonder whether apoptosis is a consequence of transcription and/or 
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translation inhibition. DACT induces transcription inhibition within minutes following 

treatment, even at very low dose (around 50 ng/mL).  At this same dose in HL-60 leukemic 

cells, DACT also induces apoptosis, but after a delay: first signs of apoptosis can be observed 

after 5 h and increase with time and/or concentration of drug (Martin et al, 1990a; Martin et al, 

1990b). Of note, cycloheximide (the classical inhibitor of translation used in laboratory), even 

though inducing quicker and almost total translation inhibition as compared to DACT, induces 

apoptosis in a lower extent, suggesting that protein synthesis inhibition alone cannot explain 

the induction of apoptosis (Martin et al, 1990b). In the PANC-1 pancreatic cells, apoptosis via 

the JNK/SAP pathway was induced by DACT in a p53-dependent manner which may directly 

arise from DNA damage, leading to a higher susceptibility to TRAIL and TNF (Kleeff et al, 

2000). In ECV304 bladder carcinoma, apoptosis was induced at high dose (800 ng/mL) and 

could be increased by inhibition of the PI3K-PKB-caspase 8 pathway (which promotes cell 

survival) (Shim et al, 2004), consistent with the finding that inhibition of the PI3K-Akt pathway 

could enhance DACT-induced apoptosis in human hepatocyte-derived cells HL7702 (Li et al, 

2006). Again at high dose (1 g/mL, 100 folds higher than the dose needed to inhibit rRNA 

synthesis), DACT induces apoptosis in HeLa cervix carcinoma (Fraschini et al, 2005). In T 

leukemic cells, DACT-triggered apoptosis was dependent on the activation of the potassium 

channel Kv1.3 in latter phases of the cascade (Bock et al, 2002) and can be mediated by the 

generation of ROS following DACT treatment (Kajiwara et al, 2001). In osteosarcoma cells, 

DACT inhibits cell proliferation and induces apoptosis in a dose dependent manner. A potential 

mechanism linking apoptosis to transcription inhibition is proposed a more recent study: DACT 

inhibits, among others, cyclins A, D1, E mRNA synthesis, leading to cell cycle arrest and 

caspase 3 cleavage (Lu et al, 2015a). Another study revealed that, at low doses of DACT, 

despite the transcription of various genes is impaired, some apoptosis-related genes, like 

caspases or Bim, or the necroptosis associated gene RIPK2 exhibit a higher transcription level 

as compared to untreated cells (Liu et al, 2016). Importantly, apoptosis was also activated after 

DACT treatment in p53-/- neuroblastoma cells (Cortes et al, 2016), in line with experiments 

performed in leukemia mouse models in which apoptosis was independent of the p53 status of 

the mice (Merkel et al, 2012) and in myeloid cells that were sensitive to DACT-induced 

apoptosis whatever p53 status (Li et al, 1998).  

 As a conclusion, apoptosis may be at least in part induced by the inhibition of 

transcription, without excluding that some other off-target effects of DACT are involved. The 

exact pathway leading to apoptosis remain to be elucidated but it appears clear that this kind of 

cell death is triggered by DACT in a large panel of cancer cell lines, suggesting that DACT is 
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efficient in other cancer types than sarcoma. In particular, the high sensitivity of neuroblastoma 

to DACT paves the way for treatment with low dose chemotherapy (and the reduced side effects 

that go with) (Cortes et al, 2016). 

 

3.3.4. Dactinomycin induces photosensitization 

The study of the photodynamic properties of DACT revealed that irradiation of DACT, 

especially when involved in a complex with ssDNA, induces electron transfer from nucleotides 

to photo-excited DACT, leading to the generation of active intermediates, first DACT radical 

anion and then superoxide radical anion, promoting the formation of a DNA base radical cation 

and DNA damage as a consequence. Among the four mononucleotides, deoxyguanosine 

mononucleotide is the most powerful electron donor, in agreement with previous finding 

showing that DACT preferentially binds to deoxyguanoside (Pan et al, 2001).  

 Moreover, after DACT treatment of HeLa cells, short irradiation leads to almost 

immediate cells death with a small proportion of the drug binding to hydrophobic proteins, 

inducing their photo-sensitization (Vekshin, 2011). Importantly, whereas nanomolar amount of 

DACT is sufficient to inhibit transcription, the generation of superoxide radicals requires much 

higher concentration (100 to 200 M) (Avendaño, 2008; Pan et al, 2001). A recent study 

revealed another pathway though which DACT increases ROS accumulation: it inhibits CD133, 

a receptor present at the surface of chemotherapy resistant  hepatocellular carcinoma, reducing 

the expression of the cystine/glutamate transporter xCT, which leads to lower glutathione 

amount, ROS accumulation and finally cell death (Song et al, 2019).  

 The anticancer activity of DACT could therefore be potentiated by light exposition. The 

elevation of ROS following DACT exposition may be an explanation for its synergistic effect 

with radiotherapy (D'Angio et al, 1965; Maddock et al, 1960). In addition, this may bring into 

consideration the use of DACT in photodynamic therapy or to induce DNA cleavage in a 

specific and controllable fashion (Pan et al, 2001). 

 

3.3.5. Dactinomycin inhibits respiration and glycolysis 

It was shown in leukemic lymphocytes that DACT inhibits transcription, translation, oxidative 

phosphorylation (respiration) and anaerobic glycolysis in addition to decrease ATP content in 

cells. Respiration and glycolysis impairment seem to be consequences of RNA synthesis 

inhibition (due to the timing of events and the impossibility to observe one without the other). 

Protein synthesis inhibition may be due to both RNA synthesis impairment and ATP decrease. 
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Of note, whereas puromycin also completely abolishes translation, it does not impair respiration, 

showing that other mechanisms than protein synthesis inhibition alone must explain blunt 

respiration (Laszlo et al, 1966). Long term exposure to DACT also inhibits glycolysis required 

for lymphocytes transformation (Rabinowitz et al, 1968). Moreover, DACT impairs oxidative 

phosphorylation in cancer cells in a caspase-dependent manner and lead to ATP decrease, 

although this last event may be explained by supplemental mechanisms (Tao et al, 2006). Of 

note, it was shown that DACT affects inorganic pyrophosphate exchange reaction with all 

nucleoside triphosphates (Goldberg et al, 1963), which may also affect intracellular ATP 

content.  

 

3.3.6. The effect of dactinomycin on the immune system 

Soon after DACT isolation, it was shown that DACT administered concomitantly to an antigen 

induces delayed production of antigen specific antibodies but does not affect their quantity, 

suggesting that (i) the inhibition of transcription retards but does not impair the efficacy of the 

immune response and (ii) DACT-treated cells do not stimulate strong B cell-mediated immune 

signaling (Wust et al, 1964). Since then, the effect of DACT on immune cells has been barely 

investigated. It has been shown that DACT-treated cells are more sensitive to NK and 

monocyte-derived cytotoxic factors (Uchida & Klein, 1985), with the fibrosarcoma cell line 

WEHI 164 being particularly sensitive to TNF-mediated monocyte killing (Austgulen et al, 

1986; Bersani et al, 1986). In addition, it has been reported that DACT increases the expression 

of the early marker of activation CD69 in CD3+ T cells, resulting from the activation of 

intracellular stress pathways (Morgan et al, 1999). Conversely, some studies have revealed that 

DACT impairs proinflammatory cytokines secretion by macrophages (Kozmar et al, 2010; 

Perez et al, 2012).  

 

3.4.  Pharmacokinetics of dactinomycin 

Administration route 

For animal experimentation, DACT is usually administered intraperitoneally (i.p.) or 

intravenously (i.v.) Since the drug irritates tissues, i.v. route is recommended and used in clinics, 

with recent experimentation investigating the possibility to directly inject it in the limb for 

melanoma (Kam & Thompson, 2010).  
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Dosage 

DACT was shown to be efficient to treat Ridgway osteosarcoma tumors transplanted in mice 

at concentrations above 0.4 mg/kg (as a single injection) and is lethal above 1 mg/kg (Schwartz 

et al, 1965; Schwartz et al, 1966). In patients, the doses vary according to the type of cancer, 

the combination regimen and the region in the world where the patients are treated. It should 

also be adapted to the age and weight of the patients (Walsh et al, 2016). Here are some ideas 

on the doses based on Cosmegen’s prescription. To treat Wilms’ tumor, childhood 

rhabdomyosarcoma and Ewing’s sarcoma, DACT is combined with other chemotherapeutic 

agents and its dose should not exceed 15 g/kg/day or 400 - 600 g/m² body surface/day i.v. 

for five consecutive days. For testicular cancer, a dose of 1 mg/m² is administered i.v. the first 

day of treatment consisting of a combination regimen with cyclophosphamide, bleomycin, 

vinblastine, and cisplatin. For gestational trophoblastic neoplasia, 12 g/kg/day is administered 

for five days as a single agent, or 500 g i.v. at days 1 and 2 as part of a combination regimen 

with etoposide, methotrexate, folinic acid, vincristine, cyclophosphamide and cisplatin 

(Dohme-Chibret, 2004; FDA, 2008). 

  

Metabolization 

The drug is minimally metabolized; only one study has reported the presence of monolactone 

metabolites corresponding to 1 to 4 % of the initial i.v. dose (Galbraith & Mellett, 1975; 

Tattersall et al, 1975).  

 

Distribution and effect on different tissues 

Importantly, in spite of its high lipid solubility, DACT does not cross the blood brain barrier, 

maybe due to its elevated molecular weight, thus it is not present in the central nervous system 

(Galbraith & Mellett, 1975; Tattersall et al, 1975). DACT is rapidly distributed to nucleated 

cells of various tissues, with a maximum at 3 h and a quick decrease observed in plasma 

(Brothman et al, 1982; Veal et al, 2003). The team of Herbert S. Schwartz extensively studied 

DACT distribution and effects in mice tissues and showed that 30 minutes after i.v. injection, 

high amounts of drug are already present into the small intestine, liver, spleen and salivary 

gland of mice, followed by transient inhibition of transcription inhibition (Schwartz & 

Sodergren, 1968; Schwartz et al, 1965). Two models of tumors were shown to differently 

respond to DACT: while osteosarcoma was highly sensitive to DACT, a transplanted spindle 

cell carcinoma, which was not prone to DACT accumulation, kept proliferating after treatment 
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(Schwartz & Sodergren, 1968). It seems that toxicity induced by DACT in tissue is related to 

the time of exposure to the drug, but the nature of the tissue may also plays a role. Indeed, 

osteosarcoma and intestine crypt cells, which have a high turnover meaning that they are highly 

dependent on transcription as compared to normal cells of most organs, turned out to be 

particularly sensitive to DACT (Kessel & Wodinsky, 1968; Schwartz et al, 1968). In addition, 

osteosarcoma cells undergo a significant RNA decrease following DACT administration (30 to 

40 % in 24 h), that may be involved in their notable susceptibility to DACT (Schwartz & 

Sodergren, 1968).  DACT was also reported as being toxic for lymph nodes and bone marrow 

in mice (Philips et al, 1960; Schwartz et al, 1968; Schwartz et al, 1965).   

 In patients, DACT was originally shown to be effective in sarcoma cells, with antitumor 

effects reported in other kinds of tumors since (Cortes et al, 2016; Kam & Thompson, 2010; 

Takusagawa et al, 1982). One severe adverse effect of chemotherapies including DACT is 

hepatotoxicity which can manifest through sinusoidal obstructive syndrome (SOS), also called 

veno-occlusive disease, a disorder that may be lethal due to blockage of the small blood vessels 

of the liver. It affects particularly young children; hence it constitutes a serious issue since 

DACT is most used for pediatric cancers. Indeed, SOS following DACT has been reported with 

an incidence of 2 to 13.5 % (Hill et al, 2014; Vidal; Walsh et al, 2016).  DACT is also very 

irritating to tissues if extravasation occurs. Other classical side effects associated with 

chemotherapies have been reported like anemia, bone marrow suppression, neutropenia,  

alopecia, nausea, diarrhea, loss of appetite, renal disorders (FDA, 2008). 

 By studying the structure and interaction of DACT in the body, one can imagine to 

design less toxic and more specific analogues. Since the general toxicity, as well as (at least 

part of) the anticancerous effect of DACT, is a consequence of its DNA binding, the 

intercalating part of the molecule should not be further modified. Nevertheless, some chemical 

groups of the pentapeptide could be substituted in order to change the lipophilicity and water 

solubility which would possibly render the molecule more specific for certain kinds of tissues. 

Several such agents have been successfully designed for leukemia cells which are effective at 

concentrations 100 to 500-fold lower than the dose of DACT usually used (Takusagawa et al, 

2001). 

 

Excretion 

DACT is excreted through bile, urine in faces in dogs (Dipaolo et al, 1957; Galbraith & Mellett, 

1975). The first pharmacokinetics study in patients reported a plasma half-life of 36 h with 30 % 

DACT recovered in faces and urine after 9 days (Tattersall et al, 1975). A study on a large 
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cohort of children demonstrated that DACT clearance and volume of distribution stand around 

5 L/h and 2 L respectively, with much lower values for high body weight (Hill et al, 2014). All 

in all, DACT, like anthracyclines, has a long half-life and poor excretion rate.  

 Some proteins, the ATP binding cassette (ABC), including ABCB1, ABCB2, ABCC1 

and ABCC2, which are present in the membrane of various epithelial cells (in the intestine, 

liver, kidney, blood brain barrier, placenta etc.) to expel drugs and toxins, exert high affinity 

for DACT and have been shown to be involved in its efflux out of cells. Accordingly, 

overexpression of ABC proteins leads to decreased sensitivity to the drugs while Abc-/- mice 

display higher plasma concentrations of DACT and require more time to eliminate it (Hill et al, 

2013). The role of ABCB1 in DACT transport was confirmed in canine kidney cells (Walsh et 

al, 2016). However, when looking at the impact of ABCB1 polymorphism in a large cohort of 

patients, no significant effect on DACT-pharmacokinetics was noticed (Hill et al, 2014). 

 

Mechanisms of resistance 

Some cells, like mouse spindle cell carcinoma originally induced with 7,12-

dimethylbenz[a]anthracene (DMBA), are insensitive to DACT (Schwartz & Sodergren, 1968). 

The mechanisms of resistance to DACT treatment has been studied in Chinese hamster ovarian 

cells, leukemia and HeLa cancer cells, showing variations in the membranes of resistant cells 

leading to lower permeability and consequent decrease in drug uptake, whereas no associated 

genetic variation was found (Biedler & Riehm, 1970; Bosmann & Kessel, 1970; Goldstein et 

al, 1966; Juliano & Ling, 1976; Kessel & Wodinsky, 1968). This variation in the composition 

and conformation of the membrane of resistant cells is due to the presence of glycosidase 

(Bosmann & Kessel, 1970) and of certain high molecular weight glycoproteins (Juliano & Ling, 

1976). Both can alter hydrophobic regions of the plasma membrane and decrease permeability. 

In particular, the presence of p-glycoprotein (encoded by ABCB1) in the membrane of certain 

cells is involved in resistance to many chemotherapeutics including DACT because it limits 

their absorption and expulse them out of cells.  

 

3.5.  Dactinomycin in the clinic 

3.5.1. Cancers treated with dactinomycin-based chemotherapy 

DACT is currently used in clinics to treat certain form of sarcoma. It is employed in 

chemotherapy regimens like the VAC (vincristine, DACT, cyclophosphamide) or VAD 

(vincristine, DACT, doxorubicin) regimen and/or combined with radiation therapy, due to its 
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ability to enhance radio sensitivity in tumor cells. It is used both as a neoadjuvant to induce 

tumor shrinkage before surgery, but also after surgery to eliminate remaining cancer cells (Vidal, 

Retrieved 2019-08-08). Sarcoma arise from mesenchymal tissues (connective tissues) and are 

divided into two main categories: bone sarcoma and soft tissues sarcoma. As the name implied, 

bone sarcoma (including osteosarcoma, rhabdomyosarcoma, Ewing’s tumors etc.) are found in 

the bones or in the cartilage throughout the body, whereas soft tissue sarcoma often forms in 

the body muscles, joints, nerves, deep skin tissues, fat and blood vessels. Sarcoma are relatively 

rare tumors, accounting for only 1 % of adult cancers, but for no less than 15 % of children and 

teenagers’ cancers, with 12.7 % bone sarcoma and 87.3 % soft tissue sarcoma in total (Figure 

12) (Blay & Ray-Coquard, 2017; Burningham et al, 2012). At early stages, sarcoma have a 

relatively good prognostic, but they become aggressive and metastatic in 40 to 50 % of the 

cases with a survival rate just over 12 months, underlying the need for new therapeutic strategies 

(Burgess & Tawbi, 2015; Savina et al, 2017). In addition, patients that have been treated with 

radiotherapy have a higher chance to develop a second sarcoma, probability which increases 

with the accumulation of radiation in the bones (Burningham et al, 2012). 

 

Figure 12. Prevalence of sarcoma in 2008 (Burningham et al, 2012). Sarcoma are divided into two main 

categories, bone sarcoma and soft tissue sarcoma, each of them divided in several subclasses. 

 

 DACT is recommended for the treatment of the following cancers:  

 Nephroblastoma, also called Wilms tumor is a kidney tumor that typically affects 

children under 15 (7.1 cases per million), rarely adults (0.2 cases per million). It represents 

more than 90 % of kidney cancers in children and 5 to 14 % of all cancers in children. Often 

due a limited number of mutations (in Wilms tumor (WT)1, WTX or CTNNB1 genes in one-
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third of cases) in the embryonic tissue that gives rise to kidney, it manifests as an intra-

abdominal mass. It is very responsive to treatments with a five-year survival rate around 90 %. 

The general protocol in Europe follows the International Society of Pediatric Oncology (SIOP) 

recommendations which consist in neoadjuvant and post-surgery chemotherapies combining 

DACT and vincristine, eventually supplemented with doxorubicin, etoposide, 

cyclophosphamide and/or radiation therapy (NCI, Retrieved 2019-08-08e). 

 Rhabdomyosarcoma is a tumor of striated skeletal muscles. It is an aggressive and 

metastatic form of sarcoma accounting for 3.5 % cancers among children, with 4.5 cases per 

million children. Although the cause is not known, different inherited diseases, like Li-

Fraumeni syndrome, have been associated with rhabdomyosarcoma. This tumor can develop at 

any site but primarily occurs in the neck, head, genitourinary tract, genitals and extremities 

where it manifests as a lump or swelling that keeps enlarging. The five-years overall survival 

is around 70 % for children younger than 15 and of 50 % for teenagers between 15 and 19 years 

old. Treatments depend on the site of the tumor, but currently rely on surgery, radiation therapy 

and DACT- and vincristine-based chemotherapy (NCI, Retrieved 2019-08-08a).  

 Ewing’s sarcoma arises from bone or soft tissue and are usually observed in legs, pelvis 

or chest wall. Whereas it touches only one person per million globally, it affects around 10 

children between 10 and 19 years old per million, accounting for 2 % of pediatric cancers. The 

mechanisms of Ewing’s sarcoma are well described: a translocation which fuses Ewing sarcoma 

breakpoint region 1 (EWSR1) gene on chromosome 22 to the FLI1 gene on chromosome 11 is 

found in more than 85 % of the cases, the EWSR1 gene has also been reported to fuse with 

erythroblast transformation-specific related gene (ERG) in around 10 % of the cases and more 

rarely with ETS translocation variant (ETV) 1 or ETV4.  These translocations lead to a 

continuous activation of the membrane receptor insulin-like growth factor-1 (IGF-1) 

responsible for cell proliferation and constitute key features for diagnosis of Ewing’s sarcoma. 

Five-years survival is around 80 % for children under 15 and of 60 % for teenagers between 15 

and 19. When this cancer is diagnosed, it has already spread to other parts of the body in 25 % 

of cases, therefore it requires highly aggressive treatments. They usually consist in neoadjuvant 

chemotherapy, followed by surgery and/or irradiation and by several other cycles of 

chemotherapy, based on combination of vincristine, DACT, doxorubicin, cyclophosphamide, 

ifosfamide and etoposide (NCI, Retrieved 2019-08-08b). 

 Gestational trophoblastic diseases are rare pregnancy-related tumors arising from 

trophoblastic tissue which forms the placenta. It includes the benign tumor hydatidiform moles 

as well as four malignant kinds of tumors: invasive mole, choriocarcinoma, placental site 
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trophoblastic tumors and epithelioid trophoblastic tumors. The incidence is very variable 

among countries with only 23 cases over 100,000 pregnancies reported in Paraguay whereas 

1,299 cases per 100,000 were reported in Indonesia. The maternal age and the history of 

hydatidiform mole constitute the main risk factor, with vaginal blebbing and rapidly enlarging 

uterus as main symptoms. The prognosis for gestational trophoblastic diseases is very favorable, 

even when the disease has invaded other organs. Thus, only when the tumor is malignant and 

considered as high risk, it is treated with methotrexate- and DACT-based chemotherapy, 

eventually supplemented with etoposide, folinic acid, cyclophosphamide and vincristine (NCI, 

Retrieved 2019-08-08c). 

 Testicular carcinoma develops in the testicles of young- and middle-aged men, arising 

from germ cells in most of the cases. The five-year survival rate is above 90 % after treatment. 

Testicular cancers are divided in seminoma and nonseminoma, leading to different treatment 

strategies. Indeed, seminomas are more sensitive to radiation therapy and chemotherapy, in 

addition to be less prone to form metastasis, whereas nonseminomas often require surgery for 

cure. Thus, nonseminima cancers are usually removed by surgery followed by radiation therapy 

and combination of chemotherapies including DACT at advanced stages of the disease (NCI, 

Retrieved 2019-08-08d). 

 

3.5.2. Clinical trials involving dactinomycin 

There are around fifty phase I, II, III, IV and pharmacokinetics clinical trials involving DACT. 

Most of them apply to childhood sarcoma (kidney cancer, rhabdomyosarcoma, Ewing’s 

sarcoma) and gestational trophoblastic diseases, three in melanoma and a few in other types of 

cancers, like leukemia or germ cell tumors (Table 3). Its use for carcinomas is very little 

investigated in clinical trials. The effect of DACT is mostly evaluated in combination with other 

chemotherapies, as well as with radiation therapy. It is usually used i.v. but its administration 

by limb infusion for melanoma is investigated, in order to have a local and more specific effect 

of the chemotherapy (NCT00004250, NCT00004250, NCT01323517). One particularly 

interesting phase II clinical trial (NCT01323517) demonstrates that the combination between 

DACT and melphalan administered by limb infusions together with the systemic injection of 

the anti-CTLA-4 Ipilimumab could improve the response rate of patients. This was further 

investigated in mice, showing that this antitumor effect is accompanied by the elicitation of an 

immune response involving IFN, NK cells and perforin (Ariyan et al, 2018).  

 

https://en.wikipedia.org/wiki/Five-year_survival_rate
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Indication Phase Status Reference Notes 

Advanced melanoma 

of the extremity 
II Completed NCT01323517 

Combined with Ipilimumab and Melphalan 

Limb Infusion (for chemotherapies) 

Gestational 

trophoblastic tumor 
III Completed NCT00003702 

Methoxetrate compared to DACT 

Result: DACT more efficient 

Various pediatric 

cancers (leukemia, 

sarcoma etc.) 

NA Completed NCT00674193 
Combined with vincristine 

Pharmacokinetics study 

Gestational 

trophoblastic tumor 
II Completed NCT00003688 Alone 

Gestational 

trophoblastic tumor 
III 

Active, not 

recruiting 
NCT01535053 

Methoxetrate compared to DACT 

 

Rhabdomyosarcoma, 

nephroblastoma 
IV Unknown NCT00491946 Combined with vincristine 

Rhabdomyosarcoma III Unknown  NCT00075582 Benefit of radiation therapy to VAC regimen 

Unspecified 

childhood solid tumor 
NA Unknown NCT00900354 

Alone 

Pharmacokinetics study 

Stage IV 

nephroblastoma 
III 

Not yet 

recruiting 
NCT03669783 Comparison between VCE and VAD  

Rhabdomyosarcoma, 

soft tissue sarcoma 
III Completed NCT00354835 Benefit of irinotecan and radiotherapy toVAC regimen 

Sarcoma II Unknown NCT00245089 Benefit of radiation therapy to VAC regimen 

Nephroblastoma III Completed NCT00352534 Benefit of radiation therapy to VAD regimen 

Sarcoma II Unknown NCT00245141 Benefit of radiation therapy to VAC regimen 

Melanoma I&II Withdrawn NCT01531244 
Benefit of gene therapy to melphalan and DACT 

Isolated limb infusion 

Rhabdomyosarcoma III Recruiting NCT02567435 
Alternance between VAC and VI with or without 

temsirolimus 

Gestational 

trophoblastic disease 
III 

Active, not 

recruiting 
NCT01823315 

Methoxetrate multidose compared to methoxetrate and 

DACT 

Gestational 

trophoblastic tumor 
II&III Recruiting NCT03885388 Combined with methoxetrate 

Ewing's Sarcoma II Unknown NCT00541411 Combined with vincristine, adriamycin, ifosfamide 

Rhabdomyosarcoma, 

soft tissue sarcoma 
III 

Completed 

 
NCT00003958 

Comparison between VAC and vincristine, topotecan, 

cyclophosphamide  

Melanoma, sarcoma II Completed NCT00004250 
Combined with melphalan 

Limb Infusion 

Rhabdomyosarcoma II Recruiting NCT01871766 Benefit of radiation therapy to VAC regimen 

Sarcoma III Completed NCT00354744 High dose chemotherapeutics combined with radiation 

Nephroblastoma IV 
Not yet 

recruiting 
NCT03892330 Benefit of anthracyclines to VAC regimen  

Brain cancer, choroid 

plexus tumor 
III Suspended NCT01014767 Different combinations chemotherapeutics 

Sarcoma III Completed NCT00002995 Benefit of radiation therapy to VAC regimen 

Germ cell tumor II Recruiting NCT01782339 
Combined with paclitaxel, methotrexate, oxaliplatin, 

pegfilgrastim 

Pleuropulmonary 

blastoma 
NA 

Active, not 

recruiting 
NCT01464606 Comparison between VAC and IVADo 

Kidney cancer III Unknown  NCT00003804 Combined with vincristine 

Kidney cancer III 
Active, not 

recruiting 
NCT00945009 Combined with vincristine and eventually doxorubicin  

Ewing's sarcoma III 
Active, not 

recruiting 
NCT02063022 

Intensified chemotherapeutics treatment compared to 

classical one 

Kidney cancer III Completed NCT00002610 
VAD regimen combined with radiation therapy and 

peripheral stem cell or bone marrow transplantation 
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Rhabdomyosarcoma, 

soft tissue sarcoma 
II Completed NCT01055314 

Cixutumumab IV, temozolomide combined with 

chemotherapeutics and radiation therapy 

Childhood central 

nervous system tumor 
II Completed NCT00084838 Benefit of radiation to chemotherapeutics combinations 

Fibrosarcoma II Terminated NCT00072280 
 Combination of different chemotherapeutics and 

surgery  

Gestational 

trophoblastic disease 
III Recruiting NCT02639650 

Comparison between paclitaxel and cisplatin with 

EMA-CO 

Renal cell cancer II Completed NCT00335556 VAC regimen 

Sarcoma III Unknown NCT00020566  Different combinations based on VAI and VIDE 

Rhabdomyosarcoma, 

soft tissue sarcoma 
III Terminated NCT00162695 

Combined with ifosfamide, oncovin, epirubicine, 

carboplatinum, etoposide 

Nephroblastoma III Completed NCT00002611 

Combined with filgrastim, pegfilgrastim, 

sargramostim, cyclophosphamide, irinotecan, 

vincristine, radiation therapy 

Urothelial/bladder 

cancers 
II Recruiting NCT02788201 

COXEN algorithm used to determine the next best 

therapy from among 75 FDA approved agents  

Nephroblastoma III Completed NCT00379340 
Different combinations of chemotherapeutics with 

radiation therapy 

Sarcoma II Completed NCT00003955 
Benefit of radiation therapy to combination of 

chemotherapeutics 

Sarcoma III Unknown NCT00379457 
Different combinations of chemotherapeutics with 

radiation therapy 

Germ cell tumor, 

ovarian cancer 
II Completed NCT00002489 Different combinations of chemotherapeutics  

Nephroblastoma III Unknown NCT00002516 
Different combinations of chemotherapeutics with 

radiation therapy 

Nephroblastoma III Unknown NCT00047138 
Different combinations of chemotherapeutics with 

radiation therapy 

Ovarian cancer, 

sarcoma, small 

intestine cancer 

II Completed NCT00025441 

Different combinations of chemotherapeutics with 

radiation therapy and peripheral blood stem cell 

transplantation 

Kidney cancer II Unknown NCT00025103 

Different combinations of chemotherapeutics with 

radiation therapy and peripheral blood stem cell 

transplantation 

Childhood bone 

malignant fibrous 

histiocytoma, sarcoma 

III Completed NCT00002898 
Different combinations of chemotherapeutics with 

radiation therapy 

Leukemia, lymphoma III Completed NCT00002766 
Different combinations of chemotherapeutics with 

radiation therapy 

Many kinds of 

cancers 
NA Recruiting NCT03382158 

Different combinations with vincristine, 

cyclophosphamide, ifosfamide, doxorubicin 

Upper tract urothelial 

carcinoma 
II Recruiting NCT02969083 

VAC regimen, combined with gemcitabine and 

cisplatin 

Table 3. List of clinical trials involving DACT. EMA-CO etoposide, methoxetrate, DACT, cyclophosphamide, 

vincristine; IVADo ifosphamide, vincristine, DACT, doxorubicin; VAC vincristine, DACT, cyclophosphamide; 

VAD vincrisitne, DACT, doxorubicin; VAI vincristine, DACT, ifosfamide; VCE vincristine, carboplatin, 

etoposide; VI vincristine, irinotecan; VIDE vincristine, ifosfamide, doxorubicin, etoposide (clinicaltrials.gov, 

Retrieved 2019-08-10).  
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Aim of the work 

1) Discovery of new ICD inducers 

Based on the consideration, now widely demonstrated, that cancer progression does not merely 

depend on self-mutations but is also driven by its environment, a new question arose: may 

certain conventional therapies affect the immune system? It turns out that anthracycline-based 

chemotherapies, radiotherapy but also some targeted therapies are particularly efficient in 

inducing an anticancer immune response, allowing the elimination of cancer cells that were not 

killed through the direct cytotoxic effect of the treatment and conferring long term protection. 

This important finding should lead, besides the development of new molecules, to the 

investigation of the immunogenic potential of approved therapies in order to design, based on 

the existing options, new combination strategies which may increase antitumor efficacy while 

limiting adverse effects (Galluzzi et al, 2015b).  

 Using a machine learning approach, we recently built an algorithm, which can predict 

the capacity of agents, based on their physical and chemical properties, to induce ICD (Bezu et 

al, 2018a). With the leitmotiv to discover ICD inducers among anticancer agents that have 

already been submitted to clinical trials, we have used this informatic model to screen the 

National Cancer Institute (NCI) library. Agents that displayed a high theoretical ICD score were 

further investigated in vitro and in vivo in order to confirm their immunogenicity. Importantly, 

several ICD inducers, such as cyclophosphamide and crizotinib, synergize with subsequent 

immune checkpoint blockade (Liu et al, 2019b; Pfirschke et al, 2016), combination which may 

be interesting to explore with other identified ICD inducers. 

 

2) Further elucidation of the mechanisms of ICD  

Even though ever more details of the mechanisms underlying ICD are unraveled, with the most 

recent mechanistic discoveries being (i) the role of ANXA1, which is released in the course of 

ICD and activate DCs through interaction with FPR1 (Vacchelli et al, 2015a) in addition to be 

required for exposure of CALR at the plasma membrane (Baracco et al, 2019) and (ii) the split 

ER stress response induced by anthracyclines and OXA (Bezu et al, 2018a; Giglio et al, 2018), 

the mere combination of all known hallmarks is not sufficient to account for immune system 

activation and the rules governing ICD induction at the cellular and molecular levels are not 

fully understood yet (Galluzzi et al, 2017). Thus, it appears of the highest importance to keep 

investigating in that field in order to further facilitate the identification of novel and effective 
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anticancer treatments, as well as to design judicious treatment combination and to adapt the 

strategy of anticancer therapy to the profile of patients. 
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Material and methods 

Cell lines. Human osteosarcoma U2OS cells stably expressing HMGB1-GFP together with 

H2B-RFP; CALR-GFP together with H2B-RFP; GFP-LC3; RFP-LC3; ATF4 reporter; 

XBP1ΔDBD-venus, U2OS cells co-expressing ss-SBP-GFP and Str-KDEL or HT29 MX1-

GFP (in which GFP is under the control of the MX1 promoter) were generated by our group in 

the past (Bezu et al, 2018a; Shen et al, 2012; Zhao et al, 2018; Zhou et al, 2016a). U2OS cells 

stably expressing GFP-ATF6 were obtained from Prof. Peter Walter (University of California, 

San Francisco, USA). U2OS cells stably expressing RFP-LC3 bearing a mutant non 

phosphorylable version of eIF2 (eIF2S51A) were constructed using the CRISPR-Cas9 

technology. We designed two complementary gRNAs (Table S 1) and inserted them into the 

pX458 vector (containing a tracrRNA and Cas9 fused with 2A-GFP) (Ran et al, 2013) following 

the manufacturer’s protocol (New England Biolabs, Ipswich, Massachusetts, USA). We then 

used this plasmid together with a homology repair template that targets the serine in position 

51 of eIF2 for an exchange to alanine (Figure S 1), to transfect RFP-LC3 expressing U2OS 

cells with Lipofectamin 2000 (Thermo Fisher scientific, Waltham, MA, US) according to the 

manufacturer’s protocol. Two days later, single cells were sorted by flow cytometry. DNA of 

clones which grew was extracted, amplified by PCR and analyzed for homozygous knock-in 

by sequencing (Eurofins Scientific, Luxembourg) (Table S 1). U2OS GFP-LC3 having one 

eIF2 kinase knocked out (EIF2AK1-/, EIF2AK2-/-, EIF2AK3-/- and EIF2AK4-/-) were 

constructed using a U6gRNA-Cas9-2A-RFP plasmid containing gRNAs (Sigma-Aldrich, St. 

Louis, MO, USA) (Table S 1) following the manufacturer’s protocol. In short, U2OS GFP-

LC3 cells were transfected and two days later, single cells were sorted by flow cytometry. 

Clones were validated by immunoblot with specific antibodies against human HRI, PKR, 

PERK and GCN2. 

 

Cell Culture. Human osteosarcoma U2OS cells, mouse fibrosarcoma MCA205 cells, human 

colon adenocarcinoma HT29 cells and murine lung cancer TC-1 cells were cultured in 

Dulbecco’s modified Eagle’s medium (Thermo Fisher Scientific) and mouse fibrosarcoma 

WEHI 164 cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium 

(ATCC), both supplemented with 10 % fetal bovine serum (Gibco by Life Technologies), 1 % 

non-essential amino acids (Thermo Fisher Scientific), 1 % HEPES (Thermo Fisher Scientific) 

in a humidified incubator with 5 % CO2 at 37 °C. For U2OS cells co-expressing ss-SBP-GFP 
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and Str-KDEL, 0.25 mg/mL hygromycin and 0.5 mg/mL G418 were added to the culture 

medium. For U2OS co-expressing HMGB1-GFP and H2B-RFP, 5 g/mL blasticidin and 0.5 

mg/mL G418 were added to the culture medium. For U2OS MX1-GFP, culture medium was 

supplemented with 2 g/mL puromycin. Cell culture plastics and consumables were purchased 

from Greiner Bio-One (Kremsmünster, Austria).  

 

Antibodies. Rabbit polyclonal antibodies against CALR (ab2907), rabbit monoclonal 

phosphoneoepitope-specific antibody against phospho-eIF2α (Ser51) (ab32157), rabbit 

polyclonal antibody against fibrillarin (ab5821), mouse monoclonal antibody against nucleolin 

(ab13541) and mouse monoclonal antibody against -actin (ab49900) were purchased from 

Abcam (Cambridge, UK). Rabbit polyclonal antibody against HRI (sc-30143) and mouse 

monoclonal antibody against PKR (sc-6282) were purchased from Santa Cruz biotechnology 

(Dallas, TX, USA). Rabbit monoclonal antibody against PERK (#3192), rabbit polyclonal 

antibody against GCN2 (#3302) and rabbit polyclonal antibody against LC3B (#2775) came 

from Cell Signaling Technology (Danvers, MA, USA). Anti-PD-1 (BE0273) and a 

corresponding isotype, a rat IgG2a against trinitrophenol (BE0089), were purchased from 

BioXcell (West Lebanon, NH, USA). Anti-rabbit and anti-mouse AlexaFluor-488, -568 and -

647 secondary antibodies came from Thermo Fisher scientific. Conjugated antibodies for 

flowcytometric analysis were purchased from BD Pharmingen (Franklin Lakes, NJ, USA), 

Biolegend (San Diego, CA, USA) or Myltenyi Biotec (Bergisch Gladbach, Germany). 

 

ICD prediction. The GI50 (dose for which 50 % of cell growth is inhibited) for a panel of 

52,578 compounds (identified via their NSC number) tested on 60 different cell lines was 

retrieved from the National Cancer Institute website 

(https://dtp.cancer.gov/databases_tools/bulk_data.htm). From these 52,578 compounds, 49,419 

were found to possess a valid PubChem CID (Compound ID number) using the PubChem 

identifier exchange service (https://pubchem.ncbi.nlm.nih.gov/idexchange/idexchange.cgi). 

The related structure data file (sdf) for each CID was obtained from pubchem and the ICD 

prediction scores were calculated using the ICDPred R package available at 

https://github.com/kroemerlab/ICDpred. Mitoxantrone was used as a reference to select 

potential ICD inducers. 

 

Compounds. A custom arrayed anticancer library was used (Bezu et al, 2018a). Bortezomib 

https://dtp.cancer.gov/databases_tools/bulk_data.htm
https://pubchem.ncbi.nlm.nih.gov/idexchange/idexchange.cgi
https://github.com/kroemerlab/ICDpred
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(5043140001), cisplatin (C2210000); crizotinib (PZ0191); dactinomycin (A1410); 

daunorubicin (D0125000); docetaxel (01885); doxorubicin (D1515); epirubicin (E9406); 

flavopiridol (F30055); ISRIB (SML0843); -lapachone (L2037); mitoxantrone (M6545); 

mycophenolate mofetil (SML0284); nonoxynol-9 (542334); paclitaxel (T7191); thapsigargin 

(T9033); tunicamycin (T7765); vinblastine sulfate (V1377); vincristine sulfate (V0400000) 

have been bought from Sigma-Aldrich. Dactolisib (BEZ235) (sc-364429) came from Santa 

Cruz. Oxaliplatin came from Accord Healthcare (Ahmedabad, India). Topotecan (609699), 7-

hydroxystaurosporine (UCN-01) (72271), becatecarin (101524), 5-Fluorodeoxycytidine (B86) 

(515328) and RH-1 (394347) were kindly provided by the National Cancer Institute (NCI). 

Lurbinectedin (PM01183) came from PharmaMar (Madrid, Spain). 

 

Fluorescence microscopy, image acquisition and analysis. One day before treatment, 2500 

U2OS cells either wild-type or stably expressing ATF6-GFP, ATF4-GFP, XBP1ΔDBD-venus 

or LC3-GFP were seeded in 384 well µClear imaging plates (Greiner BioOne) and let adhere. 

The next day, cells were treated 6, 12 and 24 h to assess ATP decrease, 6 h to look at 

eIF2 phosphorylation (peIF2) and ATF6 or 12 h to assess ATF4 and spliced XBP1 (XBP1s) 

levels. Following, cells were fixed with 3.7 % formaldehyde (F8775, Sigma Aldrich) 

supplemented with 1 μg/ml Hoechst 33342 for 1 h at room temperature. For ATF6, ATF4 and 

XBP1s, the fixative was exchanged to PBS and the plates were analyzed by automated 

microscopy. EIF2 phosphorylation was assessed by immunostaining: to this aim, cells were 

treated and fixed as described above in the presence of Hoechst 33342. Then unspecific 

antibody interaction was blocked by 2 % BSA for 1 h at room temperature and followed by an 

incubation with primary antibody overnight at 4 °C. After several washing steps with PBS, cells 

were stained with AlexaFluor-568-coupled secondary antibody (Thermo Fisher scientific) for 

2 h at room temperature and washed with PBS before acquisition. For the detection of ATP 

enriched vesicles, the cells were labeled after treatment with the fluorescent dye quinacrine as 

described before (Martins et al, 2011). Briefly, cells were incubated with 5 µM quinacrine and 

1 µg/ml Hoechst 33342 in Krebs-Ringer solution (125 mM NaCl, 5 mM KCl, 1 mM MgSO4, 

0,7 mM KH2PO4, 2 mM CaCl2, 6 mM glucose and 25 mM HEPES, pH 7.4) for 30 min at 37 

°C. Thereafter, cells were rinsed with Krebs-Ringer and viable cells were microscopically 

examined. For automated fluorescence microscopy, a robot-assisted Molecular Devices IXM 

XL BioImager and a Molecular Devices IXM-C (Molecular Devices, Sunnyvale, CA, USA) 

equipped with either a SpectraX or an Aura II light source (Lumencor, Beaverton, OR, USA), 
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adequate excitation and emission filters (Semrock, Rochester, NY, USA) and a 16-bit 

monochromes sCMOS PCO.edge 5.5 camera (PCO Kelheim, Germany) or an Andor Zyla 

camera (Belfast, Northern Ireland) and a 20X PlanAPO objective (Nikon, Tokyo, Japan) were 

used to acquire a minimum of four view fields per well, followed by automated image 

processing with the custom module editor within the MetaXpress software (Molecular 

Devices). Image segmentation was performed using the MetaXpress software (Molecular 

Devices). The primary region of interest (ROI) was defined by a polygon mask around the 

nucleus allowing for the enumeration of cells, the detection of morphological alterations of the 

nucleus and nuclear fluorescence intensity. Secondary cytoplasmic ROIs were used for the 

quantification of quinacrine, peIF2, XBP1s ATF6 and LC3. After exclusion of cellular debris 

and dead cells from the data set, parameters of interest were normalized, statistically evaluated 

and graphically depicted by the freely available software R (https://www.r-project.org). Using 

R, images were extracted and pixel intensities scaled to be visible (in the same extent for all 

images of a given experiment). Scale bars represent 20 m, except for microphotographs of 

tissue (Fig. 3K, M) where it represents 10 m. 

 

CALR translocation and HMGB1 release by video microscopy. One day before treatment, 

2,500 U2OS cells stably co-expressing either CALR-GFP or HMGB1-GFP with H2B-RFP per 

well were seeded in 384 well µClear imaging plates (Greiner BioOne) and let adhere. The next 

day, cells were treated and CALR-GFP and HMGB1-GFP cells were observed by live cell 

microscopy as described before with a frequency of image acquisition at one image per hour 

for 12 and 24 h, respectively. The images were segmented and analyzed with R using the 

EBImage and flowcatchR packages from the Bioconductor repository 

(https://www.bioconductor.org). H2B-RFP was used to segment nuclei; the obtained mask was 

either used to measure GFP intensity in the nuclear compartment (HMGB1-GFP), or as a seed 

to segment the cytoplasmic compartment (CALR-GFP). Then a top-hat filter was applied and 

the area of CALR-GFPhigh regions was measured. HMGB1-GFP nuclear fluorescence intensity 

of single cells tracked over time was normalized to its value at first time point. 

 

Determination of IC60. U2OS wild-type cells were seeded at 8000 cells per well in 96 well 

µClear imagine plates (Greiner Bio-One) and let adhere for 24 h before treatment. Cells were 

treated with a large range of concentrations for 24 h and then stained by the addition of 

propidium iodide at a final concentration of 1 µg/mL and Hoechst 33342 at 2 µg/mL for 30 
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min. Plates were centrifuged in order to bring detached cells to the focal plane and following, 

images were acquired by automated microscopy using adequate filter sets as described above. 

The images were segmented with R by means of the EBImage package. Nuclei were segmented 

based on Hoechst 33342 signal, then nuclear area and fluorescence intensities (in DAPI and 

Cy3) were measured. The assessed parameters were used to cluster cells as healthy (normal-

sized, Hoechstlow, PI-), pyknotic (condensed, Hoechsthigh, PI-), or dead (PI+). The number of 

healthy cells was then used to establish dose-response models, by fitting the data points with a 

4-parameter log-logistic model. The model was then used to calculate the IC60 (concentration 

for which 40 % of cell population is healthy) for each drug. 

 

MX1 pathway activation. This technique was previously developed in our laboratory (Zhou 

et al, 2016a). U2OS or MCA205 wild-type cells were seeded at 8000 cells per well in 96 well 

µClear imagine plates (Greiner Bio-One) and let adhere for 24 h. Next, cells were treated for 6 

h and medium was changed for the following 24 h. Afterwards, the supernatant of each 

condition was transferred on HT29 MX1-GFP plated at 4000 cells per well in 96 well µClear 

imagine plates two days before. As an additional control, HT29 MX1-GFP were treated with 

IFN1 (752802, Biolegend). 48 h later, the plates were fixed with 3.7 % formaldehyde 

supplemented with 1 μg/ml Hoechst 33342 for 1 h at room temperature. The fixative was 

exchanged to PBS and the plates were analyzed by automated microscopy. The amount of GFP 

intensity in the whole cell was measured and the number of positive cells was calculated based 

on a threshold set between the distribution of the GFP-intensity in untreated cells and the one 

in IFN1-treated cells. 

 

Protein immunoblot. Protein was extracted with RIPA buffer (#89900; Thermo Fisher 

Scientific) in the presence of phosphatase and protease inhibitors (#88669; Thermo Fisher 

Scientific) followed by sonication. Then protein content was measured by Bio-rad laboratory 

DC Protein Assay (#500-0113, #500-0114 and #500-0115) following the manufacturer’s 

protocol. 20 µg of protein was dissolved in Laemmli buffer (Thermo Fisher Scientific), 

denatured at 100 °C and separated by polyacrylamide gel electrophoresis (PAGE) using 4-12 % 

Bis-Tris pre-casted gels (Thermo Fisher Scientific) in MOPS buffer (Thermo Fisher Scientific). 

Following, proteins were transferred to EtOH-activated PVDF membranes (Merck Millipore 

IPVH00010) in transfer buffer (25 mM Tris; 190 mM glycine; 20 % methanol in H2O) at 200 

mA for 1.5 h. Membranes were washed in Tris-buffered saline with Tween20 buffer (TBST; 

20 mM Tris, pH 7.5 150 mM NaCl 0.1 % Tween 20 in H2O) and then blocked with 5 % BSA 
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in TBST for 1 h. Membranes were exposed to primary antibody diluted in 5 % BSA in TBST 

overnight at 4 °C. Following, membranes were washed 3 times with TBST and then were 

incubated with appropriate horseradish peroxidase-coupled secondary antibody (Southern 

Biotech, Birmingham, AL, USA) for 1 h at room temperature. Proteins were revealed with ECL 

(GE Healthcare, Chicago, Il, USA). Beta-actin was assessed to verify equal loading. 

 

Assessment of CALR exposure by flow cytometry. U2OS wild-type cells were seeded at 

8000 cells per well in 96-well plates. The cells were treated for 6 h and the drug was washed 

out. 24 h later, the cells were collected and ecto-CRT was detected by immunofluorescence 

staining. Cells were incubated for 30 min at 4 °C with primary rabbit monoclonal antibody 

against CALR (#ab2907, Abcam), then washed and further incubated with secondary 

AlexaFluor-488-coupled anti-rabbit antibody (#A11034, Thermo Fisher Scientific) for 30 min 

at 4 °C. Finally, 4’, 6-diamidino-2 phenylindole dihydrochloride (DAPI, # D1306, Thermo 

Fisher Scientific) was added before flowcytometric analysis. Samples were analyzed using a 

CyAn ADP cytofluorometer (Beckman Coulter, Brea, CA, USA) coupled to a HyperCyt loader 

(Intellicyt, Albuquerque, NM, USA). Alternatively, after incubation with primary antibody, 

cells were stained with the LIVE/DEAD fixable dead cell stain (Thermo Fisher Scientific) and 

fixed with 3.7 % formaldehyde. After staining with the secondary antibody, they were acquired 

with a MacsQuant cytometer (Miltenyi Biotec). 

 

Assessment of extracellular ATP. The ENLITEN ATP Bioluminescence Detection Kit 

(FF2000; Promega, Madison, MI, USA) was used for measurement of ATP in cell culture 

supernatants. Briefly, 8000 U2OS or MCA205 wild-type cells per well were seeded in 96 wells 

plates. The following day, the cells were treated and 24 h later, the supernatant was collected 

and centrifuged. The supernatant was transferred to a white bottom plate and the enzyme and 

substrate from the kit were added. ATP-dependent substrate conversion was measured by 

assessing luminescence at 560 nm in a SpectraMax I3 multi-mode plate reader (Molecular 

Devices).  

 

Assessment of extracellular HMGB1. The ELISA kit (ST51011; IBL International GmbH, 

Hamburg, Germany) was for measuring HMGB1 released in the supernatant. Briefly, 8000 

U2OS or MCA205 wild-type cells per well were seeded in 96 wells plates. The following day, 

the cells were treated and 24 h later, the supernatant was collected and centrifuged. ELISA was 

performed as described by the provider and absorbance at 450 nm was assessed with a 
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SpectraMax I3 multi-mode plate reader (Molecular Devices). 

 

Assessment of BMDC-mediated phagocytosis. Bone marrow-derived dendritic cells (BMDC) 

were generated from femurs and tibias taken from C57BL/6 mice. Bone marrow was collected 

by flushing the bones with PBS and clusters were dissolved by pipetting. Red blood cells were 

lysed with red cell lysis buffer (0.01 M Tris, 0.83 % NH4Cl in Milli-Q water). After washing 

and filtration through a 70 µm cell strainer, cells were seeded into 6 well plates at a density of 

1.5 x 106 viable cells in 2 mL of DC culture medium supplemented with 20 ng/mL recombinant 

mouse GM-CSF. At day 3, additional 1 mL of complete medium (RPMI 1640 medium 

supplemented with 10 % FBS, 100 U/mL penicillin, 1 M HEPES, 1X MEM Non-Essential 

Amino Acids Solutions, 50 µM 2-Mercaptoethanol) supplemented with 50 nM β-

mercaptoethanol and 20 ng/mL GM-CSF were added to each well. At day 6, half of the 

supernatant was removed, centrifuged and added back to the original culture with the addition 

of 50 nM β-mercaptoethanol and 20 ng/mL GM-CSF. Non-adherent and loosely adherent 

BMDCs were harvested on day 7, counted, and 8 x 105 mouse fibrosarcoma MCA205 cells 

were seeded in standard 25 cm2 polystyrene flasks for cell culture. 24 h later, they were labelled 

with 0.5 µM CellTracker Orange (CMTMR) dye diluted in serum-free medium according to 

the manufacturer’s protocol (ThermoFischer Scientific). Cells were then treated for 24 h. 

Following, MCA205 were co-cultured with BMDCs in 6-well plates at 37 °C, 5 % CO2 at a 1:4 

ratio (BMDC:MCA205). After 4 h, cells were detached with a cell lifter, BMDCs were stained 

with Pacific Blue CD11c anti-mouse antibody (BioLegend) diluted in 1 % BSA in PBS and 

incubated at 4 °C in the dark for 30 min. Cells were washed and fixed in 3.7 % formaldehyde 

in PBS prior to acquisition by flow cytometry (LSRII Fortessa, BD Biosciences). Phagocytosis 

efficiency was assessed by measuring the ratio of CMTMR+ CD11c+ cells among total amount 

of CD11c+ BMDCs, using FlowJo v10 software (TreeStar, Inc.). 

 

In vivo experimentation. Six- to eight-week-old female wild-type C57BL/6, Balb/c and nu/nu 

mice were purchased from Envigo (Huntingdon, UK) and were housed in the animal facility at 

the Gustave Roussy Cancer Center in a pathogen–free, temperature-controlled environment 

with 12 h day and night cycles and received water and food ad libitum. Animal experiments 

were conducted in compliance with the EU Directive 63/2010 and with protocols 

2018071210276451_n2018_051_16095, 201903131451670_n2019_017_19749 or 

2019072311495586_n2019_050_21586, and were approved by the Ethical Committee of the 

Gustave Roussy. Cancer Center (CEEA IRCIV/IGR no. 26, registered at the French Ministry 
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of Research). For all mouse experiments, tumor length and width were assessed with a standard 

caliper 2 to 3 times a week and tumor areas were calculated using the formula of an ellipse: L 

x l x 3.14 / 4. The mice were sacrificed when tumors reached 1.8 cm2 or depicted any signs of 

discomfort following the EU Directive 63/2010 and our Ethical Committee advice (or before, 

if required by the setting of the experiment). Tumor growth was analyzed with the help of the 

TumGrowth software package (Enot et al, 2018), freely available at 

https://github.com/kroemerlab.  

 

In vivo xenograft experiments. 5 x 106 U2OS CALR-RFP cells were subcutaneously (s.c.)  

injected into the flank of nu/nu mice. After 6 to 10 weeks, when tumors became palpable, 200 

µL of the agents diluted in PBS were administered intratumorally. Tumors were resected after 

6 or 24 h of treatment, immediately fixed in 3.7 % formaldehyde overnight and then incubated 

in sucrose gradients. Tumors were sectioned into 5 µM slices using a cryostat microtome. Two 

slices per tumor were stained with a phosphoneoepitope-specific eIF2 antibody used at 1/500 

in 2 % BSA overnight at 4 °C after blocking with 2 % BSA. Then slides were washed and 

incubated with AlexaFluor-647-coupled secondary antibody (Thermo Fisher scientific) for 2 h 

at room temperature and counterstained with Hoechst 33342. Images were acquired with an 

IXM-C confocal microscope (Molecular Devices) as described previously with a 10-fold 

magnification. Image segmentation was conducted with R. Nuclei were identified based on 

Hoechst 33342 staining and cytoplasmic regions were segmented based on CALR-RFP signal. 

The intensity of the Cy5 signal in the cytoplasmic region was measured to assess 

eIF2 phosphorylation. For CALR translocation, the coefficient of variation of the RFP signal 

in the cytoplasmic region was calculated, which represents the standard deviation divided by 

the mean of the intensity of the signal. 

 

Anticancer vaccination. For anticancer vaccination studies, we used standard protocol 

described before (Casares et al, 2005; Humeau et al, 2019). In brief, MCA205 cells were treated 

for 24 h to reach 50 to 70 % mortality, then 1 x 106 cells were resuspended in 200 µL PBS and 

injected s.c. into the left flank of immunocompetent C57BL/6 animals. Two weeks later, 1 x 

105 living MCA205 cells were injected s.c. in the other flank and tumor growth was monitored 

for the forthcoming weeks. 

 

In vivo tumor treatment. Established tumors were assessed for their response to DACT-based 

therapy. To this aim, MCA205 fibrosarcoma cancers were established subcutaneously (s.c.) in 
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C57BL/6 mice and in nu/nu mice by injection of 3 x 105 MCA205 cells. When tumors became 

palpable, 200 µL of the chemotherapeutics (diluted in 10 % PEG 400, 10 % Tween 70, 4 % 

DMSO and 7 % NaCl) or the diluent alone were injected intraperitoneal (i.p.) and tumor growth 

was monitored for the forthcoming weeks. Alternatively, WEHI 164 tumors were established 

subcutaneously (s.c.) in Balb/c mice by injection of 3 x 105 MCA205 cells. When tumors 

became palpable, 200 µL of the chemotherapeutics or the diluent alone were injected 

intraperitoneal (i.p.). Four days later, the treatment was repeated. To study the importance of 

the adaptive immune system, 100 g anti-CD4 (clone GK1.5, BioXcell) and 100 g anti-CD8a 

(clone 2.43, BioXcell) antibodies diluted in PBS were injected at days -1, 0 and 7 before and 

after the first chemotherapy.  

 

Combination with immunotherapy. In order to boost the effect of the chemotherapeutics, the 

same treatments were combined sequential with immune checkpoint blockade. MCA205 

fibrosarcoma cell cancers were established subcutaneously (s.c.) in C57BL/6 mice by injection 

of 1 x 105 MCA205 cells. When tumors became palpable, the chemotherapies were injected 

intraperitoneal (i.p.). At days 6, 10 and 14 after chemotherapy, 200 µg/mouse of anti-PD-1 

(Clone 29F.1A12, BioXcell) or its corresponding isotype (Clone LTF-2, BioXcell) prepared in 

200 µL PBS were injected i.p. Surviving animals that were tumor-free after treatments were 

tested for the generation of immunological memory by s.c. rechallenge with non-isogenic 1 x 

105 TC-1 in the flank initially injected and isogenic 1 x 105 MCA205 cells injected in the 

contralateral flank. C57BL/6 naïve mice were used as control. Alternatively when used to treat 

WEHI 164 cells, 200 g/ mouse of anti-PD-1 were injected at days 8, 12 and 16 after the first 

chemotherapy. Tumor growth was monitored for the forthcoming weeks. 

 

Immune infiltrate study. MCA205 fibrosarcoma cancers were established subcutaneously 

(s.c.) in C57BL/6 mice by injection of 2 x 105 MCA205 cells. When tumors became palpable, 

200 µL of the chemotherapeutics were injected i.p with n=10 mice per group. Nine days later, 

tumors were harvested, weighed and then processed before phenotyping immune cells as 

described before (Levesque et al, 2019). In brief, tumors were dissociated mechanically with 

scissors, then enzymatically with the tumors dissociation kit (Miltenyi) and the gentle MACS 

Octo Dissociator (Miltenyi) following the manufacturer’s protocol. Tumor cell homogenates 

were filtered through 70 m SmartStrainers (Miltenyi) and washed twice with PBS. Tumor cell 

homogenates, corresponding to 50 mg of the initial tumor sample, were stained with 
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LIVE/DEAD Fixable Yellow dye (Thermo Fisher Scientific) and then with anti-mouse 

CD16/CD32 (clone 2.4G2, Mouse BD Fc Block, BD Pharmingen) to block Fc receptors. To 

determine the production of cytokines by T lymphocytes, sample cells were stimulated for 5 h 

in serum-free CTL-Test PLUS Medium (ImmunoSpot) containing 20 ng/mL phorbol myristate 

acetate (PMA, Calbiochem), 1 µg/ml ionomycin (Sigma) and BD Brefeldin A (GolgiPlug, 

dilution 1:1000, BD Biosciences). Immune cells staining was performed with the set of 

fluorochrome-conjugated antibodies related to each panel with first, a staining of surface 

receptors and second, after incubation in eBioscience FoxP3/Transcription Factor Staining 

Buffer (Thermo Fisher Scientific) and permeabilization, a staining of intracellular receptors and 

cytokines:  

- (Panel 1) “T-cell panel”: anti-CD3g,d,e APC (clone 17A2, Biolegend), anti-CD8a PE 

(clone 53-6.7, BD Pharmingen), anti-CD4 PerCP-Cy5.5 (clone RM4-5, Thermo Fisher 

Scientific) completed by an intranuclear staining with anti-FoxP3 FITC (clone FJK-16s, 

Thermo Fisher Scientific).  

- (Panel 2) “NK and cytokines panel”: anti-CD45 BUV661 (clone 30F11, BD 

Pharmingen), anti-CD3g,d,e BV421 (clone 53-8.7, BD Pharmingen), anti-CD4 

BUV496 (clone GK1.5, BD Pharmingen), anti-CD8a PE (clone 53-6.7, BD 

Pharmingen), anti-NK1.1 BV605 (clone PK136, BD Pharmingen), anti-TCR BV711 

(clone GL3, BD Pharmingen), completed by an intracellular staining with anti-IL17a 

APC-Cy7 (clone TC11-18H10, BD Pharmingen) to assess the Th17 response, anti-IFN 

APC (clone XMG1.2, BioLegend) for measuring the Th1/Tc1 response and anti-IL4 

PerCP-Cy5.5 (clone 11B12, BD Pharmingen) characterizing a Th2 response.  

Stained samples of panel 1 were run through a BD LSR II flow cytometer while samples of the 

panel 2 were run through a BD LSRFortessa flow cytometer. All samples were acquired using 

BD FACSDiva software (BD biosciences) and analyzed using FlowJo software (TreeStar, Inc.).  

 

Evaluation of transcription by EU incorporation. This was performed by incorporation of a 

Click-iT chemistry-detectable 5-ethynyl uridine (EU) (C10327; Thermo Fisher Scientific) 

following the manufacturer’s advice. In short, 2500 cells per well were cultured in 384-well 

µClear imaging plates. The next day, cells were pre-treated for 1.5 h to 2.5 h, washed and 

treatment was pursued in the presence of 1 mM 5-ethynyl uridine (EU) for 1 h. Following, the 

cells were fixed with 3.7 % formaldehyde supplemented with 1 μg/ml Hoechst 33342 for 1 h 

and permeabilized with 0.1 % triton x-100 for 10 min. AlexaFluor-488-coupled azide was then 

added for 2 h. The intensity of the GFP signal (EU) in the nucleus was measured by microscopy 
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and the inhibition of transcription was calculated by ranging the GFP intensity in each condition 

between its value in untreated cells (0 % inhibition) and its value in cells that have not been 

incubated with EU (corresponding to 100 % inhibition). 

 

Evaluation of transcription by colocalization of fibrillarin and nucleolin. 2500 cells per 

well were cultured in 384-well µClear imaging plates. The next day, cells were treated for 2.5 

h. Following, cells were fixed with 3.7 % formaldehyde supplemented with 1 μg/ml Hoechst 

33342 for 1 h, permeabilized with 0.1 % triton x-100 for 10 min and blocked with 2 % BSA for 

1 h. Cells were further incubated rabbit antibody against fibrillarin (ab5821) and mouse 

antibody against nucleolin (ab13541) overnight at 4 °C. After several PBS washing steps, anti-

mouse AlexaFluor-488 and anti-rabbit AlexaFluor-647 (or -546 in mitoxantrone-treated cells 

to avoid interference of with drugs auto-fluorescence) coupled antibodies were added. 

Following several PBS washing steps, the DAPI, GFP and Cy5 (or Cy3) signals were acquired 

with a confocal microscope Molecular Devices IXM-C. The obtained images were analyzed 

using ColocalizR software (Sauvat et al, 2019) taking into consideration the SOC (Surface 

Overlap Coefficient) between the GFP and Cy5 (or Cy3) signals. Data were then ranged 

between 0 % inhibition (Ctr) and 100 % inhibition (corresponding to the well with lowest SOC 

among all dataset). 

 

Translation study by AHA incorporation. Translation was measured by assessing the 

incorporation of L-azidohomoalanine (AHA) (C10289; Thermo Fisher Scientific), a labelled 

form of methionine by Click-iT chemistry following the manufacturer’s advice. In short, 2000 

cells per well were cultured in 384-well µClear imaging plates. The next day, cells were treated 

for 12 h. After several PBS washing steps, the cells were incubated 30 min in the presence of 

methionine-free medium. Then, they were treated 1.5 h in methionine-free medium in the 

presence of 25 µM AHA. Following, the cells were fixed with 3.7 % formaldehyde 

supplemented with 1 μg/ml Hoechst 33342 for 1 h, permeabilized with 0.1 % triton x-100 for 

10 min and blocked with 2 % BSA for 1 h. Then, AlexaFluor-488-coupled azide was added for 

2 h and the GFP intensity (AHA) was measured by microscopy. Translation inhibition was 

calculated by ranging the GFP intensity in each condition between its value in untreated cells 

(0 % inhibition) and its value in cells that have not been incubated with AHA (corresponding 

to 100 % inhibition).  

 

Reversibility of proteins synthesis assessed by Rush. U2OS cells co-expressing ss-SBP-GFP 
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and Str-KDEL were seeded at 2500 cell per well in 384-well µClear imaging plates. The 

following day, cells were stained with 0.5 µM CellTracker Orange (CMTMR) diluted in serum-

free medium according to the manufacturer’s protocol (ThermoFischer Scientific), then 

pretreated with 40 µM biotin for 4 h and with the compounds to test for 2.5 h. After washout, 

cells were treated with 1 µM avidin to assess reversibility of the inhibition of transcription 

(discontinuous treatments). As a positive control, treatments were pursued in the presence of 

avidin (continuous treatments). Images were then acquired every hour for 24 h. ROIs were 

defined based on CellTracker staining and GFP intensity was quantified. Values were 

normalized to the control at each time point and the percentage of inhibition and of reversibility 

were calculated. For this first parameter, the curve of continuous treatment was considered, 

with the maximum effect (100 % inhibition) obtained by the slope of avidin control curve; the 

percentage of inhibition was defined as the complementary ratio between these two slopes. For 

calculating the latter parameter, the maximum effect was defined as the measured area between 

biotin and avidin controls curves. Then a percentage of reversibility was computed by 

calculating the complementary ratio between the area separating the continuous and 

discontinuous treatment curves, normalized by the maximum effect. 

 

Retrospective in silico analysis of different classes of inhibitors. Compound annotations 

were retrieved from the MeSH (Medical Subject Headings) database and drugs were clustered 

in function groups: protein synthesis inhibitors, DNA synthesis inhibitors, poly(ADP−ribose) 

polymerase (PARP) inhibitors and antimetabolites. Each of these clusters was analyzed for its 

enrichment in high ICD score by means of a Kolomogorov-Smirnov test against the entire 

compound population. 

 

Statistical analyses. In vitro. Data are presented as means ± SD if one representative 

experiment among at least three independent ones is depicted or means ± SEM if we show the 

combination of at least three independent experiment. Statistical analyses were performed using 

R or Excel. Student’s t-test were used to compare parametric data of different conditions to a 

control condition. Correlations were performed with R using a Pearson test. In vivo. Statistical 

analysis was performed with the TumGrowth software package (Enot et al, 2018) freely 

available at https://github.com/kroemerlab. A type II ANOVA test was used for tumor growth 

and a Log-Rank test for mice survival. For all tests, the statistical significance level was 

*/#p<0.05, **/##p<0.01, ***/###p<0.001.  
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Results 

Identification of dactinomycin as a bona fide ICD inducer.  

We used an artificial intelligence machine learning approach (Bezu et al, 2018a) to predict the 

probability of inducing ICD of 50,000 distinct compounds tested for their anticancer effects on 

the NCI-60 panel of human tumor cell lines (Shoemaker, 2006) (Figure 13A), while plotting 

the ICD prediction score against their mean half maximal growth inhibitory concentration (IC50), 

i.e. the dose that reduces cell proliferation by half (Figure 13B). The compounds that exhibited 

cytotoxicity and an ICD score higher than mitoxantrone (MTX), a standard ICD inducer (Ma 

et al, 2011; Obeid et al, 2007b), were considered as potential ICD inducers. Two compounds, 

among the ones that have entered clinical trials, stood out as drugs having a low IC50 and a 

high ICD score. Trabectedin is known for its capacity to selectively eliminate tumor-associated 

macrophages, which explains at least part of its anticancer activity (Germano et al, 2013). 

Dactinomycin (DACT, best known as actinomycin D, a product of Streptomyces parvulus), 

which is generally considered as a DNA intercalator that inhibits topoisomerases and RNA 

polymerases (Goldberg et al, 1962), is used for the treatment of childhood-associated sarcomas 

(Wilms, Ewing, rhabdomyosarcoma), gestational trophoblastic disease including hydatiform 

moles and choriocarcinomas (Khatua et al, 2004; Turan et al, 2006) and some types of testicular 

cancers (Early & Albert, 1976). We therefore evaluated DACT for its capacity to induce ICD. 

 

Figure 13. Prediction of immunogenic cell death (ICD). The 50,000 potential anti-cancer agents from the NCI-

60 human tumor cell lines screen were analyzed with an artificial intelligence model that can predict immunogenic 

cell death (ICD) based on molecular descriptors. (A) The distribution of the drugs based on their IC50 and predicted 

ICD score is depicted as density plot. Based on the properties of the standard ICD inducer mitoxantrone (blue), 
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we selected negative (green) and positive (red) hits: agents that entered into clinical trials, having an IC50 < 1 M 

(and therefore -log(IC50) > 6) and whose predicted ICD score is higher than the ICD score of mitoxantrone are 

potential ICD inducers (positive hits). Some agents that entered into clinical trials, whose IC50 > 1 M and which 

have an ICD prediction score lower than 1 are negative hits (B). 

 

 

When added to human osteosarcoma U2OS cells engineered to express a CALR-green 

fluorescent protein (GFP) fusion protein, DACT (used around the IC60 for these cells, i.e. at 0.5 

and 1 µM, Figure S 2) caused peripheralization of the green fluorescence to the same extent as 

the positive control, MTX, as determined by videomicroscopy (Figure 14A-C). Accordingly, 

endogenous CALR became detectable on the plasma membrane surface of viable cells, as 

demonstrated by flow cytometry (Figure 14K, L). Videofluorescence microscopy revealed the 

decrease of HMGB1-GFP in the nuclei of DACT-treated cells (Figure 14D-F). The release of 

endogenous HMGB1 into the culture medium was confirmed by ELISA (Figure 14M). DACT 

also reduced the ATP-dependent quinacrine fluorescence staining of cells (Figure 14G, H) and 

induced ATP release into culture supernatants (Figure 14N). The supernatants of DACT-

treated cells stimulated the expression of a type 1 interferon biosensor, a GFP placed under the 

control of the MX1 promoter (Figure 14I, J).  
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Figure 14. ICD hallmarks in human cancer cells. Human osteosarcoma U2OS cells were treated with 

dactinomycin (DACT) at 0.5 and 1 µM and mitoxantrone (MTX) at 4 µM was used as positive control for all 

experiments (A-N). Human osteosarcoma U2OS stably expressing CALR-GFP and H2B-RFP were treated as 

described above and images were acquired once per hour for 12 h (A). For one representative experiment among 

three, the mean ± SD of the average area of high CALR dots (normalized to the control at each timepoint) of 

quadruplicates is shown (B). Values are depicted as the area under the curve (AUC) ± SD of triplicates (C). Treated 

U2OS cells stably expressing HMGB1-GFP and H2B-RFP images were acquired every hour for 24 h (D). For one 

representative experiment among three, the mean ± SEM of the green fluorescence intensity in the nucleus 

(normalized to the control at each timepoint) of quadruplicates is depicted (E). For each cell, the speed of nuclear 

release (difference of HMGB1 nuclear green fluorescence intensity between two time points) was calculated. 

Values are depicted as the average speed of the nuclear release ± SD of quadruplicates (F). U2OS cells were treated 

for 6, 12 and 24 h and ATP was stained with quinacrine (G). The number of quinacrine negative cells was assessed 

based on the distribution of cellular green fluorescence intensity in MTX versus control conditions (H). U2OS 

were treated with MTX and DACT as described above for 6 h. Then medium was refreshed and 24 h later, type I 

interferon response was assessed by transferring the supernatant on HT29 MX1-GFP reporter cells lines cells for 

additional 48 h. Human type 1 interferon (IFN1) was also added on the cells as another more direct positive 

control. The cells were acquired by fluorescence microscopy and the number of positive cells was assessed based 

on the distribution of cellular green fluorescence intensity in IFN1 versus control conditions (I). The percentage 

of MX1 positive cells was calculated and the mean ± SEM of five independent experiment is depicted (J). U2OS 

were treated as mentioned previously for 6 h and then medium was refreshed. Twenty-four hours later, cells were 

collected and surface-exposed calreticulin (CALR) was stained with an antibody specific for CALR. DAPI was 

used as an exclusion dye and cells were acquired by flow cytometry (K). The percentage of CALR+ cells among 

viable (DAPI-) ones are depicted. The mean ± SEM of six independent experiments is depicted (L). U2OS cells 

were treated as described above for 24 h and the concentration of HMGB1 released in the supernatant was 
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quantified with an ELISA kit, then normalized to control. The mean ± SEM of four independent experiments is 

shown (M). U2OS were treated as described above for 24 h. Concentration of secreted ATP in the supernatant was 

quantified with a luciferase-based bioluminescence kit. The mean ± SD of quadruplicates of one representative 

among three experiment is depicted (N). All p-values shown significances of treatments compared to control (Ctr) 

were calculated with Student’s t-test: *p<0.05 **p<0.01 ***p<0.001. 

 

One of the pathognomonic features of ICD is a partial endoplasmic reticulum (ER) stress 

response that involves phosphorylation of eukaryotic initiation factor 2 (eIF2) without 

activation of its downstream factor ATF4, and without the ATF6 and the IRE1/XBP1 arms of 

the unfolded protein response (Bezu et al, 2018a; Panaretakis et al, 2009; Pozzi et al, 2016). 

Accordingly, DACT caused eIF2 phosphorylation (measured by immunofluorescence, Figure 

15A, B), but no significant ATF4 activation (expressed as a GFP fusion protein, Figure 15C, 

D), and ATF6 translocation from the cytosol to the Golgi and to nuclei (detected as a GFP 

fusion protein, Figure 15E, F) and no expression of an XBP1 DBD-venus fusion protein that 

is only in-frame for venus (a variant of GFP) when XBP1 has been spliced by IRE1 (Figure 

15G, H). We knocked out each of the four eIF2 kinases (EIF2AK1 to 4) in U2OS cells (Figure 

S 3) and determined their contribution to DACT-induced eIF2 phosphorylation. As for other 

ICD inducers (such as anthracyclines and oxaliplatin) (Panaretakis et al, 2009), EIF2AK3 (also 

known as PERK) was responsible for DACT-stimulated eIF2 phosphorylation (Figure 15I, 

J). Human U2OS osteosarcoma cells expressing a CALR-RFP fusion protein were implanted 

in immunodeficient mice to generate tumors that were then treated with DACT. DACT induced 

the rapid (6 h) phosphorylation of eIF2 (Figure 15K, L) and the redistribution of CALR-RFP 

to the cell periphery within 24 h (Figure 15M, N). DACT also stimulated all ICD hallmarks 

(eIF2 phosphorylation, CALR exposure, ATP and HMGB1 release, as well as induction of 

type 1 interferons) in another cell line, the murine methylcholanthrene-induced fibrosarcoma 

MCA205 (Figure S 4). Altogether, these results confirm the capacity of DACT to stimulate a 

signal transduction pathway that leads to immunogenic stress and death. Since ATP secretion 

relies on autophagic flux in the course of ICD induced by anthracyclines and OXA (Michaud 

et al, 2011), we investigated this pathway after DACT treatment. Surprisingly, DACT failed to 

induce LC3 dots-related autophagy, both in U2OS (Figure S 5 A, B) and in MCA205 (Figure 

S 5C, D). 
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Figure 15. DACT induces a split ER stress response in U2OS. Human osteosarcoma cells were treated with 

different concentrations of dactinomycin (DACT) (0.25, 0.5 and 1 µM) for 6 h. Thapsigargin (THAPS) at 3 µM 

was used as a positive control. After fixation, cells were stained with a phosphoneoepitope-specific eIF2 antibody 

(peIF2) followed by an AlexaFluor-647 secondary antibody, nuclei were counterstained with Hoechst 33342 and 

phosphorylation was assessed by fluorescence microscopy. Images were segmented, analyzed and the red 

cytoplasmic fluorescence intensity is shown (A, B). U2OS cells stably expressing ATF4-reporter were treated as 

described above for 12 h. The expression and nuclear translocation of ATF4 was assessed by fluorescence 

microscopy and the nuclear green fluorescence intensity is shown (C, D). U2OS stably expressing ATF6-GFP 

were treated as described above and nuclear translocation of ATF6 was represented as the ratio of nuclear versus 

cytoplasmic green fluorescence intensity (E, F). U2OS cells stably expressing venus in frame with alternatively 

spliced XBP1 (sXBP1) were treated as described above for 12 h. De novo expressed venus was measured 

intracellular (G, H). U2OS wild-type and knock out for eIF2 kinases 1, 2, 3 and 4 cells were treated with 3 µM 

THAPS, as a positive control for eIF2 phosphorylation via EIF2AK3, or 1 µM DACT for 6 h. After fixation, 

cells were stained with a peIF2 antibody followed by an AlexaFluor-647 secondary antibody, nuclei were 

counterstained with Hoechst 33342 and phosphorylation was assessed by fluorescence microscopy. Cytoplasmic 
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intensity is depicted (I, J). Images are shown for untreated cells (Ctr), THAPS and DACT at 1µM (A, C, E, G, I). 

For all bar charts, the mean ± SEM of three to five independent experiments is shown and the p-value to the control 

was calculated with Student’s t-test: *p<0.05 **p<0.01 ***p<0.001 (B, D, F, H, J). For peIF2 quantification in 

the different cell lines, * show the statistics of each treatment to the control in the wild-type cells whereas # show 

the statistics comparing the kinases knock-out cells to the wild-type cells for a same treatment: #p<0.05 ##p<0.01 

###p<0.001 (J). U2OS CALR-RFP were injected subcutaneously (s.c) in the flank of nu/nu mice. Tumors were 

further injected with PBS (Ctr) (n=5), 0.5 mg/kg tunicamycin (TM) for 6 h (n=3) or 0.5 mg/kg DACT for 6 h (n=4) 

or 24 h (n=3). Tumor slices were cut and stained with a peIF2 antibody followed by an AlexaFluor-647 secondary 

antibody and counterstained with Hoechst 33342. Two slices per tumor were imaged for their DAPI, RFP and Cy5 

signals by the mean of a confocal microscope. Out-of-focused images were removed from the dataset leading to 

the following amount of slices per condition: 8 for Ctr, 5 for TM, 8 for DACT 6h and 6 for DACT 24h. PeIF2 

was quantified measuring Cy5 intensity in the cytoplasm (K, L) and CALR translocation by measuring the 

coefficient variation (CV) of the RFP signal in the cytoplasm (M, N). Representative images of peIF2 are shown 

for Ctr, TM and DACT at 6 h (K) whereas images of CALR are shown for Ctr and DACT at 24 h (M). Both are 

depicted in boxplots with p-values calculated using Student’s t-test: *p<0.05 **p<0.01 ***p<0.001 (L, N). 

 

Immune-dependent anticancer effects of dactinomycin.  

To further investigate the immunogenic properties of DACT, we treated cancer cells in vitro 

with this compound, labelled them with CellTracker 5-(and-6)-(((4-chloroethyl)benzoyl)amino) 

tetramethylrhodamine (CMTMR) and measured their engulfment by bone marrow-derived 

CD11c+ dendritic cells (BMDCs) (Figure 16A). DACT was able to stimulate phagocytosis by 

BMDCs (Figure 16B, C). Next, we determined the capacity of DACT to induce ICD in 

vaccination assays. For this, MCA205 cells were treated with the cytotoxicants in vitro, washed, 

and then injected subcutaneously (s.c.) in the absence of any adjuvant into immunocompetent 

C57BL/6 mice. These animals were then rechallenged two weeks later with live MCA205 cells 

injected into the opposite flank (Figure 16D). As compared to controls, mice vaccinated with 

DACT-treated cells exhibited a delay in tumor growth (Figure 16E, F).  
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Figure 16. DACT-treated cells activate the immune system. Mouse fibrosarcoma MCA205 cells were stained 

with CellTracker orange (CMTMR) and treated for 24 h with 1 µM dactinomycin (DACT) or 500 µM oxaliplatin 

(OXA) as a positive control. Then, dying MCA205 were co-cultured with differentiated bone marrow derived 

dendritic cells (BMDCs) for 4 h. Cells were collected and dendritic cells were stained with CD11c specific 

antibody before analysis by flowcytometry (A, B). The percentage of CMTMR and CD11c double positive cells 

among all dendritic cells are depicted and normalized by the control (Ctr). The mean of three independent 

experiments ± SD is depicted and the p-values were calculated using a Student’s t-test (C). 1 x 106 mouse 

fibrosarcoma MCA205 cells were treated in vitro with 1 µM DACT. Dying cells were harvested and injected 

subcutaneously (s.c.) into one flank of immunocompetent syngeneic C57BL/6 mice (n=8 mice) to assess 

vaccination efficacy. PBS was injected in the control group (Ctr) (D). Two weeks later, animals were rechallenged 

with 1x105 untreated MCA205 cells in the contralateral flank of the animals. Next, tumor size was measured 

regularly and tumor growth of DACT-vaccinated versus Ctr mice is depicted (E). Overall survival is depicted and 

p-values were calculated with a Log-Rank test (F). One representative experiment among three is shown (E, F). 

*indicates the p-value of the treatments versus Ctr (***p<0.001) (C, F). 

 

Next, we administered DACT alone or in combination with the widely used and non-

immunogenic chemotherapeutic cis-dichloro-diammine-platinum (cisplatin; CDDP) (Casares 

et al, 2005; Martins et al, 2011) and an anti-PD-1 antibody, to immunocompetent C57BL/6 
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mice bearing MCA205 (Figure S 6A, K). While DACT alone was not able to significantly 

reduce tumor growth, the combination of CDDP and DACT was efficient against established 

MCA205, reducing tumor growth and extending overall survival, when MCA205 

fibrosarcomas were evolving in immunocompetent mice (Figure S 6A-E). However, this 

antineoplastic effect of CDDP plus DACT was lost when the cancer cells were growing in 

immunodeficient nu/nu mice that are athymic and hence lack mature T lymphocytes (Figure S 

6F-J). Of note, DACT followed by PD-1 blockade delayed tumor growth (Figure S 6L, N, O) 

and the triple combination (CDDP+DACT+PD-1 blockade) allowed for the permanent cure of 

3 out of 9 MCA205 cancers (Figure S 6M, N, O). When cured mice were re-inoculated with 

MCA205 cancers, no tumor growth was observed, although antigenically unrelated TC-1 non-

small cell lung cancer readily formed macroscopic cancers in these animals (Figure S 6P, Q). 

Hence, in combination regimens, DACT can be used to stimulate a curative anticancer immune 

response that generates protective long-term memory.  

 

In accordance with the hypothesis that DACT mediates immunostimulatory effects in 

vivo, the immune infiltrate of tumors from mice receiving systemic DACT exhibited an 

improved ratio of cytotoxic T lymphocytes over FoxP3+ regulatory cells as well as an increase 

in NK and NKT cells (Figure S 7B-D). Following a non-specific restimulation with phorbol 

myristate acetate (PMA) and ionomycin, an augmentation in IL17 producing CD4+, CD8+ and 

 T cells was observed in the tumor infiltrate (Figure S 7G-I). In addition, DACT caused the 

secretion of IFN by CD8+ T cells, while the amount of IL4 produced by CD4+ T cells remained 

unchanged (Figure S 7E, F).  

 

The immunostimulatory effect of DACT was recapitulated in WEHI 164 cells, yet 

another methylcholanthrene-induced fibrosarcoma, alone and in combination with anti-PD-1 

checkpoint blockade (Figure 17A). In this model, DACT treatment alone sufficed to cure 5 out 

of 8 mice from transplanted fibrosarcoma (Figure 17B, E, H), an effect which was completely 

abolished when CD4+ and CD8+ T cells were depleted with specific antibodies (Figure 17C, 

D, E). DACT combined with anti-PD-1 checkpoint blockade let to the cure or disease control 

in all treated animals (Figure 17F- H).  
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Figure 17. Immune-dependent effect of DACT on WEHI 164 tumors growth and sensitization to 

immunotherapy. 3 x 105 mouse fibrosarcoma WEHI 164 cells were injected subcutaneously (s.c.) into the flank 

of immunocompetent syngeneic Balb/c mice with n mice per group (n=7 DACT + anti-PD-1, n=8 DACT, n=9 Ctr, 

anti-PD-1, anti-CD4/anti-CD8, DACT + anti-CD4/anti-CD8). When tumors became palpable, the mice were 

injected intraperitoneally (i.p.) with injectable solution (Ctr) or 0.5 mg/kg dactinomycin (DACT). A second 

injection of chemotherapy was performed four days later. Anti-CD4 and anti-CD8 were administered i.p. at days 

-1, 0 and 7 days before/after chemotherapy and anti-PD-1 at days 8, 12 and 16 (A).  Tumor size was assessed 

regularly and tumor growth of DACT versus Ctr (B), DACT + anti-CD4/CD8 versus anti-CD-4/anti-CD-8 (C) and 

DACT + anti-PD-1 versus anti-PD-1 (F) are depicted. Mean tumor area for each group was calculated and 

significances were tested using a type II ANOVA test (D, G). Overall survival is depicted and p-values were 

calculated with a Log-Rank test (E, H). * indicates the p-value of each treatment versus Ctr (D, E, G, H) and # 

indicating p-values of the DACT + anti-CD-4/anti-CD-8 versus DACT alone (D, E) and of DACT + anti-PD-1 

versus anti-PD-1 alone (G, H) (*/#p<0.05 **/##p<0.01 ***/### p<0.001). 

 

Inhibition of transcription by a panel of ICD inducers.  

DACT is known to suppress the transcription of DNA to RNA (Bensaude, 2011; Goldberg et 

al, 1962; Goldberg et al, 1963). Accordingly, DACT reduced the incorporation of the mRNA 

precursor 5-ethynyl uridine (EU) into cells, as revealed by means of click biochemistry yielding 

a fluorescent signal (Jao & Salic, 2008). Astonishingly, a series of other established ICD 

inducers also inhibited transcription, as documented for the anthracyclines daunorubicine, 
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doxorubicin, epirubicin and mitoxantrone (Casares et al, 2005; Obeid et al, 2007b), oxaliplatin 

(Tesniere et al, 2010) and crizotinib (Liu et al, 2019b). Bortezomib, which has been identified 

as an ICD inducer on myeloma cells (Garg et al, 2017a; Spisek et al, 2007), had a rather partial 

effect and only at high doses. Several microtubular inhibitors (docetaxel, paclitaxel, vinblastine 

and vincristine) which induce CALR exposure yet have not been reported to induce ICD in vivo 

(Alagkiozidis et al, 2011; Senovilla et al, 2012; Wang et al, 2015b) had no effect on 

transcription. Cisplatin, a drug that is not considered as an efficient ICD inducer (Casares et al, 

2005), had partial effects (Figure 18A, B). An alternative method for measuring stalled 

transcription consists in determining the separation of fibrillarin (a nucleolar marker) and 

nucleolin (which spreads from the nucleolus to the entire nucleus when rRNA synthesis is 

inhibited) by immunofluorescence (Peltonen et al, 2014; Sauvat et al, 2019). The profile of 

inhibition obtained using this assay was very similar to that obtained with EU (Figure 18C, D, 

G). Inhibition of mRNA translation into proteins was also measured by monitoring the 

incorporation of the amino acid analogue L-azidohomoalanine (AHA) into cells (Wang et al, 

2017). In this assay, all the tested agents caused an at least partial inhibition of protein synthesis. 

The magnitude of inhibition of translation correlated with that observed for transcription 

(Figure 18E, F, H).  

 

Of note, this inhibition of translation was fully observable in cells homozygous for a 

non-phosphorylable eIF2 mutation (eIF2S51A) generated by CRISPR-Cas9-mediated 

knock-in or when the downstream effects of peIF2 were abolished by integrated stress 

response inhibitor (ISRIB). As a positive control, the ER stress inducer thapsigargin, known to 

inhibit translation downstream eIF2 phosphorylation (Sidrauski et al, 2013), did not induce 

the inhibition of translation in eIF2S51A mutants or in ISRIB-treated cells (Figure 19A). 

Hence, the ICD-induced inhibition of translation is likely secondary to the inhibition of 

transcription rather than a direct effect of EIF2AK3 on the translation-relevant factor eIF2. 
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Figure 18. Inhibition of transcription and translation by ICD inducers. Human osteosarcoma U2OS cells were 

pre-treated with dactinomycin (DACT), bortezomib (BTZ), daunorubicin (DAUN), docetaxel (DOC), doxorubicin 

(DOXO), epirubicin (EPI), lurbinectedin (LURBI) mitoxantrone (MTX), paclitaxel (PACL), vinblastine (VB) and 

vincristine (VC) at 0.5, 1 and 5 µM ; with cisplatin (CDDP) at 75, 150 and 300 µM, with oxaliplatin (OXA) at 

250, 500 and 1000 µM and with crizotinib (CRIZ) at 10, 20 and 40 µM for 1.5 to 2.5 h and followed by an 

additional hour of treatment in the presence of 100 mM 5-ethynyl uridine (EU). After fixation cells were 

permeabilized and EU was stained with an AlexaFluor-488-coupled azide. Representative images are shown (A). 

The EU intensity in the nucleus of each condition was ranked between the untreated control (Ctr, 0 % transcription 

inhibition) and the control that was not incubated with EU (corresponding to 100 % transcription inhibition) (B). 

Cells were treated for 2.5 h and then fixed and permeabilized. Following, cells were stained with a rabbit anti-

fibrillarin antibody followed by a staining with an anti-rabbit AlexaFluor-647- or AlexaFluor-546-coupled 

secondary antibody as well as with a mouse anti-nucleolin antibody followed by a staining with an anti-mouse 

AlexaFluor-488-coupled secondary antibody. Then images were acquired and colocalization between both signals 

was assessed (C). The surface overlap coefficient (SOC) was calculated and ranked between the untreated control 

(Ctr) and the positive control (DACT) (D). Cells were pre-treated overnight with the aforementioned compounds 

in complete medium followed by washout and treatment pursued in methionine-free medium for 30 min. Following, 

the treatments were continued in methionine-free medium supplemented with 25 µM L-azidohomoalanine (AHA) 

for additional 1.5 h. AHA incorporation was detected after fixation, permeabilization and blocking by the addition 

of an AlexaFluor-488-coupled azide. Then images were acquired (E) and AHA intensity in the cells was ranked 

between the untreated control (Ctr, 0 % translation inhibition) and the untreated control without AHA 

(corresponding to 100 % translation inhibition). Cycloheximide at 50 µM was used as an additional control after 

pre-incubation and led to 100 % inhibition (data not shown) (F). Representative images of DACT 1 µM, BTZ 1 

µM, CDDP 150 µM, CRIZ 20 µM, DAUN 0.5 µM, DOC 1 µM, DOXO 1 µM, EPI 1 µM, MTX 1 µM, OXA 500 

µM, PACL 1 µM, VB 1 µM, VC 1 µM are shown (A, C, E). One representative experiment among three is shown 

± SD and p-values to the control were calculated with Student’s t-test: *p<0.05 **p<0.01 ***p<0.001 (B, D, F). 

Correlation between the transcription measured by EU incorporation and measured by fibrillarin and nucleolin 

colocalization is depicted with Pearson correlation coefficient (R) and p-value (p) calculated with R (G). Same 

parameters are shown for correlation between transcription measured by EU incorporation and translation 

measured with AHA incorporation (H). 

 

We also addressed the question as to whether ICD inducers must cause reversible or 

permanent inhibition of anabolic metabolism. For this, we designed a sort of run-on assay using 

the RUSH (retention using selective hooks) system (Zhao et al, 2018) in which an ER-targeted 

streptavidin protein retains GFP fused to a streptavidin-binding peptide (SBP) in the ER lumen. 

In the presence of biotin, the GFP signal is lost from the cells because most of the protein is 

released through the classical Golgi-dependent secretory pathway (Gomes-da-Silva et al, 2018; 

Zhao et al, 2018). However, upon washing (to remove biotin) and addition of avidin (to 

scavenge free biotin), neo-synthesized SBP-GFP is retained by streptavidin in the ER, leading 

to a progressive increase in fluorescence that directly measures protein synthesis (Figure 19B). 

Anthracyclines, oxaliplatin, crizotinib, DACT and lurbinectedin, which is known to inhibit 

transcription and has been recently described as an ICD inducer (Tumini et al, 2019; Xie et al, 

2019a), largely prevented protein synthesis when continuously present in the system (Figure 

19C-F). After its wash-out, cells could recover from crizotinib-mediated suppression of protein 

synthesis. In contrast, the wash-out of anthracyclines, DACT, oxaliplatin or lurbinectedin did 

not lead to the reestablishment of protein synthesis (Figure 19C, E, G). In sum, ICD-

stimulatory anticancer drugs mediate inhibition protein synthesis, though with distinct degrees 

of reversibility. 
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Figure 19. Mechanisms of inhibition of transcription and translation. U2OS wild-type, U2OS wild-type 

treated with 1 M ISRIB and U2OS eIF2S51A cells (three different clones) were used to assess if the inhibition 

of translation was dependent on eIF2 phosphorylation. U2OS wild-type and the three U2OS eIF2S51A clones 

were pre-treated for 12 h with 3 µM 1 µM dactinomycin (DACT), 1 µM flavopiridol (FLAVO), lurbinectedin 

(LURBI), 1 µM bortezomib (BTZ), 150 µM cisplatin (CDDP), 10 µM crizotinib (CRIZ), 3 µM daunorubicin 
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(DAUN), doxorubicin (DOXO), 5 µM epirubicin (EPI), 3 µM mitoxantrone (MTX), 500 µM oxaliplatin (OXA), 

3 µM paclitaxel (PACL), 3 µM vinblastine (VB) or 3 µM vincristine (VC) or for 12 h (in the presence of ISRIB 

in the correspondent condition). Cells were further treated with the same drugs or with the controls, 50 µM 

cycloheximide (CHX) or with 3 µM thapsigargin (THAPS), for 30 min, in methionine-free medium, which was 

then supplemented with 50 µM L-azidohomoalanine (AHA), a detectable analogue of methionine for an additional 

1.5 h before fixation. Images were acquired by fluorescence microscopy and the percentage of translation 

inhibition is shown: fluorescent intensities were ranged between the untreated control (Ctr, 0 % inhibition) and a 

control that was not incubated with AHA (corresponding to 100 % inhibition). Results from one representative 

experiment among three is shown (mean ± SD of quadruplicates) among three independent ones. The p-value of 

each treatment compared to the control in the wild-type cells was calculated using the Student’s t-test: *p<0.05 

**p<0.01 ***p<0.001. For one same treatment, the p-values in ISRIB-treated cells and eIF2S51A clones 

compared to the wild-type cells were calculated using the Student’s t-test: #p<0.05 ##p<0.01 ###p<0.001 (A). We 

used a Rush (retention using selective hooks) assay consisting of a GFP reporter coupled to a streptavidin binding 

peptide (SBP) that in the absence of biotin is retained by a streptavidin expressing hook in the endoplasmic 

reticulum, in order to evaluate the reversibility of transcription inhibition. Biotin has a high affinity to streptavidin 

and its addition leads to the release of the GFP reporter and its secretion via exocytosis. When biotin is removed 

and leftovers are sequestered by the addition of avidin, the GFP-reporter is retained inside the cells (B). Cells were 

pre-treated with 40 µM biotin for 4 h and with 3 µM doxorubicin (DOXO), 3 µM daunorubicin (DAUN), 5 µM 

epirubicin (EPI), 3 µM mitoxantrone (MTX), 1 µM bortezomib (BTZ),1 µM dactinomycin (DACT), 10 µM 

crizotinib (CRIZ), 150 µM cisplatin (CDDP) or 500 µM oxaliplatin (OXA) for 2.5 h. After washout, cells were 

incubated with 1 µM avidin to assess reversibility of the transcription inhibition (discontinuous treatment, blue 

line). As a positive control, cells were further treated in the presence of avidin (continuous treatment, green line). 

Other controls were performed: untreated control (Ctr), control with biotin pre-incubation only (+ Biotin), control 

with biotin pre-incubation followed by sequestration with avidin (+Avidin) (C). Then, images were acquired every 

hour for 24 h. Representative images of the different controls, as well as of CRIZ and DACT (continuous and 

discontinuous) treated cells are shown after background removal at each time point. (D). Green fluorescence 

intensity was normalized to biotin treated controls at each time point and kinetics is depicted (E). Protein inhibition 

is represented as slope of the continuous treatment, with the slope of the avidin condition corresponding to 0 % 

inhibition (F). Reversibility is depicted as the area between curves of continuous and discontinuous treatments, 

with the area between the curve of the control incubated with biotin the curve incubated with biotin and then avidin 

corresponding to 100 % reversibility (G). 

 

Inhibition of transcription as an ICD hallmark.  

In the next step, we addressed the question as to whether inhibition of RNA synthesis would be 

a general predictor of ICD. For this, we evaluated a homemade library of commonly used 

antineoplastic agents (Bezu et al, 2018a) for their capacity to inhibit RNA synthesis using the 

EU-based assay (Table S 2). We then correlated the level of transcriptional inhibition with the 

in silico ICD prediction score (Figure 20A), all major ICD hallmarks (Figure 20B-E) and their 

integration into the ‘ICD score’ (Bezu et al, 2018a) (Figure 20F). Note that vinca alkaloids 

affected the microscopical assessment of ICD parameters, due to their effect on microtubules, 

and behaved as outliers, as they failed to inhibit RNA synthesis, yet scored high in predicted 

ICD-related parameters. After their exclusion, all associations between RNA synthesis 

inhibition and ICD-related stress/death signals were significant, though with the highest 

Pearson coefficients for the correlation between, on one side, transcription inhibition and, on 

the other side HMGB1 release (R=0.76) or eIF2 phosphorylation (R=0.71). Inhibition of 

transcription and translation were correlated (Figure 20G), and inhibition of translation 

correlated with most ICD hallmarks (Figure S 8, Table S 2).  
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Figure 20. Validation of the inhibition of transcription as a hallmark of ICD at large scale. U2OS wild-type 

cells were treated with a custom made anti-cancer library previously described (Bezu et al, 2018a) at 3 M (A-G). 

For assessing transcription, cells were pre-treated for 1.5 h with the library followed by 1 h with the same drugs in 

which EU was added. For assessing translation, cells were pre-treated with the library for 12 h followed by 30 min 

in methionine free-medium, before addition of azidohomoalanine (AHA). Percentage of inhibition was calculated 

and transformed as z-scores. The correlations between transcription inhibition and ICD prediction score (A), 

peIF2 expression () CALR exposure (C), ATP decrease (D), HMBG1 exodus (E), biological ICD score (F) 

previously measured and expressed as z-scores (except for ICD prediction score) (Bezu et al, 2018a), as well as 
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between transcription and translation inhibitions (G), were calculated with the Pearson method giving the 

correlation coefficient (R) and corresponding p-values (p). Known immunogenic drugs are indicated with colors: 

dactinomycin (DACT), mitoxantrone (MTX), doxorubicin (DOXO), daunorubicin (DAUN), oxaliplatin (OXA), 

docetaxel (DOC), paclitaxel (PACL), vinblastine (VB), vincristine (VC) and vinorelbine (VR) (A-G). The 

inhibition of transcription was assessed for the negative and positive ICD hits identified with the predictive 

algorithm (Fig. 1) U2OS cells were treated with the agents at concentrations corresponding to their IC60: 1 M 

dactinomycin (DACT), 50 M topotecan, 1 M becatecarin, 0.5 M trabectedin, 5 M UCN-01, 30 M 

mycophenolate mofetil, 30 M nonoxynol-9, 25 M dactolisib, 2.5 M -lapachone, 5 M 5-fluorodeoxycytidine 

and 2 M RH-1 for 1.5 h followed by 1 h with EU. The percentage of transcription inhibition was calculated and 

the coefficient of correlation (R) and associated p-value (p) between the percentage of inhibition and the theoretical 

ICD score was calculated using the Pearson method (H). The 50,000 compounds of the NCI-60 library were 

annotated for different parameters including transcription and translation inhibition. The predicted ICD score was 

calculated with a previously described model built on artificial intelligence (Bezu et al, 2018a). Empirical 

cumulative frequency is plotted: in black for all compounds and in red for the compounds falling into the categories 

of interest which are transcription inhibitors (n=31) (I), translation inhibitors (n=25) (J), as well as two other 

random categories used as controls, PARP inhibitors (n=4) and antimetabolites (n=49) (K, L). The p-values 

calculated with a Kolmogorov-Smirnov test are indicated on each graph. 

 

We also went back to the initial in silico screen (Figure 13) and compared the five 

compounds with the highest ICD prediction score having an IC50 < 1 µM and that had been 

introduced into clinical assays (becatecarin, DACT, topotecan, trabectidin and UCN-01), as 

well as the six selected compounds with an ICD prediction score close to zero, always with an 

IC50 < 1 µM and a clinical characterization (dactolisib, 5-fluorodeoxycitidine, -lapachone, 

mycophenolate mofetil, nonoxynol-9 and RH-1). Consistently, if used at their IC60 (Figure S 

2) on U2OS cells, the five compounds with a high ICD prediction score were more efficient in 

suppressing RNA synthesis than the six compounds with a low ICD prediction score (Figure 

20H, Table S 3).  

 

We then subjected the 50,000 compounds library (Shoemaker, 2006) to data mining to 

identify agents that are annotated as inhibitors of transcription (n=31) or translation (n=25) or, 

as internal controls, as PARP inhibitors (n=4) or antimetabolites (n=45) (Table S 4). The 

calculated ICD prediction score was significantly higher than expected for transcription and 

translation inhibitors but not for PARP inhibitors and antimetabolites (Figure 20I-L, Figure S 

9). This observation lends further support to the idea that the inhibition of 

transcription/translation is a major hallmark of ICD. 
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Supplementary figures and tables 

 

Figure S 1. Sequence for the eIF2 knock-in mutation. To construct the eIF2 non-phosphorylable cell line 

(U2OS RFP-LC3 eIF2S51A), U2OS RFP-LC3 cells were co-transfected with a pX458 plasmid containing Cas9 

and gRNAs to break the DNA at the appropriate site, together with a plasmid containing the DNA sequence of 

replacement given here. The objective is to replace serine in position 51 by an alanine, so to replace a TCC by a 

GCA on the gene sequence as marked in red. Moreover, to avoid further DNA breaks after insertion of the knock-

in sequence, different other nucleotides were exchanged which do not modify the protein sequence. The 

corresponding amino acids of the coding sequence are indicated. 
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Figure S 2. IC60 of predicted ICD inducers. To determine the IC60 (concentration for which the agent leads to 

40 % live cells after 24 h), we treated human osteosarcoma U2OS wild-type cells with a range of concentrations 

from 0.01 to 5 M for dactinomycin and trabectedin; from 0.05 to 10 M for becatecarin, RH-1, -lapachone and 

5-fluorodeoxycytidine; from 0.5 to 50 M for dactolisib, UCN-01, topotecan and mycophenolate mofetil and from 

1 to 100 M for nonoxynol-9. Cells were further stained with Hoechst and PI. The mean ± SD of the percentage 

of living cells (normal-sized, Hoechstlow, PI-) according to drug concentration represented after logarithmic-

transformation (ln(concentrationµM + 1)) for one representative experiment with quadruplicates is depicted. A log-

logistic regression was performed allowing determination of the concentration leading to 40 % cells alive (IC60). 

The indicated IC60 are the mean of the IC60 obtained in one to three independent experiments. 
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Figure S 3.Validation of the eIF2 kinases knock out. U2OS cells were knocked out for each of the four eIF2 

kinases using the CRISPR-Cas9 technology. One knock-out clone was selected for each kinase and was further 

validated by immunoblot with HRI (K1) and GCN2 (K4) on one and PKR (K2) and PERK (K3) on a parallel blot. 

Both membranes were further probed with anti -actin antibody as a loading control. 
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Figure S 4. Immunogenic cell death hallmarks in mouse cancer cells. Mouse fibrosarcoma MCA205 cells were 

treated with 0.5, 1 or 2 µM dactinomycin (DACT) for 6 h. Thapsigargin (THAPS) at 3 µM was used as a positive 

control. Cells were harvested and subjected to SDS-PAGE. The phosphorylation of eIF2 was quantified by means 

of phosphoneoepitope-specific eIF2 antibody. The graph represents peIF2 intensity normalized with -actin 

intensity for each band (A). MCA205 cells were treated with dactinomycin (DACT) at a concentration of 0.5 and 

1 µM. Mitoxantrone (MTX) was used at 4 µM as a positive control. Cells were treated with these for 6 h and then 

medium was refreshed. 24 h later, cells were collected and surface exposed calreticulin (CALR) was stained with 

an antibody specific for CALR. DAPI was used as an exclusion dye and cells were acquired by flow cytometry. 

The mean ± SEM of the percentage of CALR+ cells among viable (DAPI-) ones in six independent experiments is 

depicted (B, C). MCA205 cells were treated as described above for 24 h. Concentration of secreted ATP in the 

supernatants was quantified with a luciferase-based bioluminescence kit. The mean ± SD of one representative 

experiment among three is shown (D). MCA205 cells were treated as described above for 24 h and the 

concentration of HMGB1 in the supernatants was quantified with an ELISA kit. The mean ± SEM of four 

independent experiments is depicted (E). MCA205 cells were treated as described above for 6 h. Then medium 

was changed and 24 h later, type I interferon response was assessed by transferring the supernatant on HT29 MX1-

GFP reporter cells lines cells for additional 48 h. Some cells were incubated with interferon 1 (IFN1) for 48 h 

as an additional control. Images were acquired by fluorescence microscopy; representative images of Ctr, IFN1, 

MTX and DACT 1µM are shown (F). The number of positive cells was assessed based on the distribution of 

cellular green fluorescence intensity in IFN1 versus control (Ctr) conditions. The mean ± SEM of five 

independent experiments is depicted (G). P-values to the control were calculated with a Student’s t-test: *p<0.05 

**p<0.01 ***p<0.001 (A, C, D, E, G). 
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Figure S 5 DACT-induced ATP release does not 

require autophagy. U2OS LC3 GFP cells were 

treated with rapamycin (RAPA) or dactinomycin 

(DACT) at 0.5, 1 or 2 M for 6 h. During the last 2 h 

of treatment, bafilomycin A1 (BAFA1) was added in 

the appropriate conditions. Images were acquired by 

fluorescence microscopy; representative images of 

Ctr, RAPA and DACT 1µM are shown (A). LC3 dots 

were segmented and their total surface per cell 

normalized on the control are depicted. P-values to the 

respective Ctr were calculated with a Student’s t-test: 

***p<0.001 (B). MCA205 fibrosarcoma were treated 

with RAPA or DACT at 0.5, 1 or 2 M for 6 h. During 

the last 2 h of treatment, BAFA1 was added into the 

appropriate conditions. Cells were collected and 

subjected to immunoblotting (C). The amount of 

LC3II normalized by the loading control actin for each 

band is represented in the barchart. P-values to the 

respective Ctr were calculated with a Student’s t-test: 

*p<0.05 **p<0.001 (D). 
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Figure S 6. DACT sensitizes MCA205 to CDDP in an immune-dependent manner and to immunotherapy. 

3 x 105 mouse fibrosarcoma MCA205 cells were injected subcutaneously (s.c) into the flank of immunocompetent 

syngeneic C57BL/6 mice with n mice per group (n=8 for MTX, n=9 for CDDP or n=10 for Ctr, DACT and CDDP 

+ DACT) (A-E) or athymic immunodeficient nu/nu mice (n=10 per group) (F-J). When tumors became palpable, 

the mice were treated intraperitoneally (i.p.) with injectable solution (Ctr), 5.17 mg/kg mitoxantrone (MTX), 0.5 

mg/kg cisplatin (CDDP), 0.5 mg/kg dactinomycin (DACT) or the combination of CDDP + DACT. Tumor size 

was assessed regularly and tumor growth of DACT versus controls Ctr (B, G) and DACT + CDDP versus CDDP 

alone (C, H) is depicted. Mean tumor area for each group was calculated and significances were tested using a 

type II ANOVA test (D, I). Overall survival is depicted and p-values were calculated with a Log-Rank test (E, J). 
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* indicates the p-value of each treatment versus Ctr control and # indicating p-values of the combination treatment 

versus CDDP alone (*/#p<0.05 **/##p<0.01 ***/### p<0.001) (D, E). 1 x 105 MCA205 cells were injected 

subcutaneously (s.c.) into the flank of immunocompetent syngeneic C57BL/6 mice (n=10 for Ctr, Ctr + anti-PD-

1, CDDP + anti-PD-1 and CDDP + (DACT + anti-PD-1; n=9 for CDDP, DACT, DACT + anti-PD-1, CDDP + 

DACT) (K). When tumors became palpable, mice were treated intraperitoneally (i.p) with injectable solution, 0.5 

mg/kg CDDP, 0.5 mg/kg DACT or the combination of CDDP + DACT. At days 6, 10 and 14 after chemotherapy, 

mice were treated i.p. with 100 g anti-PD-1 per mouse or a corresponding isotype. Tumor size was assessed 

regularly and tumor growth of DACT + PD-1 versus PD-1 alone (L) and DACT + CDDP + PD-1 versus CDDP + 

PD-1 (M) is shown. Mean tumor area for each group was calculated and significances were determined using a 

type II ANOVA test (N). Overall survival is depicted and p-values were calculated with a Log-Rank test (O). * 

indicate the p-value of DACT + anti-PD-1 or CDDP + DACT + anti-PD-1 versus the respective conditions without 

anti-PD-1; # indicates the p-values of DACT + anti-PD-1 or CDDP + DACT+anti-PD-1 compared to the respective 

conditions without DACT (*/# p<0.05 **/## p<0.01 ***/### p<0.001) (N, O). The four surviving mice from this 

experiment were rechallenged with MCA205 and TC-1 cells injected in opposite flanks. Five naïve mice were co-

injected as controls. Individual growth curves of both MCA205 and TC-1 tumors are depicted for cured (P) and 

naïve mice (Q). The tumor area formed by MCA205 growth in cured mice was compared to the one in naïve mice 

was calculated using a type II ANOVA test (***p<0.001) (Q). 
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Figure S 7. T cell immune response induced by dactinomycin. 2 x 105 mouse fibrosarcoma MCA205 cells were 

injected subcutaneously (s.c) into the flank of immunocompetent syngeneic C57BL/6 mice (n=10 per group). 

When tumors became palpable, injectable solution (Ctr) or 0.5 mg/kg dactinomycin (DACT) was administered 

intraperitoneally (i.p.). Nine days after chemotherapy, the mice were sacrificed, the tumors were collected and 

processed (A). 50 mg of tumors were used for each panel of staining, the “T-cell panel” with n=10 mice per group 

and the “NK cells and cytokines panel” with n=9 mice for Ctr group and n=8 mice for DACT group. The “T cell 

panel” included staining of CD4, CD8a and FoxP3 receptors. After staining with the corresponding antibodies, 

samples were run though a flow cytometer and analyzed with the FlowJo software. A boxplot of the ratio of the 

number of CD8a+ cells versus the number CD4+FoxP3+ cells in each tumor is depicted with each dot corresponding 

to one mouse (B). The “NK cells and cytokines panel” included CD45, CD3g,d,e, CD8a, CD4, NK1.1, TCR 

IL17a, IFN and IL4. The mean ± SEM of the percentage of CD3g,d,e-NK1.1+ (C) and  CD3g,d,e+NK1.1+ cells 

(D) among all CD45+ cells are depicted. The mean ± SEM of the percentage of IFNhigh cells among CD4-CD8a+ 

T cells (E) and of IL4+ cells among CD4+CD8a- T cells (F) is depicted. The mean ± SEM of the percentage of 

IL17a+ positive cells among the CD4+CD8a- T cells (G), among CD4-CD8a+ T cells (H) and among CD3+TCR+ 

are shown (I). P-values to the Ctr group were calculated using a Student’s t-test: *p<0.05 **p<0.01 ***p<0.001 

(B-I). 
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Figure S 8. Translation inhibition correlates with the hallmarks of ICD. U2OS wild-type cells were pre-treated 

for 12 h with a custom made anti-cancer library previously described (Bezu et al, 2018a) at 3 M followed by 30 

min treatment in methionine free medium, before addition of azidohomoalanine (AHA). The percentages of 

inhibition of translation were transformed as z-scores. Correlation between translation inhibition and ICD 

prediction score (A), peIF2 expression () CALR exposure (C), ATP decrease (D), HMBG1 decrease (E) and 

with biological calculated ICD score (F) previously measured and also expressed as z-scores (Bezu et al, 2018a), 

were calculated by the mean of the Pearson method resulting in a correlation coefficient (R) and corresponding p-

value (p). Known immunogenic drugs are highlighted with colors: dactinomycin (DACT), mitoxantrone (MTX), 

doxorubicin (DOXO), daunorubicin (DAUN), oxaliplatin (OXA), docetaxel (DOC), paclitaxel (PACL), 

vinblastine (VB), vincristine (VC) and vinorelbine (VR) (A-F). 
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Figure S 9. Transcription and translation inhibitors are predicted as ICD inducers. The 50,000 compounds 

of the NCI-60 library were annotated for different parameters including transcription and translation inhibition. 

The predicted ICD score was calculated with a previously described model built by artificial intelligence (Bezu et 

al, 2018a). Data as in Figure 20I-L are depicted here as frequency normalized to the maximum frequency in 

relation to ICD scores. The distribution for all compounds is plotted in grey. In red, compounds falling into 

categories of interest are depicted which are transcription inhibitors (n=31) (A), translation inhibitors (n=25) (B) 

as well as two other random categories chosen as controls, PARP inhibitors (n=4) and antimetabolites (n=49) (C, 

D). The p-values (p) calculated with Kolmogorov-Smirnov test are indicated on each graph. 
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Table S 1. DNA sequences for U2OS eIF2S51A and eIF2AK-/- generation. To construct the eIF2 non-

phosphorylable cell line (U2OS RFP-LC3 eIF2S51A), U2OS RFP-LC3 cells were co-transfected with a 

homology repair oligo coding for the knock-in mutation (Table S 1) together with a pX458 plasmid containing 

Cas9 and specific gRNAs whose sequences are given (A). After transfection, the DNA of cells that were able to 

proliferate was collected and amplified by PCR (B) before sending them for sequencing (C). To construct the 

eIF2 kinases knock out cell lines (U2OS GFP-LC3 eIF2AK1-/-, eIF2AK2-/-, eIF2AK3-/- and eIF2AK4-/-), cells 

were transected with all-in one plasmid from Sigma-Aldrich containing Cas9 and the indicated gRNAs (D). 
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Table S 2. Transcription and translation inhibition data for the drugs from a custom anticancer library. 

U2OS cells were treated with a home-made library of anticancer agents at 3 µM for evaluating their ability to 

inhibit transcription (after 1.5 h treatment followed by 1 h in the presence of 5-ethynyl uridine (EU)) and translation 

(12 h treatment followed by 30 min in methionine-free medium and then 1.5 h in methionine-free medium 

supplemented with (L-azidohomoalanine (AHA)). The percentage of inhibition of transcription and translation 

was calculated and the mean of triplicates of one representative experiment is indicated as well as the standard 

deviation (SD) and the p-value (PVAL) which was calculated using a Student’s t-test. These data were used to 

evaluate correlations with ICD parameters in Figure 20 and Figure S 8.  
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Table S 3. Transcription inhibition for the positive and negative selected with the artificial intelligence 

module. Positive and negative agents were selected thanks to an algorithm that can predict ICD (Figure 13). They 

were tested for their ability to inhibit transcription: U2OS cells were treated with these agents around their IC60: 1 

M dactinomycin (DACT), 50 M topotecan, 1 M becatecarin, 0.5 M trabectedin, 5 M UCN-01, 30 M 

mycophenolate mofetil, 30 M nonoxynol-9, 25 M dactolisib, 2.5 M -lapachone, 5 M 5-Fluorodeoxycytidine 

and 2 M RH-1 for 1.5 h followed by 1 h where treatment was pursued in the presence of EU. The percentage of 

inhibition of transcription were calculated as previously described. 
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Table S 4. ICD scores of specific categories of agents. The 50,000 compounds of the NCI-60 library were 

annotated for different parameters including nucleic acid synthesis inhibition and protein synthesis inhibition. The 

predicted ICD score of agents from these categories (score) was calculated with a previously described artificial 

intelligence model. The name and compound ID number (CID) are indicated. Two other random categories were 

chosen as controls: PARP inhibitors and antimetabolites (n=49); their predicted ICD scores were also calculated 

with this artificial intelligence model. 
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Discussion 

DACT is an ICD inducer 

In the present work, we identified DACT as a new ICD inducer, using an in silico prediction 

model that was based on its physicochemical characteristics (the “ICD prediction score”). We 

then validated the capacity of DACT to induce surrogate hallmarks of ICD in cultured cells 

(CALR exposure as well as ATP, HMGB1 and type 1 IFN release), to kill cancer cells in a way 

that they undergo phagocytosis by DCs and to elicit an antitumor immune response in mice 

(Figure 21A). Until now, the effect of DACT on immune cells has been scarcely investigated. 

It has been demonstrated that DACT-treated cells are more sensitive to NK and to cytotoxic 

factors secreted by monocytes (Austgulen et al, 1986; Bersani et al, 1986; Uchida & Klein, 

1985). Is been reported that DACT increases the expression of the early marker of activation 

CD69 in CD3+ T cells (Morgan et al, 1999), but conversely that DACT inhibits the secretion of 

pro-inflammatory cytokines by macrophages (Kozmar et al, 2010; Perez et al, 2012). Here, we 

have demonstrated that the anticancer effect of DACT is dependent on a T cell response. In 

addition, the analysis of the tumor immune infiltrate revealed that DACT induces an increase 

in CD8+ T cells and a decrease in Tregs resulting in a significant increase of the ratio 

CD8+/FoxP3+, which constitutes a reliable marker of positive outcome (Fridman et al, 2017; 

Ladoire et al, 2008; Semeraro et al, 2016; Stoll et al, 2014) and increases after treatment with 

ICD inducers (Table 1). Higher amounts of NK and NKT cells was also observed in the tumor 

infiltrate after DACT treatment, like with some other modalities of immunogenic inducers such 

as cyclophosphamide, crizotinib and photochemotherapy (Ghiringhelli et al, 2007; Liu et al, 

2019b; Ventura et al, 2018) (Table 1). Moreover, the present work shows that DACT induces 

IL-17 secretion, in line with previous studies showing that a IL-17-mediated immune response 

is involved in ICD, elicited by  T cells after anthracyclines treatment (Ma et al, 2011) and by 

CD4+ T cells after cyclophosphamide or crizotinib chemotherapy (Liu et al, 2019b; Viaud et al, 

2011). To further confirm the role of IL-7 in DACT anticancer effect, we should investigate the 

efficacy of DACT in tumor growth when blocking IL-17. We also observed a non-significant 

increase in IFN secretion by CD8+ T cells in MCA205 tumors treated with DACT. This may 

due to exhaustion of CD8+ T cells by cancer cells and may explain why the response of 

MCA205 to DACT alone is not so efficient. The immune infiltrate of WEHI 164 tumors which 

respond better to DACT may show a higher amount of IFN secretion Finally, we showed that 

the anticancer effect of DACT can be potentiated by combination with PD-1 blockade, leading 
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to the cure of some mice from transplanted MCA205 and WEHI 164 fibrosarcoma. This is 

consistent with recent reports showing that ICD inducers synergize with ICBs due to a 

coordinate action on the adaptive immune system (Pfirschke et al, 2016; Serrano-Del Valle et 

al, 2019).  

 

A. Mechanisms of DACT-mediated ICD 

 

B. New characteristics of ICD 
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C. Hypothesis to be further explored 

 

Figure 21. Conclusions of the study. Dactinomycin (DACT) induces the phosphorylation of eukaryotic initiation 

factor 2 (peIF2)-dependent exposure of calreticulin (CALR), high-mobility group box 1 (HMGB1) release, 

adenosine triphosphate (ATP) secretion and type 1 interferon (IFN1) release. The damage-associated molecular 

pattern (DAMPs) activate dendritic cells (DCs) which in turn inhibit FoxP3+ T cells and activate interleukin (IL)-

17 producing CD4+ T cells, IL-17 and IFN producing T cells, natural killer (NK) and NK T cells. Unlike other 

immunogenic chemotherapeutics, the release of ATP is independent from autophagy (A). ICD inducers induce an 

inhibition of transcription followed by an inhibition of translation (B). The release of HMGB1 may occur 

concomitantly with transcription inhibition after the agents target DNA. In addition, the inhibition of transcription 

may participate in peIF2 (C). The DAMPs involved in ICD are highlighted in bold; the particularities of DACT-

induced ICD are written in blue; the new mechanistic findings related to immunogenic cell stress are surrounded 

in red and dashed grey arrows represent hypothetic links to be further explored.   

 

Pre-mortem stress pathways activated by DACT 

We have previously reported that a pathognomonic hallmark of ICD is the induction of eIF2 

phosphorylation, which most accurately predicts immunogenicity of therapeutic interventions 

in vitro and in vivo (Bezu et al, 2018a). EIF2 phosphorylation induced by ICD-stimulatory 

chemotherapeutics is mediated by eIF2AK3 and correlates with CALR exposure, with 

increased tumor infiltration by activated DCs and T lymphocytes, as well as with favorable 

prognosis (Bezu et al, 2018a; Fucikova et al, 2016a; Fucikova et al, 2016b; Garg et al, 2012b; 

Giglio et al, 2018; Panaretakis et al, 2009). Although all ICD inducers discovered until now 

trigger eIF2 phosphorylation, we recently demonstrated that anthracyclines- and OXA-

induced cell death activate none of the other markers of ER stress (ATF4, ATF6 and XBP1s) 

in human osteosarcoma cells (Bezu et al, 2018a). Further studies with alternative ICD inducers, 

such as crizotinib or the EGFR targeting antibody cetuximab (Liu et al, 2019b; Pozzi et al, 

2016), and within other cell lines, like human melanoma (Giglio et al, 2018), have emphasized 

this point. Consistently, in the present work, we observed that DACT triggers eIF2AK3-
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mediated eIF2 phosphorylation and subsequent CALR translocation and exposure in vitro and 

in vivo. Moreover, DACT did not enhance ATF4 expression, neither ATF6 translocation nor 

XBP1 splicing. It has been reported that ER stress is activated by the accumulation of ROS in 

ICD elicited by hypericin-based PDT (Garg et al, 2012a), bleomycin (Bugaut et al, 2013), 

anthracyclines and OXA (Panaretakis et al, 2009). At relatively high doses, it has been shown 

that DACT induces ROS production (Vekshin, 2011), which may at least in part be involved in 

the induction of the split ER stress response. 

 Surprisingly, as compared to anthracyclines-induced ICD, the mechanism underlying 

ATP release in the context of DACT-driven ICD seems not to be related to autophagy since no 

LC3 puncta were observed in MCA205 and U2OS treated cells (Figure 21A). In this sense, 

DACT-mediated ATP release resembles ICD induced by hypericin-based PDT (Garg et al, 

2013). DACT has been shown to decrease intracellular ATP content (Laszlo et al, 1966; Tao et 

al, 2006) and to affect inorganic pyrophosphate exchange reaction with all nucleoside 

triphosphates due to its affinity for nucleotides (Goldberg et al, 1963). The release of ATP 

following DACT treatment may be related to these effects, yet this hypothesis requires further 

investigation. 

 

Inhibition of transcription as a new characteristic of immunogenic cell stress 

DACT is well-known as an inhibitor of transcription (and actually the standard reagent to block 

RNA synthesis in wet biology labs) and this effect appears to be important for its ICD-inducing 

activity. Indeed, we found that the inhibition of RNA synthesis was a common characteristic of 

multiple structurally different established ICD inducers (Figure 21B): the anthracyclines 

doxorubicin, daunorubicin, epirubicin and MTX which stabilize topoisomerase II, the platinum 

salt OXA which forms inter- and intra- strand DNA cross links with high affinity for guanine 

as well as in a lower extent the tyrosine kinase inhibitor crizotinib and the proteasome inhibitor 

bortezomib (Figure 21B). Lurbinectedin, another agent which binds into the minor groove of 

DNA and by consequence inhibits transcription, has recently been shown to induce ICD as well 

(Tumini et al, 2019; Xie et al, 2019a). Of note, OXA was more efficient in suppressing 

transcription than was CDDP, another platinum salt binding DNA, which is not endowed with 

strong ICD-inducing capabilities. Taxanes (docetaxel and paclitaxel) and vinca alkaloids 

(vinblastine and vincristine), which promote CALR exposure yet have not been reported to 

induce ICD in vivo (Table 1), do not inhibit transcription. Both classes of drugs are spindle 

poisons leading to arrest in cell division and apoptosis, but while taxanes stabilize GDP-bound 

tubulin in the microtubules preventing its depolymerization, vinca alkaloids inhibit tubulin 



 

114 
 

polymerization and further formation of microtubules. In addition, agents other than DACT that 

had an elevated ICD prediction score calculated in silico (UCN-01, trabectedin, becatecarin, 

topotecan) turned out to have a significantly higher capacity to suppress RNA synthesis than 

agents with low ICD prediction scores. Again, these agents widely differ in their chemical 

structure and mode of action. Topotecan and becatecarin bind to DNA and form a complex with 

topoisomerases I. Trabectedin binds into the minor groove of DNA with a high specificity for 

GC regions where it impairs the activity of both transcription factors and polymerases in 

addition to promote alkylation between guanine N2 residues (Tumini et al, 2019). UCN-01, 

also called 7-hydroxystaurosporine, is a cell-permeable staurosporine derived anticancer agent 

which inhibits various protein kinases, in a reversible and ATP-competitively fashion. It is 

endowed of high specificity for CDK2 and other CDKs. CDK2, which is involved in G1/S 

transition, induces RNA polymerase I transcription and certain other CDKs (7, 8 and 9 in 

particular) regulate RNA polymerase II transcription (Drygin et al, 2010; Roskoski, 2016); 

effects which may be related to the inhibition of transcription that we have observed following 

UCN-01 treatment. In sum, it appears that the inhibition of transcription (and downstream 

thereof translation) is a common characteristic of ICD inducers. This has been further confirmed 

with the in silico analysis of 50,000 agents of the NCI-60 library, that revealed a correlation 

between the “ICD score” and the inhibition of RNA and protein synthesis respectively. 

 NF-B transcriptional activity has been shown to be required for dying cancer cells to 

activate DCs cross-priming and CD8+ T cells (Giampazolias et al, 2017; Yatim et al, 2015). It 

may therefore look surprising that inhibition of transcription is associated with ICD. However, 

even though DACT inhibits global RNA synthesis, it also stimulates the transcription of specific 

genes related to apoptosis, necrosis and inflammation, with, among others, an activation of NF-

B regulated genes (Liu et al, 2016). This may be also the case of other ICD inducers, although 

this should be investigated. 

 This work shows that anthracyclines, OXA and DACT induce close-to-irreversible 

inhibition of synthesis, whereas inhibition elicited by crizotinib, an immunogenic agent that has 

to be combined with CDDP for sufficient cytotoxicity in vaccination assay, is reversible. 

According to past studies, DACT binds to DNA and inhibits transcription in a reversible fashion 

(Ilan & Quastel, 1966). However, at the dose used in this study (IC60 at 24 h in the U2OS 

osteosarcoma cells) and the time of treatment (2.5 h), which are relatively high, the inhibition 

of synthesis was not reversed and cell death occurred even after treatment removal. Thus, after 

such a dose and duration of treatment, DACT may have already triggered a number of DNA 

strand breaks and/or the inhibition of essential protein synthesis that cannot be reversed and 
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lead to apoptosis. Accordingly, it was demonstrated that anthracyclines and CDDP induce an 

irreversible cell death, which is not the case for crizotinib (Liu et al, 2019b). All in all, it seems 

that the reversibility of the inhibition of synthesis is linked to the reversibility of the cytotoxicity 

of the agents rather than their immunogenicity. 

 

Relation between the inhibition of transcription and the other hallmarks of ICD 

One question that is still unanswered is how transcription and translation inhibitions are related 

to other characteristics of ICD and to the emission of DAMPs. It appears as if eIF2 

phosphorylation is not required for stalling protein synthesis since cells that bear a non-

phosphorylable eIF2 mutant, as well as cells treated with the integrated stress response 

inhibitor ISRIB, reduce protein synthesis in response to DACT and other ICD inducers to the 

same extent as their wild type counterparts. Translation inhibition may rather be a direct 

consequence of RNA synthesis inhibition, which should be further confirmed, for instance by 

investigating if translation is still inhibited in enucleated cells (cytoplasts). Another hypothesis 

could be that ICD inducers, by targeting DNA, induce DNA damage pathways which in turn 

activate ER stress and further CALR exposure (Figure 21C). However, it was shown that eIF2 

phosphorylation and CALR exposure were still activated by anthracyclines in cytoplasts, 

meaning that they at least in part originate from DNA-independent effects (Obeid et al, 2007b). 

ATP is mediated by cytoplasmic autophagy in most contexts of ICD and ANXA1 is located in 

the cytoplasmic side of the plasma membrane, thus it is unlikely that these pathways are related 

to the inhibition of transcription.  

 HMGB1 is a chromatin protein which binds into the minor groove of DNA, where it 

induces DNA bending and facilitates transcription factor recruitment (Bustin, 1999; Klass et al, 

2003). It has been reported that DACT induces the dispersion of HMG-17, another protein of 

the high mobility group superfamily, through the nucleus (Bianchi & Beltrame, 2000). 

Similarly, we could imagine that DACT and other ICD inducers, by targeting DNA, induce 

both RNA synthesis inhibition and release of HMGB1 from the chromatin to the cytoplasm and 

finally into the extracellular space (Figure 21C). Interestingly, the release of HMGB1 is, among 

all the parameters tested, the one that has the highest correlation score with transcription 

inhibition (R=0.76), which supports this hypothesis. 

 

ICD inducers in the context of non-oncogene addiction 

In the present work, we have demonstrated that the antitumor effect of DACT relies on the 
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activation of the immune system. How to explain that, despite transcription inhibition, immune 

cells can proliferate following chemotherapy with DACT and more generally with other ICD 

inducers? Antineoplastic cytotoxicants seem to exert some degrees of “specificity” in the sense 

that they act more efficiently on cancer cells than on their normal counterparts including tumor-

infiltrating leukocytes that participate to immunosurveillance. Sarcomas, which are routinely 

treated with some of the drugs characterized here (such as DACT and trabectedin) are highly 

sensitive to transcription inhibitors (Jaffe et al, 1976; Liebner, 2015; Manara et al, 2005; Tumini 

et al, 2019) and it is tempting to speculate that they may also be particularly prone to emit 

immunogenic signals in response to this kind of anticancer agent.  

 Only a particular vulnerability of cancer cells to transcriptional inhibitors may explain 

why agents that are expected to act on any cell type may elicit a therapeutically relevant stress 

response in cancer cells, without paralyzing vital functions in normal tissues including the 

immune system. The “non oncogene addiction” concept, in echo to the phenomenon of 

“oncogene addiction”, which describes the dependency of many tumors on the activation of a 

particular oncogene, explains the altered dependencies of cancer cells on certain (mutation-

independent) pathways. Indeed, cancer cells display high level of various stress: DNA damage 

due to genomic instability, replication and mitotic stress induced by rapid proliferation, 

metabolic stress accompanying high glycolysis level, proteoxic stress caused by frequent 

activation of heat shock response and oxidative stress due to generation of ROS in response to 

DNA damage; and are therefore are more sensitive to supplemental stress than their healthy 

counterparts (Figure 22) (Luo et al, 2009; Nagel et al, 2016). To eliminate cancer cells, some 

strategies, consisting either in inhibiting stress reducing pathway or in applying additional stress, 

may therefore be efficient and relatively selective. This is actually the case of most 

chemotherapeutics, including DACT, which inhibit transcription, trigger DNA damage and 

promote ROS production in sarcoma and other cancers, inducing their destruction, whereas 

some other tissues exposed to DACT can recover. It may be that ICD-treated cancer cells are 

also more sensitive than their heathy counterpart to immune destruction for the same reason. 

 Even though the concept of “non-oncogene addiction” emerged during the last decade, 

Herbert S. Schwartz gave consistent explanations for the selectivity of DACT fifty years ago; 

whereas cancer cells are unstable and highly dependent on proliferative signals, hence very 

sensitive to DACT, some cells in normal tissues are in a phase of mitotic dormancy (G0) so are 

not affected by altered transcription. These cells constitute a “stock” when neighbor cells are 

damaged (Schwartz et al, 1966). So even if various tissues, including immune cells, are affected 

during chemotherapy, some can recover. Accordingly, it was shown that DACT administered 
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concomitantly to an antigen induces delayed production of antigen specific antibodies but does 

not affect their quantity, meaning that the ability of the immune system to respond to antigen is 

not altered by DACT-induced inhibition of transcription (Wust et al, 1964). 

 

 

 

Figure 22. Non oncogene addiction (modified from (Nagel et al, 2016). While normal cells possess the ability to 

resist and adapt to various sources of stress, cancer cells, which already exhibit elevated level of intracellular stress 

and are highly dependent on external factors, are more sensitive to stress overload. 
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Perspectives  

Identification of new ICD inducers 

The ICD predicting artificial intelligence model has again demonstrated its potential. It enabled 

the identification of DACT which was further confirmed as an efficient ICD inducer, from a 

large group of compounds. Moreover, we could further discriminate positive and negative hits 

identified with this model based on their ability to inhibit transcription. To validate the 

additional predicted ICD inducers, i.e. trabectedin, UCN-01, becatecarin and topotecan, we aim 

at investigating their ability to induce phagocytosis and we plan to vaccinate mice with 

syngeneic cells treated with these compounds. Anyway, this algorithm has the potential to 

quickly screen huge libraries and pre-select potential ICD inducers. In the present study, we 

focused on agents that have already shown an anticancer effect and have been submitted to 

clinical trials, but we plan to go beyond that scope and screen various other libraries. 

 This work has shown that transcription inhibition is a feature shared by the well 

characterized ICD inducers MTX, daunorubicin, doxorubicin, epirubicin, OXA, bortezomib 

and crizotinib. Lurbinectedin has also been shown to inhibit transcription, which was confirmed 

here (Xie et al, 2019a). It would be interesting to investigate the effect of other confirmed ICD 

inducers, i.e. cyclophosphamide, bleomycin, septacidin, cardiac glycosides, vorinostat, 

wogonin, dinaciclib, teniposide, the bromodomain inhibitor JQ1, the EGFR targeting antibodies 

7A7 and cetuximab, some oncolytic peptides, oncolytic viruses and different physical 

modalities, on RNA synthesis to further confirm this finding (Table 1). Of note, dinaciclib is 

an inhibitor of CDKs, which are involved in transcription regulation; this suggests that this 

agent may also inhibit RNA synthesis. This newly discovered characteristic may contribute to 

easily discriminate in vitro if new compounds may induce ICD. 

 

Clinical use of DACT and combination with immunotherapies 

The use of DACT is currently limited to some cases of pediatric sarcoma, gestational 

trophoblastic diseases and metastatic testicular carcinomas even though it has shown efficiency 

in pre-clinical studies performed in other kinds of cancers (Cortes et al, 2016; Kam & 

Thompson, 2010; Takusagawa et al, 1982). This work may lead to a regain of interest for this 

chemotherapeutic. Indeed, its ability to induce immunogenic cell death reveals that it is able to 

induce long term protection, which is a key element for efficient anticancer therapy. 

 The sequential combination of ICD inducers with ICBs has proven to be efficient in 



 

119 
 

various pre-clinical settings (Liu et al, 2019b; Luo et al, 2019; Pfirschke et al, 2016). This 

synergy is explained by their coordinate action on the immune system: ICD inducers promote 

the emission of DAMPs, mounting an adaptive anticancer immune response; once the tumor is 

highly infiltrated with CD8+ T cells, ICBs inhibit immunosuppressive mechanisms and prevent 

T-cells from extensive exhaustion. The potential of such combination is currently investigated 

in different clinical trials, with the example of the phase II clinical trial involving 

pembrolizumab and OXA for various neoplasms of the digestive organs (NCT03111732) or the 

phase II clinical trial combining nivolumab, ipilimumab, doxorubicin, vinblastine and 

dacarbazine for Hodgkin disease (NCT02181738). Here we show that DACT induces ICD and 

synergizes with PD-1 blockade therapy. This combination should be further investigated and 

may lead to new clinical opportunities for the treatment of cancers currently treated with 

chemotherapy regimen involving DACT. Of note, one clinical trial investigating the effect of 

DACT in combination with ipilimumab and melphalan for the treatment of melanoma has 

shown promising results (NCT01323517) (Ariyan et al, 2018).  

 The first kind of cancer successfully treated with ICB was melanoma, reported to be 

highly mutated (Hodi et al, 2010). As previously mentioned, DACT is mostly used in clinics to 

treat different pediatric sarcoma. Yet, sarcomas stand among low mutated tumors (Chalmers et 

al, 2017; Danaher et al, 2018) which by consequence are not expected to be highly sensitive to 

immunotherapy (Samstein et al, 2019). Recently, the immune contexture of sarcoma has been 

studied and revealed that sarcomas contain high levels of TILs and macrophages (D'Angelo et 

al, 2015; Majzner et al, 2017) and rather low PD-L1 expression (D'Angelo et al, 2015; Kim et 

al, 2016; Majzner et al, 2017). Nevertheless, PD-L1 expression in sarcomas and PD1 expression 

in TILs were shown to be negative prognostic factors in two cohorts of soft tissue sarcoma 

patients, paving the way for targeting the PD-1/PD-L1 axis in such tumors (Budczies et al, 2017; 

Kim et al, 2016; Kim et al, 2013) and the first clinical trials investigating the use of 

pembrolizumab for advanced sarcoma is ongoing (NCT02301039). Altogether, these elements 

suggest that the combination of ICD inducers and DACT constitute a promising therapeutic 

strategy for sarcoma which remain a large burden among children, but also for other kinds of 

cancers. 

 

Combination with CRMs to induce autophagy-dependent ATP release 

This works demonstrates that DACT, as compared to other immunogenic chemotherapeutics 

like MTX or OXA, is not able to induce autophagy-related LC3 aggregation (Martins et al, 

2012). Despite this defective autophagy, it triggers ATP release from cancer cells by alternative 
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unknown mechanisms. The amount of extracellular ATP may be enhanced by combination of 

DACT with caloric restriction mimetics (CRMs), agents which activate autophagy without 

displaying any toxicity, like hydroxycitrate, spermidine or aspirin (Pietrocola et al, 2018; 

Pietrocola et al, 2016). Such combination might promote the recruitment and activation of DCs, 

thereby increase the anticancer immune response. Even more promising, it could be combined 

with PD-1 blockade antibodies and a CRM. It has indeed been shown that the triple combination 

of an ICD inducer, a CRM and ICB leads to complete tumor regression in mice (Levesque et 

al, 2019). The present in vivo work and the mechanistic study of the anticancer effect of DACT 

strongly suggest that this approach may be successful. In this setting, the dose of DACT 

required to be efficient may be reduced, as well as the associated adverse effects in patients. 
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Collaborations 

In addition to this project, I have participated to other research work, protocol writing and 

reviews which led to the following publications: 

 

Bezu, L., Chuang, A. W., Humeau, J., Kroemer, G., & Kepp, O. (2019). Quantification of 

eIF2alpha phosphorylation during immunogenic cell death. Methods Enzymol, 2019;629:53-69 

Forveille, S., Humeau, J., Sauvat, A., Bezu, L., Kroemer, G., & Kepp, O. (2019). Quinacrine-

mediated detection of intracellular ATP. Methods Enzymol. 2019;629:103-113. 

Xie, W., Forveille, S., Iribarren, K., Sauvat, A., Senovilla, L., Wang, Y., Humeau, J., Perez-

Lanzon, M., Zhou, H., Martínez-Leal, J.F., Kroemer, G., Kepp, O. (2019). Lurbinectedin 

synergizes with immune checkpoint blockade to generate anticancer immunity. 

Oncoimmunology, 1656502. 

Humeau, J., Lévesque, S., Kroemer, G., Pol, J. G. (2019). Gold standard assessment of 

immunogenic cell death in oncological mouse models. Methods in molecular biology 1884: 

297-315. 

Bezu, L., Sauvat, A., Humeau, J., Gomes-da-Silva, L. C., Iribarren, K., Forveille, S., Garcia, 

P., Zhao, L., Liu P., Zitvogel, L., Senovilla, L., Kepp, O., Kroemer, G. (2018). eIF2α 

phosphorylation is pathognomonic for immunogenic cell death. Cell Death & Differentiation, 

25(8), 1375. 

Bezu, L., Sauvat, A., Humeau, J., Leduc, M., Kepp, O., Kroemer, G. (2018). eIF2α 

phosphorylation: A hallmark of immunogenic cell death. Oncoimmunology, 7(6), e1431089. 

Bloy, N., Garcia, P., Laumont, C. M., Pitt, J. M., Sistigu, A., Stoll, G., Yamazaki, T., Bonneil., 

E., Buqué, A., Humeau, J., Drijfhout , JW., Meurice, G., Walter, S., Fritsche, J., Weinschenk, 

T., Rammensee, H.G., Melief, C., Thibault,P., Perreault, C., Pol, J., Zitvogel, L., Senovilla, L., 

Kroemer, G. (2017). Immunogenic stress and death of cancer cells: Contribution of antigenicity 

vs adjuvanticity to immunosurveillance. Immunological reviews, 280(1), 165-174. 

Humeau, J., Bravo-San Pedro, J. M., Vitale, I., Nunez, L., Villalobos, C., Kroemer, G., 

Senovilla, L. (2018). Calcium signaling and cell cycle: progression or death. Cell calcium, 70, 

3-15. 

Pietrocola, F., Demont, Y., Castoldi, F., Enot, D., Durand, S., Semeraro, M., Baracco, E.E., Pol, 

J., Bravo-San Pedro, J.M., Bordenave, C., Levesque, S., Humeau, J., Chery, A., Métivier, D., 

Madeo, F., Maiuri, M.C., Kroemer, G. (2017). Metabolic effects of fasting on human and mouse 

blood in vivo. Autophagy, 13(3), 567-578. 

Senovilla, L., Demont, Y., Humeau, J., Bloy, N., Kroemer, G. (2017). Image cytofluorometry 

for the quantification of ploidy and endoplasmic reticulum stress in cancer cells. Cell Cycle 

Synchronization (pp. 53-64).  

Semeraro, M., Adam, J., Stoll, G., Louvet, E., Chaba, K., Poirier-Colame, V., Sauvat, A., 

Senovilla, L., Vacchelli, E., Bloy, N., Humeau, J., Buque, A., Kepp, O., Zitvogel, L., Andre, 

F., Mathieu, M.C., Delaloge, S., Kroemer, G. (2016). The ratio of CD8+/FOXP3 T lymphocytes 

infiltrating breast tissues predicts the relapse of ductal carcinoma in situ. Oncoimmunology, 

5(10), e1218106. 
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Bloy, N., Sauvat, A., Chaba, K., Buqué, A., Humeau, J., Bravo-San Pedro, J. M., Bui, J., Kepp 

O., Kroemer, G., Senovilla, L. (2015). Morphometric analysis of immunoselection against 

hyperploid cancer cells. Oncotarget, 6(38), 41204. 
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Summary in French 

Les cancers constituent la seconde cause de mortalité dans le monde avec 18 millions 

de nouveaux cas diagnostiqués en 2018. Bien que de nouvelles stratégies comme 

l’immunothérapie ou les thérapies ciblées voient le jour, la chimiothérapie constitue encore le 

traitement de référence pour la majorité des cancers. Or certains agents chimiothérapeutiques 

sont capables de déclencher des signaux de stress intracellulaires permettant d’activer une 

réponse immunitaire antitumorale et confèrent ainsi une protection à long terme. Cette mort 

cellulaire est dite immunogène (ICD, de l’anglais « immunogenic cell death ») ; elle requiert 

l’exposition à la membrane plasmique de calréticuline précédée de la phosphorylation d’eIF2, 

la sécrétion d’ATP dépendant d’une activation préalable de la machinerie autophagique, ainsi 

que le relargage d’HMGB1, d’interféron de type 1 et d’ANXA1. Plusieurs études ont montré 

l’efficacité de ces chimiothérapies immunogènes chez l’homme ainsi que leur potentiel clinique 

en combinaison avec des immunothérapies, d’où leur implication dans un grand nombre 

d’essais cliniques. Il est donc nécessaire de pouvoir identifier si d’autres agents, notamment 

parmi ceux déjà testés en clinique, sont capables d’induire de tels mécanismes.  

 

A l'aide d'un modèle construit par intelligence artificielle, nous avons identifié, parmi 

une librairie comprenant 50 000 composés, des agents anti-cancéreux ayant été soumis à des 

essais cliniques qui, d'après leurs propriétés physico-chimiques, pourraient induire une mort 

cellulaire immunogène. Cet algorithme nous a permis d'identifier la dactinomycine (DACT), 

chimiothérapie utilisée notamment pour le traitement de sarcomes pédiatriques. Notre travail 

montre qu’en effet la DACT active une réponse partielle au stress du réticulum endoplasmique 

(RE) impliquant la phosphorylation d’eIF2 et conduisant à une exposition de calréticuline à 

la membrane plasmique, une sécrétion d’ATP, un relargage d’HMGB1 et une activation de 

MX1 (lié à la voie interféron), ceci dans la lignée d’ostéosarcome humain U2OS et dans la 

lignée de fibrosarcome murin MCA205. Par conséquent, les cellules tumorales traitées avec de 

la DACT sont phagocytées par les cellules dendritiques et induisent une réponse immunitaire 

mémoire chez la souris, empêchant la croissance de cellules de même type injectées par la suite. 

Nous montrons ensuite que le traitement de MCA205 sous-cutanées par la combinaison de la 

DACT avec le cisplatine, chimiothérapie très utilisée en clinique et peu immunogène, permet 

de réduire la croissance tumorale, effet aboli dans les souris athymiques nu/nu. Lorsque la 

DACT et le cisplatine sont combinés avec des anticorps bloquant anti-PD1, l’effet est amélioré, 
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conduisant à la guérison de quelques souris. L’étude de l’infiltrat immunitaire révèle qu’en effet 

la DACT induit une augmentation du ratio CD8+/FoxP3+, du nombre de cellules NK et NKT, 

ainsi qu’une sécrétion d’IL-17 et d’IFN. Dans un autre modèle de fibrosarcome murin, les 

WEHI 164, la DACT seule est très efficace, de façon dépendante des lymphocytes T, et permet 

de retarder la croissance tumorale ou guérir toutes les souris en combinaison avec des anti-PD1. 

Ces résultats peuvent permettre d’améliorer les stratégies de traitement des sarcomes et autres 

types de tumeurs, notamment en combinant la DACT avec des anticorps bloquant anti-PD-1 ou 

avec d’autres thérapies activatrices du système immunitaire. Actuellement, seul un essai 

clinique étudie la combinaison de la DACT avec une immunothérapie et s’applique au 

traitement de mélanomes (NCT01323517).  

 

 La DACT est un intercalant de l’ADN qui entrave l’action des ARN polymérases et 

stabilise les topoisomérases et qui par conséquent inhibe la transcription. Nous nous sommes 

donc demandé si d'autres agents immunogènes partageaient cette propriété. Nous montons 

qu’en effet les anthracyclines, l’oxaliplatine, ainsi que le crizotinib et le bortezomib dans une 

moindre mesure, inhibent la transcription, ce qui n’est pas le cas pour les inhibiteurs de 

microtubules qui induisent une externalisation à la membrane plasmique de la calréticuline mais 

n’ont pas été caractérisés comme bona fide inducteurs de l’ICD. Cette inhibition de la synthèse 

d’ARN s’ensuit d'une inhibition de la synthèse protéique et s’accompagne de l’activation des 

différentes voies de l’ICD. Notons que l’inhibition de la traduction est une conséquence de 

l’inhibition de la transcription et non de la phosphorylation d’eIF2 et que le charactère 

réversible ou non de l’inhibition de la synthèse protéique ne semble pas être important pour 

l’ICD. De façon remarquable, d'autres inducteurs de l'ICD prédits par notre modèle 

informatique induisent une inhibition de la transcription plus importante que les agents prédits 

comme non inducteurs. De plus, une étude rétrospective in silico révèle que les agents classés 

comme inhibiteurs de la synthèse d’ARN ou de protéines sont prédits comme étant 

immunogènes. Ces résultats montrent que l’inhibition de la transcription est un évènement 

précurseur de l’activation d’une mort cellulaire immunogène. La découverte de cette nouvelle 

caractéristique du stress cellulaire immunogène offre l’opportunité d’identifier de nouveaux 

agents activant une réponse immunitaire anti-cancéreuse. 
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Titre : L’inhibition de la transcription par la dactinomycine révèle une nouvelle caractéristique du 

stress cellulaire immunogène 

Mots clés : cancer, mort cellulaire immunogène, dactinomycine, eIF2 transcription, traduction 

Résumé : La chimiothérapie constitue encore le 

traitement de référence pour la majorité des 

cancers. Or certains agents 

chimiothérapeutiques sont capables de 

déclencher des signaux de stress pre-mortem 

permettant d’activer une réponse immunitaire 

antitumorale et confèrent ainsi une protection à 

long terme. A l'aide d'un modèle construit par 

intelligence artificielle, nous avons identifié, 

parmi une librairie comprenant 50 000 

composés, des agents anti-cancéreux qui, 

d'après leurs propriétés physico-chimiques, 

pourraient induire une mort cellulaire 

immunogène (ICD, de l'anglais "immunogenic 

cell death"). Cet algorithme nous a permis 

d'identifier la dactinomycine, qui, en effet, 

active les mécanismes sous-jacents à l'activation 

des cellules dendritiques in vitro et a un effet 

anti-cancéreux dépendant du système 

immunitaire in vivo. La dactinomycine, utilisée 

en clinique pour le traitement de sarcomes 

pédiatriques, est connue pour sa capacité à 

inhiber la transcription. Nous nous sommes 

donc demandé si d'autres inducteurs de l'ICD 

partageaient cette propriété. Différentes 

chimiothérapies immunogènes induisent en 

effet une inhibition de la synthèse d’ARN, qui 

est suivie d'une inhibition de la traduction et 

s’accompagne de l’activation des différentes 

voies de l’ICD. De plus, une étude rétrospective 

in silico révèle que les agents classés comme 

inhibiteurs de la synthèse d’ARN ou de 

protéines sont prédits comme étant 

immunogènes. Ces résultats montrent que 

l’inhibition de la transcription est un évènement 

précurseur essentiel à l’activation d’une mort 

cellulaire immunogène. 

 

 

 

Title: Inhibition of transcription by dactinomycin reveals a new characteristic of immunogenic cell 

stress 

Keywords: cancer, immunogenic cell death, dactinomycin, eIF2, transcription, translation 

Abstract: Chemotherapy still constitutes the 

standard treatment for most cancers. Yet, some 

chemotherapeutics are able to trigger pre-

mortem stress signals which activate an 

antitumor immune response and thereby confer 

long term protection. We used an established 

model built on artificial intelligence to identify, 

among a library of 50,000 compounds, 

anticancer agents that, based on their 

physicochemical characteristics, were predicted 

to induce immunogenic cell death (ICD). This 

algorithm led us to the identification of 

dactinomycin, which indeed activates the 

mechanisms preceding dendritic cell activation 

in vitro and demonstrates immune-dependent  

anticancer effects in vivo. Dactinomycin, mainly 

used to treat pediatric sarcomas, is known as 

able to inhibit transcription. We therefore 

investigated whether other ICD inducers would 

share this characteristic. Different immunogenic 

chemotherapeutics indeed inhibited RNA 

synthesis and secondarily translation, 

accompanied by an activation of ICD-related 

signaling. A retrospective in silico study 

revealed that agents annotated as inhibitors of 

RNA or protein synthesis are predicted as 

immunogenic. These results establish the 

inhibition of RNA synthesis as a major initial 

event for ICD induction. 

 

 


