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the road from cell death towards anti-tumour immunity. Apoptosis, 15 (9), 1050-1071. 
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Immunogenic cell death, DAMPs and anticancer therapeutics: an emerging amalgamation. 
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Introduction 

Tremendous progress made in recent times has changed the notion that tumours are simply 

proliferating cancer cells organized into insular masses (1). Today, tumours are recognized as 

complex tissues composed of multiple cell types (1), including (innate)immune cells that have 

emerged as important definers of anti-tumour therapy response. Research has shown that, the 

immune system might play an important role in limiting formation of more than 80% of non-

viral tumours (1). In the following sections, it will be discussed how the cancer cells escape 

anti-tumour immunity/immunosurvelliance and how recent trends have indicated a way of 

bypassing these cancer cell „immune escape‟ strategies. 

 

Cancer’s Escape from Immunosurvelliance  

Accumulating evidence supports to some extent, a long-time held concept of cancer 

immunosurveillance, which states that the immune system is a watchdog that finds as well as 

eliminates the potentially dangerous cells (including neoplastically transformed ones) and 

tumour development is probably a result of immune response failure. Indeed, the incidence of 

spontaneous, genetically-engineered (by deletion of tumour suppressor genes) or chemically-

induced tumours, is increased in immunocompromised mice. Also, in humans with impaired 

immune system functionality, both virus-induced and some non-virus-induced tumours (e.g. 

melanomas) are more frequent (2, 3).  

Complex interactions between tumour cells and the immune system are nowadays 

described as „cancer immunoediting‟ (Figure 1). Cancer immunoediting consists of three 

phases - referred to as three "Es", namely elimination, equilibrium and escape (4) (Figure 1). 

The elimination phase, which is mainly parallel to cancer immunosurveillance, involves 

successful recognition and elimination of tumour cells by the immune system. Cancer cells 

that manage to survive elimination, proceed to the "equilibrium" phase wherein, in a 

Darwinian way,  the constant interaction of tumour cells with the immune system over a very 

long period of time, promotes survival and selection (shaping or "editing") of tumour cells 

resistant to various anti-tumour immune mechanisms (2, 5). Finally, the resultant "edited" 

cells enter an escape phase when tumours grow progressively and eventually metastasize, 

leading to patient‟s death.  
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Figure 1. An overview of ‘cancer immunoediting’ theory. Cancer immunoediting consists of three 

main phases i.e. elimination, equilibrium and escape. The elimination phase involves initial 

interactions between the host immune cells (first innate immune cells and then the cross-primed 

adaptive immune cells) and the „newly‟ formed neoplastic/cancerous cells. During this phase the 

immune system is successful in exerting strong anti-tumour immune response. Most neoplastic lesions 

do not progress into full-blown tumours due to successful and complete execution of elimination 

phase. However, in case of certain neoplastic lesions, tumour cell variants capable of surviving the 

elimination phase are formed (due to gain in immuno-modulatory functions leading to low 

immunogenicity and immuno-evasion). Such cells enter the equilibrium phase. In the equilibrium 

phase, the immune system exerts selection pressure on the tumour cell population such that the 

„immunogenic‟ cancer cells still susceptible to anti-tumour immune response are pushed towards 

„extinction‟ thereby allowing „clonal expansion‟ (or selection) of „low immunogenic‟ and resistant 

tumour cell variants. Eventually when all the cancer cells that were susceptible to anti-tumour immune 

response have been eradicated, the equilibrium phase gives way to the escape phase. As the name 

suggests, the escape phase involves the immuno-evasive tumour cell variants that have escaped the 

anti-tumour immune response and are now „free‟ to create full-blown tumours which can be 

malignant. 
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Proper induction of anti-tumour immune response heavily depends upon the recognition of 

tumour antigens by the immune system. Tumour cells that successfully undergo "equilibrium" 

phase (Figure 1) develop a broad spectrum of mechanisms that not only prevent cellular 

destruction by immune cells but also effectively inhibit both innate and adaptive immune 

responses, providing a general immunosuppressive environment in tumour tissues. 

Apparently, development of tolerance might be facilitated over immunity possibly because 

immune system is exposed to the tumour-derived antigens gradually, due to relatively slow 

tumour growth. Also, the presentation of tumour antigens occurs in the absence of "danger 

signals” or damage-associated molecular patterns (DAMPs; discussed later) that influence 

maturation of Antigen Presenting Cells (APCs), a problem that is further augmented by the 

fact that many cytokines secreted within tumour microenvironment tend to suppress 

maturation of dendritic cells (DCs). Thus, all this collectively leads to induction of tolerance 

rather than anti-tumour immune response (6). 

Similarly, on the cellular level, the poor immunogenicity of tumour cells might be 

accounted for by multiple mechanisms. First of all, tumour cells are derived from normal cells 

and they differ minimally in their antigenic repertoire from normal cells. This problem is 

further compounded by the ability of tumour cells to vary their antigenic profile (7). Also, T 

cells recognizing self antigens usually have low affinity to the MHC-peptide complex due to 

negative selection taking place in the thymus. Additionally, tumour growth is frequently 

associated with the loss of MHC class I molecules expression thereby efficiently preventing 

recognition of tumour antigens by cytotoxic T cells. Roughly 40-90% of human tumours 

display total or selective loss of certain MHC class I molecules (8, 9). Moreover, tumour cells 

also exhibit deregulation of antigen processing and presentation pathways. Furthermore, to 

make matters worse, tumour cells might over-express self-antigens thereby leading to 

stimulation of the regulatory T cells (Tregs) (3). Here, Tregs have the potential to suppress 

DC maturation (6, 10). Cancer cells may also develop strategies preventing cell-mediated 

lysis by secreting various molecules such as, TRAIL decoy receptors, proteins that inhibit 

caspase activity (e.g. FLIP - caspase-8 (FLICE)-like inhibitory protein) and serine-protease 

inhibitor PI9 which can efficiently inhibit granzyme B-mediated apoptosis-induction pathway 

as well as down-regulate or mutate death receptors and caspase-8 (6, 11, 12). Moreover, 

cancer cells might also exhibit a dodging strategy of shedding tumour antigens from the 

plasma membrane, which can help in blocking tumour-specific antibodies and T-cell 

receptors (TCRs) while still in circulation before they reach the tumour itself (10).   
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Altogether, it seems that a tumour may serve as a "false" immune organ, where tolerogenic 

DCs, tumour-associated macrophages (TAMs), myeloid-derived suppressor cells (MSDCs), 

Treg cells and various mediators/factors secreted by it could create a highly unfriendly 

environment for the development of effective and successful anti-tumour immune response. 

The malevolent immunosurveillance evading capabilities of tumours described above, have 

represented formidable barriers to the clinical success of cancer immunotherapy (7, 13), a 

predicament which is further ebbed by patient-to-patient tumour microenvironment variability 

(13). Since cancer cells escape the immune system by „hiding‟ their antigenicity via different 

means (as discussed above) (2, 14), it has been proposed that one way of overcoming this 

hurdle is by (therapeutically) increasing the immunogenicity of cancer cells (14). These trends 

have also heralded a change in anti-cancer therapeutics; oncologists now recognize that 

simply debulking the tumours via combination of surgery and radio-/chemo-therapy is seldom 

enough. Thus, the need to synergistically combine cancer cell killing or cell death (necrotic or 

apoptotic) with the activation of the anti-tumour immunity, has arose (15, 16).  

 

Necrosis and Apoptosis: the ‘classical’ immunological profiles 

Anti-cancer therapeutic regimens usually kill cancer cells through two main cell death 

pathways i.e. necrosis or apoptosis. Necrosis is morphologically characterized by 

vacuolization of the cytoplasm, swelling and breakdown of the plasma membrane resulting in 

the release of the intracellular content and pro-inflammatory molecules. The biochemistry of 

necrosis is characterized mostly in negative terms by the absence of caspase activation, 

cytochrome c release and DNA oligonucleosomal fragmentation. Although necrosis has long 

been described as a passive, unorganized way to die, recent evidence suggests that necrotic 

cell death can be actively propagated as part of a signal transduction pathway (17). The latter 

line of research has led to the emergence of „programmed necrosis‟ or „necroptosis‟ concept. 

On the other hand, apoptosis is morphologically characterized by chromatin condensation, 

cleavage of chromosomal DNA into internucleosomal fragments, cell shrinkage, membrane 

blebbing and formation of apoptotic bodies without plasma membrane breakdown. At the 

biochemical level, apoptosis entails the activation of caspases, a highly conserved family of 

cysteine-dependent aspartate-specific proteases, of which 11 members have been identified in 
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humans (18). In „classical‟ terms, the immunological profile of apoptotic and necrotic cell 

death mechanisms is considered to be largely „straight-forward‟.  

Necrosis, which is in most cases a kind of „accidental‟ cell death mechanism, can be 

highly inflammatory, sometimes even to an extent of being harmful (19), owing to the sudden 

release of various intracellular factors or DAMPs (Figure 2) (20). These factors/DAMPs tend 

to sensitize and attract various professional and non-professional phagocytes, which further 

secrete different pro-/terminal- inflammatory factors/cytokines, such as IL-8, macrophage-

inflammatory protein 2 and TNF (21), thereby „amplifying‟ the necrosis-associated 

inflammation. On the other hand, the immunological profile of necroptosis, although 

proposed to be largely similar to accidental necrosis, has recently been debated due to 

emergence of some contradictory evidence (22, 23). More experimental investigation is 

required to clearly ascertain whether the immunological profiles of necroptosis and accidental 

necrosis are similar or differ.  

Apoptosis, which is a prominent „physiological‟ pathway of cell death, is considered 

to be immunologically „silent‟, tolerogenic or even actively immunosuppressive (Figure 2) 

(24). Apoptotic cells are usually rapidly recognised by phagocytic cells (25) owing to the 

release of various „find me‟ signals (20). Once recognised by professional/non-professional 

phagocytes, the apoptotic cells are subsequently cleaned up „very silently‟ via phagocytosis 

owing to surface exposure of various „eat me‟ signals [e.g. phosphatidylserine, opsonins, 

modified ICAM-3, modified low-density lipoproteins (LDL), thrombospondin binding sites, 

phosphatidylethanolamine, phosphatidylinositol, lactoferrin, PTX3 binding sites and HRG1 

binding sites (21, 26, 27)] and suppression of „don‟t eat me‟ signals [like plasma membrane 

exposed CD31 (28) and CD47/integrin-associated protein molecules (29)]. This process of 

apoptotic cell clean-up is carried out without eliciting any major immunological response 

owing to release of anti-inflammatory signals such as transforming growth factor β1 (TGF-

β1), prostaglandin (PG) E2 and platelet-activating factors (21). TGF- 1, a central anti-

inflammatory modulator during clearance of the apoptotic cells (30), acts by inhibiting p38 

MAPK phosphorylation and NF-κB activation, and subsequent cytokine production (31). It 

has been well established under different in vitro conditions that macrophage interactions with 

apoptotic cells potently attenuates the response to lipopolysaccharide (LPS) and suppresses 

the secretion of pro-inflammatory mediators such as tumour necrosis factor (TNF), IL-1 and 

IL-12 (32, 33). Moreover, apoptotic cells can protect mice from LPS-induced death by 
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reducing serum LPS levels (34). Here, the authors demonstrated that LPS could quickly bind 

to apoptotic cells and that LPS-coated apoptotic cells can be recognized and cleared by 

macrophages.  

 

Figure 2. An overview of changing trends in immunological profile of necrosis and apoptosis. 

Many new DAMPs have been added to the overall DAMP repertoire of necrosis, making its profile 

one of the most diverse amongst the two. It has been observed that necrotic cell is capable of releasing 

various DAMPs such as uric acid/MSU, Heat Shock Protein (HSPs) like HSP70/HSP90, high-mobility 

group box-1 (HMGB1), ATP, DNA, RNA, HDGF, SAP130 and S100 protein family members. This is 

accompanied by secretion of IL-1α and IL-6 in a passive and active manner, respectively. These 

events, coupled with certain other factors may lead to neutral or pro-inflammatory immune response. 

On the other hand, the immunological profile of apoptosis has only recently been consolidated. The 

"classical" apoptotic immunological profile consisted of different „eat me‟ and „find me‟ signals which 

were usually associated with induction of immune tolerance. DAMPs like heat shock proteins (HSPs) 

were observed only during secondary necrosis. However, the "new" apoptotic immunological profile 

applicable to „immunogenic apoptosis‟ consists of various DAMPs like surface exposed calreticulin 

(CRT), ATP and HSPs which mediate the immunogenicity of dying cells. In fact, a new DAMP i.e. 

HMGB1 alone or HMGB1-DNA complex has been reported to be associated with secondary necrosis. 
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In addition to the above mentioned autocrine and paracrine effects of apoptotic cells, it is 

important to mention a recently emerging concept (35) that apoptotic cells also exert their 

anti-inflammatory effects directly, by binding to macrophages, independent of phagocytosis 

process or soluble factors. This apparent immunological „tolerogenicity‟ towards apoptosis is 

considered to be a mechanism playing an important role in host‟s protection (24). Thus, as 

apparent, there exists a large difference in the overall „classical‟ immunological profiles of 

apoptosis (tolerogenic) as compared to necrosis (highly inflammatory). 

Apart from the above mentioned morphologically well defined cell death modalities, 

certain atypical cell death mechanisms like mitotic catastrophe, anoikis, excitotoxicity, 

Wallerian degeneration, paraptosis, pyroptosis, pyronecrosis and entosis have also received 

some attention recently (36). In terms of immunological impact, very little is known about 

these cell death pathways however their molecular nature raises the possibility that they might 

exhibit inflammatory potential. For example, pyroptosis has been shown to cause release of 

IL-1β (major fever-inducing cytokine) and IL-18. Although  in vivo data on immunogenicity 

of pyroptosis is still unavailable (37), these cytokines may trigger local and systemic 

inflammatory reactions (38, 39).  Similarly, pyronecrosis has been shown to be capable of 

releasing certain DAMPs (i.e. HMGB1 protein, discussed later) and IL-1β (36, 40). However, 

since the true identity of these cell death modalities is still a matter of debate, their 

immunology remains largely a conundrum. Thus, further research is required to ascertain the 

identity of these pathways in both molecular as well as immunological terms.   

 

Immunogenic apoptosis: the ‘immunostimulatory’ variant of apoptosis 

Research during recent years has shown that certain treatment modalities not only eliminate 

cancer cells, predominantly by apoptosis, but also increase their immunogenicity (16). These 

findings indicate the possibility of countering tumour-induced immunosuppression. This form 

of cell death has been termed „immunogenic apoptosis‟ (Figure 2 and 3). What makes 

immunogenic apoptosis an attractive therapeutic option is that it combines apoptosis of the 

cancer cells with their ability to trigger anti-tumour immunity (37, 41-43) (Figure 3). Unlike 

classical (physiological) apoptosis, which is tolerogenic (as discussed previously), 

immunogenic apoptosis tends to be pro-inflammatory (Figure 2 and 3) (16, 44). Immunogenic 

apoptosis has all the major hallmarks of physiological apoptosis, but it possesses two main 
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properties absent in the latter (Figure 3): (1) the ability to expose/secrete vital 

„immunogenic/danger signals‟ or DAMPs, and (2) the ability to activate the host immune 

system as well as mediate „anti-cancer vaccine effect‟ (maturation of APCs presenting 

tumour-associated antigens or TAAs, which then prime the adaptive immune system against 

target cell antigens) (41, 43, 45).  

 

Figure 3. An overview of immunogenic cell death/apoptosis concept. Most chemotherapeutic or 

anti-cancer therapies are applied with the sole aim of debulking the tumour via tumour cell killing 

irrespective of the cell death routine induced or the effect of these modalities on anti-tumour immune 

response. However, recently some specific therapeutic agents/modalities (discussed in the text) have 

emerged which induce immunogenic cell death (more specifically immunogenic apoptosis) in cancer 

cells via reactive oxygen species (ROS)-based endoplasmic reticulum (ER) stress. The main 

consequence of this specific cell death routine is that – while leading to overall tumour cell killing (the 

original function of anti-cancer therapeutics), it helps in efficient „revival‟ of anti-tumour immune 

response. The main properties of immunogenic apoptosis (that differentiates this cell death routine 

from its immunosuppressive counterpart i.e. physiological apoptosis) are – (1) induction of anti-cancer 

vaccine effect, in vivo, (2) release and surface exposure of DAMPs and (3) activation of the innate 

immune cells e.g. DCs which undergo maturation characterized by respiratory burst, secretion of pro-

inflammatory cytokines and surface up-regulation of maturation markers like CD80, CD83, CD86 and 

MHC class II/HLA-DR. Here, the properties 1 and 3 may well be combined under one property i.e. the 

ability to activate/prime the host immune system against tumour-associated/specific antigens. 
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Immunogenic apoptosis tends to be stressor-dependent in that only selected agents or 

therapeutic modalities have been shown to induce it. These include anthracyclines such as 

mitoxantrone and doxorubicin (41, 45, 46), as well as oxaliplatin (47), UVC irradiation, γ-

irradiation (41, 45), bortezomib (48), cyclophosphamide (49), combined treatment with 

cisplatin + thapsigargin (50) and combined treatment with heat shock + UVC irradiation + γ-

irradiation (51). It is intriguing that most of these immunogenic apoptosis-inducing agents can 

induce ER stress often accompanied by a „ROS component‟ (especially in the case of 

anthracyclines, UVC irradiation and bortezomib) (45). In various cases, it was shown that the 

presence of ER stress was crucial for surface exposure/secretion of immunogenic DAMPs 

(41, 45) (Figure 3). The sections presented later provide a detailed discussion of the nature of 

this „ROS-based ER stress‟ and the danger signalling pathways involved. 

Of the main properties of immunogenic apoptosis mentioned above (Figure 3), the 

ability to emit a vital spatiotemporally defined combination of danger signals/DAMPs is 

considered the more important property (Figure 4).  

 

Figure 4. The spatiotemporally defined combination of DAMPs associated with chemotherapy-

induced immunogenic apoptosis. Chemotherapy-induced immunogenic apoptosis is pre-

apoptotically associated with the „eat me‟ signal - surface exposed CRT. Subsequently, 

phosphatidylserine externalization (during early apoptosis) is accompanied by ATP secretion and 

exposure of HSPs like HSP70/90. Here, the HSP70/90 exposure may vary in its presence from one 

chemotherapeutic agent to another. While HSP70 exposure has been associated with several agents yet 

(so far), HSP90 surface exposure has only been associated with immunogenic apoptosis induced by 

bortezomib or combination of heat shock + UVC irradiation + γ-irradiation. Thereafter the apoptosis 

progresses further until (mostly in vitro), it reaches secondary necrosis, which is associated with 

DAMPs like HMGB1 alone, HMGB1-DNA complex, end-stage degradation products and passively 

released chaperones (e.g. CRT/HSPs).  
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In the following section, further discussion on DAMPs in general and DAMPs that are vital 

for immunogenic apoptosis is presented.  

 

Damage-associated Molecular Patterns (DAMPs) 

One of the earliest „extensive‟ discussions in the direction of „danger signals‟ were instigated 

by Polly Matzinger, when in the course of outlining her opinions over the „self vs. non-self 

discrimination by immune system‟, she mentioned that cells exposed to 

chemical/physical/biological stress have the ability to emit „danger signals‟. These danger 

signals are usually intracellular molecules (cytoplasmic, nuclear or membrane-associated) that 

are not secreted under normal conditions but once released, could act as activators of APCs 

like DCs (52). Over the years however, the term „danger signal‟ has been upgraded to the 

“umbrella term” – „DAMPs‟ (16, 53) to outline the „immunomodulatory resemblance‟ of 

these molecules with the corresponding prokaryotic counterparts – pathogen-associated 

molecular patterns (PAMPs). Moreover, there have also been some additions to the definition 

of DAMPs/danger signals to accommodate the developments done over the years. As it stands 

currently, DAMPs are defined as mostly intracellular molecules (or molecules associated with 

cellular membranes in normal conditions) that are normally hidden within/with healthy cells, 

but tend to get exposed or secreted by damaged/dying cells, such that once outside they have a 

propensity to acquire immunostimulatory/immunomodulatory properties (16, 54).  

Biochemically speaking, it has been proposed that „hydrophobicity‟ is probably the 

most „ancient‟ DAMP capable of activating the innate immune system and hence most known 

DAMPs tend to contain many hydrophobic regions, such as the chaperones belonging to the  

heat shock proteins family (55). The type, diversity and mode of emergence (exposure, 

secretion or release) of DAMPs are usually intricately associated with the biochemistry of a 

particular cell death pathway (42, 43, 56). Upon exposure or release from the dying cells 

DAMPs interact with membrane-bound or vesicular pattern-recognition receptors (PRRs) 

such as Toll-like receptors (TLRs), the NOD-like receptors (NLRs) and RIG-I-like receptors 

(RLRs) (57). In fact, receptors associated with DAMPs are often shared with those for 

pathogen-associated molecular patterns (PAMPs) e.g. membrane-bound PRRs (TLR4 and 
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TLR-2) and intracellular PRRs (TLR3, TLR7-9, NLRs and RLRs) (57, 58). A recent study 

has shown that cancer cells artificially made to express PAMPs such as flagellin (from 

Listeria monocytogenes) or P40 protein (from Klebsiella pneumoniae) may induce anti-

tumour immunological response against themselves, thus providing strong evidence for the 

role of PRRs-PAMPs/DAMPs interactions in regulating cancer cell‟s immunogenicity (59). 

DAMPs can exert different effects that are vital for anti-tumour immunity, such as 

encouraging antigen processing and presentation and maturational processes in DCs (16, 54). 

Roughly speaking, all DAMPs might be sub-divided into 3 „major‟ sub-classes (on the 

basis of their stage and place of localisation/release) i.e. (1) DAMPs exposed on plasma 

membrane (e.g. CRT, HSP70 and HSP90), (2) DAMPs secreted/released extracellularly (e.g. 

ATP, HMGB1, uric acid and IL-1α) and (3) DAMPs produced as end-stage degradation 

products (e.g. DNA and RNA). Another (relatively less studied) „minor‟ sub-class of DAMPs 

include those resulting from the extracellular matrix (60). These include compounds like 

hyaluronan, heparan sulphate and degraded matrix constituents (60). Thus, it might be 

considered that the actual diversity of  DAMPs may depend upon various factors such as type 

of cell death, cell-type as well as tissue injury (57).  

DAMPs that are vital for immunogenic apoptosis include surface-exposed calreticulin 

(ecto-CRT) (41, 45), surface-exposed HSP90 (ecto-HSP90) (48), secreted ATP (61, 62), 

released HMGB1 (37, 43), and secreted/released heat shock proteins such as HSP70, CRT 

and HSP90 (63-69) (Figure 4). In the following sub-sections, a brief discussion has been 

dedicated to these vital immunogenic apoptosis-associated DAMPs. 

 

Surface exposed calreticulin (ecto-CRT): CRT is a highly conserved, 46 kDa Ca
2+

-binding 

protein (Figure 5), mainly located in the lumen of ER and serving various versatile functions 

like chaperone activity and regulation of Ca
2+

 homeostasis/signalling (70, 71) (Figure 5). 

Apart from its most abundant localisation in the ER lumen, where it remains sequestered 

through its KDEL sequence (Figure 5), minor extra-ER pools of CRT have also been reported 

to be residing in the nucleus (specially, nuclear envelope),the cytosol and the plasma 

membrane (70, 72).  



  Chapter 1: General Introduction 

13 
 

Interestingly Gardai and co-workers have shown that cancer cells induced to die 

apoptotically by UV, expose larger amounts of ecto-CRT, which is redistributed in the form 

of „patches‟ (29) and pre-dominantly co-localized with phosphatidylserine (29). Here, ecto-

CRT was supposed to act as an „eat me‟ signal for professional phagocytes, e.g. macrophages, 

so that they can engulf the apoptotic cells (29). In terms of plasma membrane structuring, both 

phosphatidylserine and ecto-CRT co-localized with cholesterol-rich, GM-1 ganglioside-

containing “lipid rafts” (29). However, apart from these differences, what made ecto-CRT 

exposure on (UV-induced) apoptotic cells more receptive to professional phagocytes 

compared to living cells was the apparent “suppression” of the „don‟t eat me‟ signal – CD47, 

which inhibits engulfment of living cells by interacting with the SIRPα (SHPS-1) protein on 

the surface of the professional phagocytes (73). Thus, along with increased amounts, patched 

distribution and co-localisation with phosphatidylserine, the suppression of the „don‟t eat me‟ 

signal is crucial for ecto-CRT to serve as an „eat me‟ signal (29). In fact, when CD47 was 

absent in the viable (erythroid) cells (having ecto-CRT on their surface), they became 

receptive to phagocytosis (29, 74). Further, it has been found that once ecto-CRT is exposed 

on the apoptotic cell surface, it interacts with various proteins such as thrombospondin (75), 

C1q, mannose binding lectin (MBL) (76) and more importantly the internalization receptor, 

CD91 (also called LDL-receptor-related protein or LRP) on the professional phagocytes, 

which stimulates Rac-1 and drives engulfment of apoptotic cells (29). 

 

Figure 5. Functional domains of CRT. CRT contains three structural and functional domains i.e. N, 

P and C besides an N-terminal signal sequence and a C-terminal KDEL ER-retrieval signal. N-domain 

is the most conserved region of the protein. P-domain is a proline-rich sequence which binds Ca
2+

 with 

high affinity but low capacity. On the other hand, the C-domain of CRT is negatively charged and 

highly acidic such that it binds Ca
2+

 with low affinity but high capacity. The major functions of these 

domains are listed below the respective domains in the figure (Modified adapted from Corbett et al. 

(71)). 
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Recently, a series of studies showed that ecto-CRT exposure, rather than being a 

general phenomenon associated with apoptosis, occurs in response to specific stressors/drugs 

capable of inducing immunogenic apoptosis (as detailed in a previous section) (44). While 

screening various apoptosis-inducing chemotherapeutic agents or cellular stressors, Obeid and 

co-workers delineated a subset of apoptosis inducers which were endowed with the ability of 

inducing effective ecto-CRT exposure, such as anthracyclines, oxaliplatin, UVC and γ-

radiation (24, 41, 77). Apoptotic cancer cells upon exposure of ecto-CRT induced by these 

cytotoxic drugs became receptive for engulfment by DCs (41) and when implanted into 

immunocompetent mice, they were able to convert the classical tolerogenic nature of 

apoptosis into an „immunogenically active‟ form i.e. immunogenic apoptosis (41, 44, 77). 

However, it must be noted that for immunogenic apoptosis to be induced, ecto-CRT was 

required to be present along with legitimate apoptotic signals, i.e. sole presence of ecto-CRT 

on any cancer cell was not sufficient to make those cells a favourite target for professional 

APCs and/or phagocytes (24, 44). Though CRT has been observed previously to exhibit the 

ability to interact with tumour-specific immunogenic peptides (78, 79), its „anti-cancer 

vaccine effect‟ has been suggested to reside in the capability of ecto-CRT to incite the uptake 

of tumour cells by DCs, rather than in its association with these antigenic peptides on the 

surface of tumour cells (24, 44).  

Ecto-CRT exposure was found to be a pre-apoptotic event (Figure 4), preceding 

various distinct morphological signs of apoptosis such as phosphatidylserine exposure on the 

outer leaflet of the plasma membrane as well as mitochondrial depolarization and was always 

accompanied by co-translocation of ERp57 (77). Recent reports into the molecular 

mechanism dictating this process, proposed that ER stress, and more specifically the 

PERK/eIF2α arm of the unfolded protein response (UPR) pathway (80), plays an important 

role in ecto-CRT/ERp57 translocation (discussed in the later sections) (77).  

 

Surface exposed or secreted/released heat shock proteins (HSPs): HSPs are a family of highly 

conserved chaperone proteins that play an important role in folding of newly synthesized 

proteins as well as refolding of proteins affected due to various stress conditions (81). While 

under stress most of the HSPs are expressed within the cellular cytoplasm or organelles (i.e. 

mitochondria and ER) yet, certain inducible HSPs, such as HSP70 and HSP90, can translocate 
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to the plasma membrane (24) (Figure 4). Based on the presently available literature we can 

safely say that whereas intracellular expression of HSPs has pro-survival and cancer 

augmenting properties, HSPs surface exposure has possibly tumour suppressing properties 

due to their ability to attract the attention of the innate immune system towards the 

cancerous/tumour cells (24).   

Surface exposed HSPs can exhibit potent immunostimulatory activity as observed in 

surface HSP enriched tumour cells (induced by hyperthermia) (82). More specifically, HSP70 

and HSP90 exhibit immunostimulatory activity when exposed on the surface of or released 

from stressed or dying cells (24). HSP70 has been found on the plasma membrane in tight 

association with phosphatidylserine (83), along with trafficking factors, during analysis of 

lipid rafts (84, 85). In fact the association between HSP70 and phosphatidylserine has been 

found to accelerate apoptosis (83). Apart from this, a sphingolipid Gb3 has also been 

implicated in HSP70‟s tumour cell membrane localisation (86). It has been postulated that, 

presence of HSPs on outer leaflet of plasma membrane is probably attributable to their 

functions in transportation and primary chaperoning of proteins (24).  

Surface exposed or secreted/released HSP70 and HSP90 act as DAMPs and determine 

the immunogenicity of stressed/dying cells (87). This is due to their ability to  interact with a 

number of APC surface-receptors (88) like CD91, LOX1 and CD40 (82) and to facilitate 

cross-presentation of antigens derived from tumour cells (i.e. TAAs), on MHC class I 

molecule,  capable of evoking (CD8+) T-cell response (89-91). Such a HSP-TAA complex 

along with MHC class I molecule can activate antigen processing and presentation in DCs via 

a complex of TLR4 receptors and CD14 (68, 92). TLR4-based activation can also lead to 

cytokine-mediated host immune system activation via activation of NF-κB signalling pathway 

in DCs, accompanied by release of pro-inflammatory cytokines like TNF, ILs (types -1β, -12, 

-6) and GM-CSF (granulocyte macrophage-colony stimulating factor) (64, 68, 92, 93). 

Further to this, HSP70 can also upregulate CD86 and CD40 thereby promoting DC 

maturation (94). Intriguingly, HSP proteins have also been found to be capable of interacting 

with the natural killer (NK) cells and play important role in their activation (24). NK cells are 

specialized immune cells whose activity is dependent upon a fine balance between activating 

and inhibitory signals wherein the normal/healthy cells inhibit NK cells via higher amounts of 

surface MHC class I molecules and less or no amounts of activating NK ligands (95). On the 

other hand, the harmful cells like cancer cells lead to NK cell activation due to increased 
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amounts of activating surface NK ligands and reduced amounts of MHC class I molecules 

(95). Since the activity of the NK cells is regulated by various inhibitory/activating receptors, 

presence of HSPs on the surface of stressed/dying cells leads to prevention of MHC class I 

antigen E/HLA-E peptide complex recognition by CD94/NKG2A (inhibitory receptor 

complex on NK cells) thereby leading to destruction of the cell(s) by the NK cells (96). Here, 

surface HSP70 on cancer cells can interact with CD94 receptor and activate the NK cells, via 

its C-terminal domain (97, 98).    

As discussed previously, bortezomib-mediated surface expression of HSP90 on the 

plasma membrane of myeloma cells was reported to induce immunogenic cancer cell 

death/apoptosis by delivering activation signals to the DCs (48, 88). This finding of HSPs 

being potential immunogenic signals is supported by earlier studies (99). For example, 

increased immunogenicity of the tumour cells exposing high amounts of surface HSPs due to 

heat shock treatment has also been observed in various animal models as well as human 

models, in vitro (100, 101). Similarly it has been observed that apoptotic leukaemia cells 

might be induced to behave in an immunogenic manner in vivo, by heat-stressing them prior 

to apoptosis induction (102). All together these studies support the concept that surface 

exposure of HSPs on tumour cells might be a crucial event for initiating effective anti-cancer 

immune response both on the level of APCs as well as NK cells (in certain cases), by 

increasing the immunogenicity of tumour cells. This makes HSPs one of the most vital groups 

of DAMPs due to their relative diversity and a well-documented surface-association during 

stress conditions.  

However, the mechanisms behind surface translocation of HSPs remain elusive. 

Moreover, it is not known whether the surface heat shock protein fraction is derived from the 

ER, cytosol or both (82). The best available premise might be that since bortezomib has the 

ability to induce ER stress (103, 104), we might use ER stress signalling pathways as the 

starting step for investigation of surface HSP exposure. Therapeutically speaking, it has also 

been observed that vaccination with various HSPs/chaperones (enriched from tumour lysate) 

has the ability to induce a specific anti-tumour immune response (102). In fact it has been 

found that the DC-stimulatory properties of tumour cell derived-lysate rich in chaperones are 

far more superior to individually purified HSPs (102). Similarly, it has been observed that 

stressed tissue-derived HSPs were more immunostimulatory than recombinant HSPs (105). 

These observations have essentially led to a theory that HSPs might actually be carriers of 
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DAMPs and that it is the complex of HSP-DAMP that might be immunostimulatory rather 

than the HSPs alone (105). This theory apparently explains why there exists a large gap 

between the immunogenicity of inducible HSPs (isolated from stressed cells) and 

constitutively expressed HSPs (isolated from un-stressed cells) (105-107). Clearly, further 

research is required to ascertain the exact immune system activation properties of HSPs. 

 

Secreted ATP: Extracellularly secreted ATP is capable of modulating many cellular functions 

e.g. adhesion, chemotaxis/mobility and survival/proliferation (108, 109). Recently however, it 

has emerged that, extracellularly secreted ATP associated with dying cells is capable of acting 

as a (short-range) „find me‟ signal thereby facilitating the swift recruitment of immune cells 

like monocytes/macrophages and consequently helping in clearance of the respective dead 

cells (110). Here, the secreted ATP has been shown to be sensed by the P2Y2 receptors on the 

monocytes thereby causing their recruitment to the site of dying cells (111).  

Moreover, several studies published recently have shown that early apoptotic cells 

(dying under chemotherapeutic stress) are capable of secreting ATP (Figure 4), which exhibits 

pro-inflammatory activity in the extracellular region (61, 62). In fact, it has been shown that 

this secreted ATP is vital for the generation of an effective chemotherapy-elicited anticancer 

immune response (111). More specifically, Ghiringhelli et al. (61) showed that the ATP 

secreted by apoptotic cells tends to activate the purinergic P2X7 receptors on DCs, which 

ultimately leads to the activation of NLRP3/ASC/caspase-1 inflammasome. This activated 

inflammasome then drives the secretion of the cytokine - IL-1β, which (together with antigen 

presentation) is required for proper polarization of IFNγ-producing CD8
+
 T cells and the 

immune response to tumour cells (61, 111). Interestingly, the chemotherapy-induced ATP 

secretion in cancer cells has been shown to be autophagy-dependent (112). 

 

Passively released high-mobility group box-1 (HMGB1) protein: HMGB1 (also called 

amphoterin) is a very abundant nucleus-localizing non-histone chromatin-binding protein that 

affects various nuclear functions like transcription as well as assembly of nucleoprotein 

complexes and might be released passively (i.e. in presence of plasma membrane 

permeabilization) from primary or secondary necrotic cells (24, 113). There exist three types 

http://nl.wikipedia.org/w/index.php?title=Interferon-%CE%B3&action=edit&redlink=1
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of HMGB proteins composed of 2 basic DNA-binding domains (i.e. HMG boxes A and B) 

and a COOH-terminal tail (113). All three HMGB proteins have more than 80% amino acid 

identity amongst themselves however, whereas HMGB1 is ubiquitously expressed (114), 

HMGB2 and HMGB3 are expressed mostly during embryogenesis and restrictively in adult-

stage (115, 116). While the above-mentioned features are typical for HMGB1 protein within 

viable cells, its functionalities (and its effects) change significantly when it is present 

extracellularly. Though HMGB1 might directly be secreted by (IL-1β, TNF or LPS) activated 

macrophages and monocytes, more importantly, dying cells (usually necrotic) tend to release 

HMGB1 protein which then acts as a „cytokine‟ and exhibits pro-inflammatory properties 

(113). Thus its release is deemed as potential immune-response inducer against dying tumour 

cells. It is worth mentioning here that, the HMGB1 actively secreted by certain immune cells 

is molecularly different from the one passively released by the necrotic cells since the active 

secretion requires HMGB1 to be acetylated on several specific lysine residues (113). 

Association of immunostimulatory HMGB1 with apoptosis has been a matter of 

debate. HMGB1 is an indispensible necrotic DAMP however recently it has been reported 

that HMGB1 might be associated with apoptosis, specifically during secondary necrosis (37, 

117, 118). This is because, nuclear DNA has been found to be released during apoptosis in a 

time-dependent fashion while on the other hand HMGB1-DNA binding has been found to 

tighten during apoptotic process (24). These observations led to a concept that apoptotic cells 

might release DNA as well as HMGB1 during its later stages of unfolding. In line with this 

hypothesis, recent studies have revealed that tumour cells undergoing immunogenic apoptosis 

release HMGB1 at least during their later stages (e.g. during secondary necrosis), through a 

process that was found to be blocked by z-VAD-fmk, a pan-caspase inhibitor and a secondary 

necrosis delayer (119, 120). This released HMGB1 was found to be vital for the 

immunogenicity of these dying cancer cells. Once released outside, HMGB1 can bind to 

various receptors like, TLR2/TLR4 and the receptor for advanced glycosylation end products 

(RAGE), thereby instigating inflammatory responses (121, 122). Interestingly however, it has 

also been shown recently that apoptosis-associated caspase activation might target the 

mitochondria to produce ROS, which in turn could oxidize HMGB1 thereby neutralizing its 

immunostimulatory activity and promoting apoptosis-associated tolerance (123). 

 On the other hand, it is vital to consider that in vivo, apoptotic cells are cleared rapidly 

(124) (a process that would be further accentuated in case of immunogenic apoptosis due to 
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the presence of ecto-CRT). This minimizes the probability of secondary necrotic cells 

persisting in the tissues long enough to release DAMPs like HMGB1 (124). This reduces the 

in vivo relevance of secondary necrosis-associated HMGB1 release.  

 

ROS-based ER stress: the molecular heart of immunogenic apoptosis? 

As discussed previously, seven individual and two combination chemotherapeutic strategies 

are known to induce immunogenic apoptosis in cancer cells. Most of these treatments can 

induce ER stress either as a primary or a secondary effect accompanied by ROS production 

(16, 45).  

The ER is a central cellular organelle that fulfills crucial biosynthetic, sensing and 

signaling functions in eukaryotic cells (80). Being responsible for the synthesis, folding and 

posttranslational modifications of proteins destined for the secretory pathway, the ER  has to 

maintain a tightly regulated oxidizing and Ca
2+

-rich folding environment. Protein folding and 

Ca
2+

 buffering in the ER are assisted by various ER resident chaperones like the glucose-

regulated protein GRP78 (BiP), CRT, calnexin (CNX) and protein disulfide isomerases (PDI).  

Various physiopathological conditions like hypoxia, ER-Ca
2+

 depletion, oxidative/ROS 

injury, hypoglycemia and viral infections may affect ER homeostasis and interfere with 

proper protein folding, ultimately causing an imbalance between protein folding load and 

capacity. This cellular condition is known as „ER stress‟. The ER responds to these 

perturbations by activating an integrated signal transduction pathway, called the UPR (80). 

The UPR is primarily tailored to re-establish ER homeostasis by coordinating the temporal 

shut down in protein translation along with a complex program of gene transcription that 

leads to the upregulation of components of the ER folding machinery and ER quality control, 

like the ER associated degradation (ERAD) pathway. However, when ER stress is too severe 

or cannot be solved, the UPR turns from a pro-survival into a pro-death response, usually, but 

not uniquely, culminating in the activation of intrinsic apoptosis (125). 

The first screening for agents that can induce immunogenic apoptosis was restricted to 

20 distinct apoptosis inducers (41). Of these, the following were found not to induce 

immunogenic apoptosis: „classical‟ ER stress inducing agents (MG132, thapsigargin, 

tunicamycin and brefeldin), DNA-targeting agents (etoposide, camptothecin, mitomycin C 
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and Hoechst 33342) and mitochondria-targeting agents (C2 ceramide, betulinic acid and 

arsenite) (41). However, certain other agents, such as mitoxantrone, doxorubicin and 

idarubicin (anthracyclines) were found to be efficient immunogenic apoptosis inducers (41). 

Later, other agents (UVC irradiation, γ-irradiation and oxaliplatin) were added to this list (45, 

47). Further analysis showed that these immunogenic apoptosis inducers can induce ER stress 

accompanied by ROS production, such that their effects (like ecto-CRT exposure and 

apoptosis induction) were diminished in the presence of anti-oxidants like glutathione ethyl 

ester and N-acetyl cysteine (45). These observations established that ER stress accompanied 

by ROS production is essential for immunogenic apoptosis (45, 47). It was recently shown 

that cisplatin (a platinum-based agent), which reportedly can induce changes in redox 

metabolism (50), cannot induce immunogenic apoptosis because it cannot induce ER stress. 

However, when thapsigargin or tunicamycin (classical ER stressors) were combined with 

cisplatin, the induced apoptosis was immunogenic (50). These observations further 

emphasized the importance of ER stress comprising a ROS component in immunogenic 

apoptosis.  

Although the exact nature of this ROS-based ER stress has not been fully 

characterized yet, the literature on anthracyclines gives some clues to its characteristics. 

Research has shown that anthracyclines carry out their primary therapeutic action (i.e. DNA-

intercalation based apoptosis) in three steps. First, they enter cancer cells by simple diffusion 

and bind with high affinity to the 20S proteasomal subunit of the 26S proteasome in the 

cytoplasm. Next, the complex of anthracycline and proteasome translocate into the nucleus. 

Finally, since anthracyclines have higher affinity for DNA, they dissociate from the 

proteasomes and bind to DNA (126). Thus, anthracyclines can induce ER stress by acting as 

reversible non-competitive inhibitors of the chymotrypsin-like protease activity of the 26S 

proteasome (126, 127), much like bortezomib (128). However, whether anthracycline-induced 

ER stress can be attributed to its proteasome inhibitory capabilities has not been explicitly 

demonstrated. On the other hand, anthracyclines can undergo redox reactions that may result 

in formation of aglycones associated with the biological membranes and thereby form ROS 

near them (126). This applies to all the biological membranes and not to a particular sub-

cellular organelle (126). Thus, anthracycline-induced ROS-based ER stress is neither a 

primary effect nor specifically directed towards the ER. Moreover, further research is required 

to understand in detail the nature of this effect. 
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Although, ROS-based ER stress is vital for induction of immunogenic apoptosis, the 

molecular processes linking certain inducers of immunogenic apoptosis mentioned above 

(bortezomib, γ-irradiation and cyclophosphamide) to ROS and ER stress remain uncertain. 

For instance, while γ-irradiation and cyclophosphamide are associated with immunogenic 

apoptosis (43, 45, 49) and can lead to generation of ROS (129, 130); their ER stress inducing 

capabilities are largely unexplored. Also, whether the ROS produced affect the ER remains 

unexplored. On the other hand, bortezomib, a 26S proteasome inhibitor, is a potent ER 

stressor (131) and inducer of immunogenic apoptosis (48). However, whether this effect is 

ROS dependent has not been directly investigated. It should be mentioned, however, that 

bortezomib can increase ROS production in treated cells (132), and so the presence of ROS-

based ER stress behind its action remains a possibility.  

 

Danger signalling pathways and ROS-based ER stress 

ROS-based ER stress has been shown to activate „danger signalling‟ pathways in cells treated 

with immunogenic apoptosis inducers (e.g. anthracyclines, UVC, oxaliplatin). These 

pathways, which are activated mainly during the pre-apoptotic stage, help in exporting 

DAMPs to the extracellular space (37, 42, 43). DAMPs such as CRT, HSP90 and HSP70 

reach the extracellular space, where they are mostly exposed on the outer leaflet of the plasma 

membrane, but a molecular pathway responsible for this transportation has been elucidated 

only for CRT (16). Ecto-CRT is essential for the overall immunogenicity of a dying cell (41).  

Agents like anthracyclines, oxaliplatin and UVC light induce ecto-CRT via the 

simultaneous action of two signalling modules around the ER (Figure 6): the ER stress 

module (translocation arm) and the apoptotic module (apoptotic arm) (16, 45). It should be 

noted that CRT translocates towards the surface in a complex with ERp57 for these agents. 

The ER stress module involves activation of the PERK-eIF2α arm, whereas the apoptotic 

module involves caspase-8 based cleavage of BAP31 (ER-sessile protein) and pro-apoptotic 

BAX/BAK proteins (45). Following the action of these two modules, CRT/ERp57 follow 

anterograde transport from the ER to the Golgi and SNARE-dependent exocytosis to reach the 

surface of cells treated with anthracyclines or oxaliplatin (45). 



  Chapter 1: General Introduction 

22 
 

These studies have indicated that certain UPR components such as PERK play a 

central role in the danger signalling pathways ultimately leading to the exposure of a vital 

DAMP like CRT (45). However, they have also revealed that the danger signalling pathways 

behind exposure/secretion of DAMPs are complex and require further investigation. 

Moreover, to design ways to modulate the effects of ER stress, it is important to understand 

the role of ER stress in danger signalling more fully. 

Figure 6. Ecto-CRT/ERp57 translocation pathway during Immunogenic Apoptosis. Cancer cells 

stressed by anthracyclines, UVC light, oxaliplatin and γ-irradiation, tend to activate a signalling 

pathway which might be split into two major arms i.e. “Apoptotic” arm (red arrows) and Translocation 

arm (blue arrows). Both these arm originate around PERK, which is activated via ER stress induced by 

the above mentioned agents. Thereafter, the activated PERK phosphorylates eIF2α, which then assists 

in CRT/ERp57 translocation to the outer leaflet of the plasma membrane via SNARE-dependent 

exocytosis, transiting though Golgi network. In parallel, the “apoptotic” arm is orchestrated via co-

ordinated action of pre-apoptotically activated caspase 8, BAP31, BAX/BAK and ER-Ca
2+

 leakage, 

which leads to execution of apoptosis as well as surface exposure of legitimate apoptotic signals. It is 

important to note here that the translocation arm or “apoptotic arm” (until BAP31-cleavage) and 

anthracycline-induced cell death (mainly based on signalling instigated in the nucleus) are independent 

of each other such that while the depletion of PERK, caspase-8 or SNARE inhibits the CRT/ERp57 

translocation yet the cell death persists.   
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Danger signalling pathways, ER stress and Ca
2+

 signalling  

Ecto-CRT translocation has been found to be connected with Ca
2+

 efflux from the ER (133) 

(Figure 6). The ER is a central organelle in the regulation of intracellular Ca
2+

 storage and 

signaling. Different stress signals may alter ER Ca
2+

 homeostasis by affecting the 

activity/structural properties of ER Ca
2+

 release channels, like the inositol triphosphate 

receptors (IP3Rs) (71), or the ER Ca
2+

 pump, like the sarcoplasmic–endoplasmic-reticulum 

Ca
2+

-ATPase (SERCA) (134). Thus, such stressors can cause ER stress, either via ER Ca
2+

 

depletion or by causing major perturbations of steady-state ER Ca
2+

 levels. It has been 

reported that potent ER stress inducers can cause severe and sustained Ca
2+

 efflux, such that 

this Ca
2+

 is taken up by the neighboring mitochondria thereby instigating pro-apoptotic 

mitochondrial alterations (135). Thus, cell death can be instigated either by a loss of Ca
2+

 

homeostatic control or through changes in Ca
2+

 distribution within intracellular compartments 

(71, 134). 

As mentioned previously, CRT is an important Ca
2+

-binding ER chaperone that is 

important for sustaining the ER‟s Ca
2+

-buffering capacity (71). In fact, CRT can modulate the 

free Ca
2+

 in the ER as well as the Ca
2+

-dependent protein–protein interactions (71). 

Interestingly, it has been shown that ER Ca
2+

 homeostasis might play an important role in the 

regulation of ecto-CRT induction by immunogenic apoptosis inducers (133) (Figure 6). The 

immunogenic apoptosis inducers were shown to reduce the ER Ca
2+

 concentration (by 

causing Ca
2+

 efflux into the cytosol) and thereby cause ecto-CRT induction (133). In fact, 

direct lowering of the ER Ca
2+

 concentration by SERCA pump-inhibition (via thapsigargin) 

was shown to stimulate ecto-CRT induction to a certain extent (133). It should be considered 

however that SERCA pump-inhibition based ecto-CRT induction (133) was not as robust as 

the one induced by bona fide immunogenic apoptosis inducers (45); meaning thereby that 

Ca
2+

 efflux alone cannot account for all the ecto-CRT induced during immunogenic apoptosis. 

 

Current inducers of immunogenic cell death: glitches and side-effects 

The requirement for searching new therapeutic agents capable of inducing immunogenic cell 

death is fostered by the fact that various existing inducers of this immunogenic cancer cell 

death modality suffer from various clinical side-effects and overall technical disadvantages.  



  Chapter 1: General Introduction 

24 
 

For instance, anthracyclines like doxorubicin have been reported to have various side-effects  

(136, 137) as well as multi-factorial cancer resistance problems (138). Doxorubicin in 

particular has many serious, clinical use-limiting side effects such as bone marrow depression 

(139), liver and kidney injury (140, 141), and cardiac toxicity (142). In fact, cardiotoxicity is 

considered to be doxorubicin‟s most serious side effect (143) since it has been reported to be 

fatal in certain cases (144). Though the doxorubicin-associated cardiomyopathy/congestive 

heart failure is dose-dependent (144) yet myocardial necrosis and acute myocardial 

dysfunction have been reported following doxorubicin administration in a cancer patient even 

though the dose used was well below the one reported to have severe cardiotoxic effects 

(145). These problems have led to imposition of stringent limits on overall chemotherapeutic 

usage of doxorubicin. Here, the cardiotoxicity induced by doxorubicin has been attributed to 

its ROS producing ability since cardiomyocytes are very susceptible to oxidative stress 

induced apoptosis (146). Ironically, it is this ROS-producing ability of doxorubicin, which has 

been hypothesized to be behind its ER-stressor capabilities ultimately leading to ecto-CRT 

exposure (77). Interestingly, it has been observed that TLR-2 and TLR-4 knockout mice are 

resistant to doxorubicin induced cardiotoxicity (147, 148) and demonstrate reduced oxidative 

and inflammatory stress responses, including reduced cardiac apoptosis. In this regard it 

might be conceivable that dying cardiomyocytes expose and/or release DAMPs which in turn 

contribute to inflammation and damage of cardiomyocytes. Similarly, mitoxantrone has also 

been shown to have cumulative cardiotoxicity as one of its side-effects besides ability to 

induce secondary malignancy (acute leukaemia), nausea, alopecia and infections (149). 

Further, oxaliplatin has also been shown to have its own distinctive spectra of side-effects 

such as gastro-intestinal problems, ototoxicity, myelosuppression and acute neurotoxicity 

(137) wherein, neurotoxicity has dose-limiting side effects (150). Also, ionizing radiations 

have been known to exhibit side effects like bone marrow toxicity, neutropaenia and 

myelosuppression (151). Moreover, even bortezomib has been shown to exhibit side-effects 

such as peripheral neuropathy (PN), an important dose-limiting toxicity (152) and certain 

skin-associated side-effects such as rash and lupus erythematosus tumidus, a single case of 

which was reported recently (153).  

On the other hand, most of the current inducers of immunogenic apoptosis, like 

anthracyclines, mitoxantrone and oxaliplatin, are primarily DNA-targeting agents (154) 

(Figure 7A).  
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Figure 7. The secondary nature of immunogenic 

apoptosis induced by chemotherapy. (A) Sub-

cellular localisation of doxorubicin. Human T24 

bladder cancer cells incubated with 25 µM 

doxorubicin for 4 h show two distinct localisations – 

the „predominant‟ nuclear localisation and the 

„residual‟ extranuclear localisation. (B) 

Immunogenic apoptosis induced by DNA-damaging 

agents. Chemotherapeutics like doxorubicin, 

mitoxantrone and oxaliplatin exert two types of 

effects on the treated cells. A primary (on target) 

effect (result of nuclear localisation) targets the 

DNA e.g. doxorubicin (or anthracyclines in general) 

intercalates into DNA and interferes with DNA 

replication, mitoxantrone inhibits topoisomerase II 

activity thereby disrupting DNA synthesis/repair and 

oxaliplatin acts as a coordination complex thereby 

inhibiting DNA synthesis. This „on target‟ effect is 

the main reason behind apoptosis induction by these 

agents. On the other hand their pro-oxidant effect, 

which results from their extranuclear localisation, is 

responsible for the advantageous off target ROS-

based ER stress which causes pre-apoptotic surface 

exposure of CRT and defines the dying cell‟s 

immunogenicity. While this secondary effect is 

capable of engaging apoptotic pathways on its own, 

its overall contribution to the apoptosis observed 

after treatment with these agents is unknown. These 

processes are accompanied by early/mid apoptotic 

secretion of ATP and surface exposure of HSP70, 

both of which seem to be propelled as a result of 

general cellular stress. Overall, these processes lead 

to chemotherapeutics-induced immunogenic 

apoptosis. 

 

Thus, not surprisingly bulk of their 

concentration localizes in the nucleus (site of 

„on target‟ effects) and only a fraction of it 

localizes in extranuclear compartments (Figure 

7A) like the ER (site of „off target‟ effects). These off target effects are behind these agents‟ 

ability to induce ROS-mediated ER stress and immunogenic apoptosis (Figure 7B). However, 

this ROS-production is neither a primary effect of these inducers nor is pre-dominantly ER-
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directed (154, 155). On the other hand, any attempts to increase the extranuclear 

concentrations (so as to accentuate the advantageous off target effects) of these inducers could 

prove to be „fatally‟ counterproductive since systemically speaking, these extranuclear 

concentrations are responsible for the known dose-limiting and ROS-dependent side effects of 

these compounds, like cardiotoxicity (155) (as discussed previously). 

Thus, from the above discussion it is clear that, due to various technical/dose-limiting 

glitches, the current chemotherapeutic inducers have not allowed for the complete harnessing 

of the immunogenic apoptosis‟ potential. Hence, there is an impending need to pursue 

directions that might help us exploit the complete potential of this valuable cell death sub-

routine. 

 

Photodynamic Therapy (PDT): the road ahead for immunogenic apoptosis? 

To this end, we envisaged that the only way to improve this paradigm is by producing ROS as 

a primary/on target effect, predominantly directed at the ER (56, 156). We hypothesized that 

PDT (157) might fit the criterion of primary ER-directed ROS production. PDT can induce 

oxidative stress at certain sub-cellular sites by activating organelle-associated photosensitisers 

(151, 158). Once excited by visible light and in the presence of oxygen, photosensitisers can 

generate organelle-localized ROS that can cause lethal damage to the cells (159). In the 

following sections an introduction is given to the concept of PDT and its known 

immunobiological impact. 

PDT is a multi-step procedure involving the selective uptake of a photosensitiser 

(usually porphyrins, porphyrin analogs or other agents with suitable photophysical properties) 

by the tumour tissue/cells, followed by illumination of the neoplastic lesion/cells with a light 

of appropriate wavelength able to trigger photochemical reactions that lead to the generation 

of singlet oxygen (
1
O2) and other ROS (158). Here, absorption of photons of this particular 

wavelength causes the photosensitiser to „jump‟ into an excited singlet state. Thereafter, while 

some photosensitiser molecules can return to their ground energy state through fluorescence 

emission yet a fraction of these photosensitiser molecules can transform into a more stable, 

excited triplet state (160). Consequently, these triplet states can undergo either type I or type 

II photochemical reactions to return to the ground energy state (160). Here, the type I reaction 

consists of the excited triplet state photosensitiser reacting with the neighbouring 
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biomolecules (e.g. proteins or lipids) to form radical species that react with molecular oxygen 

to form superoxide, hydrogen and hydroxyl radicals (160). However, it should be noted that 

usually those photosensitisers are preferred, which tend to undergo type II reactions where the 

triplet state directly reacts with molecular oxygen thereby leading to the generation of 
1
O2 

(160). Within the cells, these singlet oxygen species readily react with both proteins and lipids 

thereby giving rise to protein carbonyl derivatives/protein hydroperoxides or lipid 

hydroperoxides respectively (160). These oxidatively modified derivates of proteins or lipids 

have the ability to further react with other biological targets, thereby propagating the photo-

oxidative (phox)-damage further within cell.  

This PDT-generated phox-damage usually occurs predominantly at the sites of 

photosensitiser sub-cellular accumulation (160). This is so because, the singlet oxygen 

generated following phox-damage has a very short half-life and a very limited diffusion range 

(half-life: <0.04μs, action radius: <0.02μm) (161). Thus, most of the oxidative damage 

resulting from the generation of  singlet oxygen primarily occurs in the sub-cellular areas 

where the photosensitiser originally localised (161). A photosensitiser can associate with 

plasma membrane or the ER, Golgi, mitochondria, lysosomes, or combinations of these sites 

(158). Since the nucleus is not a primary site of photosensitisers‟ localisation this anticancer 

therapy is thought to be less genotoxic as compared with conventional chemotherapy or 

radiotherapy. The irreversible organelle-directed phox-damage generated during PDT, 

ultimately leads to tumour destruction/cell death (160). The kind of cell death pathway 

activated following PDT depends strongly on the type of sub-cellular site or organelle that 

was initially targeted by the phox-damage (158, 160). The extent of phox-damage and 

cytotoxicity after PDT in vivo is multifactorial and can depend on the type of photosensitising 

agent used, its sub-cellular localisation, the time between administration of the photosensitiser 

and irradiation as well as on different illumination conditions. Moreover, also the type of 

tumour and its level of oxygenation are key determining factors.  

 

PDT: basic mechanisms of anti-tumour activity  

PDT-based anti-tumour effects are multifactorial and include: [1] direct tumour cell kill, [2] 

damage to the vasculature, [3] cytotoxic effects towards tumour-infiltrating immune cells and 

[4] rapid recruitment and activation of immune cells that can facilitate development of anti-
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tumour adaptive immunity (Figure 8) (151, 158, 162). PDT is not particularly selective in 

terms of the cytotoxic effects exerted against the cells that form the tumour. Therefore, both 

transformed as well as normal cells that forms the tumour stroma are lethally damaged 

(Figure 8) (151, 162-164). Simultaneously, PDT stimulates recruitment of immune cells into 

the treated area leading to development of a local inflammatory reaction, which sometimes is 

accompanied by induction of systemic neutrophilia (151, 162-164). It has also come to light 

recently that PDT can induce local microenvironmental changes that facilitate development of 

anti-tumour adaptive immune response (Figure 8).    

 

Figure 8. Schematic representation of PDT-induced effects on tumour cells, tumour tissue and 

immune system. Light-based illumination of photosensitiser-loaded tumour/cancer cells leads to 

production of ROS within these cells thereby leading to cell death (predominantly apoptotic and 

necrotic). This cell death is usually accompanied by release/exposure of DAMPs. Tumour cell kill is 

further augmented by PDT-induced vascular shut-down, which basically pushes the tumour towards 

starvation. This is simultaneously accompanied by, (1) direct effects of PDT on tumour-associated/-

infiltrating cells like macrophages, (2) orchestrating of immune cells recruitment manoeuvres e.g. high 

neutrophilia as well as DCs chemoattraction and (3) miscellaneous inflammation-related processes. 

PDT tends to generate a lot of tumour debris which is phagocytosized by various immune cells and 

probably processed further. Here, DCs being the principle antigen-presenting cells could take up the 

TAAs, become mature and present the same to the cells adaptive immune system in order to instigate 

an anti-tumour immune response. Also, the production of various cytokines and chemokines in the 

tumour microenvironment plays an important role in modulating a plethora of innate and adaptive 

immune processes. 
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PDT-based activation of anti-tumour immune response: a bird’s eye view 

Studies performed in various murine models have divulged considerable evidence in the 

direction of immune system activating capabilities of PDT (162). Research involving various 

alteration tactics like – impairing the function of a variety of immune cells, compromising the 

activity of chemokines/cytokines and modulating the activity of complement system or 

coagulation cascade; has shown that interference with the host immune system components 

tends to introduce dramatic variations in tumour cure rates (162). One of the first studies 

highlighting PDT-induced anti-tumour immunity in mice models was performed by Canti et 

al (165). These authors have shown that re-challenge with tumour cells of immunosuppressed 

and normal surviving mice that were previously treated with aluminium disulfonated 

phthalocyanines (AlS2Pc)-PDT leads to death of the immunosuppressed surviving mice while 

normal surviving mice tend to resist the re-challenge. Subsequently, Korbelik et al. in a series 

of elegant experiments unequivocally demonstrated that activation of adaptive immunity is 

necessary for the most effective tumour control (166, 167). PDT used at curative doses in 

normal mice provided only short-term effects in immunodeficient scid mice, and adoptive 

transfer of bone marrow cells from immunocompetent animals restored complete and long-

lasting cures in mice with impaired immune responses (166). Moreover, adoptive transfer of 

lymphocytes from normal mice, which showed complete tumour regression following PDT to 

immunodeficient mice allowed complete restoration of the curative anti-tumour effects of 

PDT to the same but not third party tumours (167), thus indicating that PDT is capable of 

generating immune memory. 

The activation of tumour-specific lymphocytes by PDT was also observed in rats as 

adoptive transfer of splenocytes harvested from animals successfully treated with PDT 

conferred complete and long-lasting anti-tumour immunity in untreated recipients (168). 

Overall, these results strongly suggested that the contribution of host lymphoid populations is 

vital for prevention of tumour recurrence after PDT treatment and added „anti-tumour 

immunity‟ among the processes triggered efficiently by PDT. The effect of PDT discussed 

above heavily depends on the participation of adaptive immune system. Hence, not very 

surprisingly it has been shown that PDT has the ability to instigate anti-tumour T-cell specific 

immunity, which also leads to generation of immune memory cells that are recoverable from 

distant sites (162). Also, it has been proposed that a vital factor behind PDT-evoked adaptive 

immunity might be the accentuated phagocytosis of dying/dead tumour cells by cells of innate 
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immune system which might eventually lead to a successful presentation of TAAs to adaptive 

immune cells (162). In fact it has been shown that PDT-treated tumour sites have the ability to 

attract the attention of DCs (162). Although PDT is an approved modality for clinical use and 

several thousand patients underwent PDT over a period of the last three decades only rarely 

analysis of the host immune response within routine clinical practice has been carried out 

(151). Nonetheless, clinical data seem to support the important role played by the immune 

response in the therapeutic outcome of PDT. A study in patients with vulval intraepithelial 

neoplasia (VIN) revealed better response to PDT if the tumours expressed MHC class I 

molecules. Moreover, treatment efficacy correlated with increased tumour infiltration with 

CD8
+
 T cells post PDT (169). PDT with Talaporfin in patients with inoperable hepatocellular 

carcinoma showed responses in both treated and untreated lesions (170). In patients with 

nonresectable cholangiocarcinoma undergoing PDT with Photofrin tumour reduction was 

observed not only within illuminated lesions but also at intrahepatic bile ducts, which were 

not reached via cholangioscopy (171). ALA-PDT treatment of actinic keratosis and Bowen's 

disease in immunosuppressed organ-transplant recipients and normal patients produced 

similar clinical responses observed at 4 weeks post PDT, but transplant recipients showed 

much worse long-term outcomes than patients with intact immune system (172). PDT with 

topical ALA followed by illumination with a blue (400-450 nm) light was not effective in 

preventing the recurrence of new cutaneous squamous-cell carcinomas in organ-transplant 

recipients (173). Moreover, several clinical observations indicated that PDT induces local or 

systemic release of pro-inflammatory mediators (174, 175). Also in a case report it was 

observed that PDT induced regression of the treated as well as untreated tumour lesions in a 

patient with multifocal angiosarcoma (176). However, only recently a definitive proof for the 

induction of tumour-specific immunity against tumour-associated antigen (HIP1) has been 

provided in studies performed in patients with basal cell carcinoma of the skin (177).  

 

Immunogenic apoptosis, DAMPs and PDT: a revival in the calling! 

The link between PDT and DAMPs is in no way new, as there are already „solid‟ as well as 

promising observations available about not only association of particular DAMPs with PDT 

but also the immunogenicity of PDT-treated cancer cells as well as the ability of PDT-treated 

cancer cells to help in „revival‟ of anti-tumour immunity both in pre-clinical as well as clinical 

settings (178). It is well-known that, PDT-killed tumour cells tend to induce stronger anti-
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tumour immunity in vivo than tumour cell lysates produced via treatments like ionizing 

irradiation, freeze-thaw or UV irradiation (178). Based on these premises PDT-based whole 

tumour cell killed vaccines have been produced and  have shown good promise in pre-clinical 

models (and led to phase I clinical trial on similar lines) (179, 180), thereby further 

substantiating the stand that PDT treated cancer cells are highly immunogenic. Such 

observations were the primary reasons in the past which lead the researchers to probe the link 

between PDT and DAMPs. PDT-treated apoptotic cells have been predominantly associated 

with HSPs-based DAMPs. In the context of PDT, it has been shown that Photofrin-PDT 

treated SCCVII cancer cells can surface expose molecules like HSP70, HSP60 and GRP94 

(GRP – glucose-regulated protein) (Figure 9) more robustly in apoptotic state rather than in 

the untreated conditions (181). Moreover, these PDT-treated cells were also found to secrete 

HSP70, a DAMP that according to present knowledge is suspected to be released passively 

i.e. after significant membrane permeabilization (181).  

 

Figure 9. DAMPs associated with PDT. It has been shown that photofrin-PDT leads to different 

DAMP spectra on the surface of same cancer cells depending on the treatment setting i.e. in vitro or in 

vivo. In in vitro setting, photofrin-PDT causes surface exposure of HSP60, HSP70 and GRP94 on the 

treated cancer cells accompanied/followed by extracellular release of HSP70. However, in in vivo 

settings, photofrin-PDT causes HSP70 and GRP78 surface exposure on the treated cancer cells. On the 

other hand, neutrophils and macrophages derived from the same photofrin-PDT treated tumour site, 

tend to expose HSP60, GRP94 and GRP78 on their surface. 
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Intriguingly, when the authors extended these in vitro experiments to in vivo settings, 

they found that the spectrum of DAMPs exposed on the PDT treated SCCVII tumour cells 

was different such that while they still engaged ecto-HSP70 they no longer exposed HSP60 

and GRP94, but  exposed yet another molecule i.e. GRP78 on their surface (Figure 9) (181). 

To our knowledge, this is the only study where surface exposed DAMPs have been reported 

to differ in the same cancer cells between in vitro and in vivo treated settings. Whether these 

effects are specific for PDT or can be extended to other modalities is an open question. Apart 

from that, these authors also reported that neutrophils and macrophages derived from the 

PDT-treated tumour microenvironment surface exposed molecules like HSP60, GRP78 and 

GRP94 (Figure 9) (181), thereby further implying the possibility of variations in emergence 

of DAMPs based on cell-type differences. These authors implicated HSP70 in supporting the 

opsonisation of cancer cells by the C3 complement protein (179). It was later reported that 

Photofrin-PDT based HSP70 exposure associated closely with the changes in mitochondrial 

transmembrane potential (182). Depending upon the type of cell death induced by PDT, the 

associated DAMPs spectra can lead to various effects ranging from strong pro-inflammatory 

reaction (which might be harmful in certain cases) to robust pro-inflammatory reaction which 

can help in priming of the immune system against the tumour antigens (37, 158, 183). 

The PDT-DAMP link discussed above „has not been‟ re-analyzed in the light of latest 

evidence that has emerged in the field of DAMPs both in terms of the emerging DAMPs (e.g. 

ecto-CRT and secreted ATP) as well as the ROS-based ER stress mediated molecular 

pathways involved in active exposure/secretion of DAMPs. To this end, to explore the 

DAMP-PDT and immunogenic apoptosis-PDT links further, we decided to use the ER-

associated photosensitiser, hypericin (158).  

Hypericin is a naturally occurring photosensitiser that is found in the plants of the 

genus Hypericum, especially Hypericum perforatum (St. John‟s wort) (158, 184). Hypericin 

has a very high quantum yield for singlet oxygen following visible light irradiation (with 

wavelengths of around 595nm). Once accumulated in the cells, whereas the “dark toxicity” of 

hypericin is minimal, its light-irradiation leads to efficient production of singlet oxygen and 

other ROS, which cause rapid cell demise by overwhelming oxidative stress (158, 184).  

As discussed previously, the cell death pathways activated following PDT-based 

photo-oxidative (phox)-damage are largely determined by the sub-cellular localisation site of 

the photosensitiser. Previous work from our laboratory has shown that hypericin pre-
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dominantly localises at the ER (184) and upon irradiation causes primarily phox-ER stress. 

More specifically, during hypericin-PDT (Hyp-PDT), excitation of the ER-associated 

hypericin leads to ER dilation and SERCA photodamage, thereby leading to a fast leakage of 

Ca
2+

 from the ER luminal stores into the cytosol (184). This is accompanied by rapid 

activation of different UPR signalling pathways such as the IRE1-XBP1 and the PERK-

eIF2α-ATF4 branches (184, 185). PERK plays an important „central‟ role in regulating phox-

ER stress induced apoptosis. In particular, during Hyp-PDT induced phox-ER stress, PERK 

regulates the induction of apoptosis via two main mechanisms that proceed in parallel (185). 

In one case, the signalling via the PERK-eIF2α-ATF4 branch induces the pro-apoptotic 

transcription factor CHOP (185), which in turn mediates the BAX/BAK-dependent 

mitochondrial apoptosis, through Bim protein up-regulation (184, 185). In the second case, 

PERK is required at the mitochondria-associated ER membranes (MAMs) for tethering the 

ER to mitochondria, thereby assisting in the rapid transfer of ROS signals from the ER to the 

mitochondria (185). As a result, the mitochondrial phospholipid cardiolipin (presumably 

externalized towards the cytosol) is oxidized and followed by cytochrome c release from the 

fraction of mitochondria that is in close contact to the photodamaged ER (185). Here, the 

sustained cardiolipin oxidation may assist in the insertion of BAX into the outer 

mitochondrial membrane thereby further accentuating the progress of phox-ER stress induced 

mitochondrial apoptosis. 
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Chapter 2 

Aims and Objectives 

 

The data generated at our laboratory previously, had shown that, Hyp-PDT treatment 

activated various events that were critical for induction of immunogenic apoptosis (41, 186) 

e.g. ER stress characterized by ER dilation, ER-Ca
2+

 leakage (184, 187) and PERK-eIF2α-

CHOP signalling activation (185). Further, depending upon the dosage, Hyp-PDT had been 

shown to induce robust BAX/BAK-based mitochondrial apoptosis in cancer cells (158). This 

led us to hypothesise that Hyp-PDT-based phox-ER stress might activate the danger 

signalling pathways that traffick DAMPs like ecto-CRT, secreted ATP and ecto-HSP70 

thereby leading to immunogenic cancer cell death.  

To this end, the primary objective of the current study was to characterize whether 

phox-ER stress induced via Hyp-PDT was capable of inducing robust immunogenic cancer 

cell death/apoptosis and novel DAMP mechanics/kinetics; thereby leading to establishment of 

a productive tumour cell-immune system interface crucial for anti-tumour immunity. 

Moreover, we wished to undertake a systematic comparison of the molecular pathway 

recently delineated for the surface exposure of CRT after anthracyclines, with that induced by 

phox-ER stress and possibly extend it to other DAMPs. With this background, we intended to 

achieve the following main aims:  

(1) To carry out intensive in vitro and in vivo evaluation of phox-ER stress induced 

immunogenic apoptosis;  

(2) To identify various known DAMPs associated with phox-ER stress induced immunogenic 

apoptosis;  

(3) To characterize the DAMP secretion/exposure mechanisms and explore the in vivo 

relevance of these mechanisms;  

(4) To explore the interface of phox-ER stressed dying cancer cells and the innate immune 

system; 
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Preview: 

Surface exposed damage-associated molecular patterns (DAMPs) have emerged as important 

mediators of immune cell contacts with the dying cancer cells. Such contacts have the 

potential to ultimately culminate into important anti-cancer immunological processes like 

phagocytosis, opsonisation, direct immune cell-activation and cell-mediated cytotoxicity. 

While in general, surface exposure of calreticulin (CRT), heat shock protein (HSP)-70 or 

HSP90 has been reported to be associated with dying cancer cells yet only surface exposed 

CRT (ecto-CRT) and ecto-HSP90 have been found to act as molecular determinants of 

immunogenic cell death (ICD). Here, while ecto-CRT has been found to act as an „eat me‟ 

signal yet ecto-HSP90 has been found to be important for overall T cell-mediated immunity. 

Interestingly, ecto-CRT (but not HSPs) has been shown to travel in a co-complex with another 

ER chaperone i.e. ERp57 which is not a DAMP but is important for sustaining ecto-CRT. 

To this end, in a pursuit to characterize whether phox-ER stress induces ICD, we decided to 

first investigate the presence of these “in vitro” molecular determinants of ICD i.e. ecto-CRT, 

ecto-HSP90; and included ecto-HSP70 in this analysis for the sake of comprehensiveness. 

This investigation was carried out by using techniques like cell surface biotinylation and 

immunofluorescence microscopy. In order to further explore the interface of phox-ER 

stressed cancer cells and the innate immune system, we also tried to look at the phagocytosis-
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mediating capability of ecto-CRT via flow cytometry-based in vitro phagocytosis assay. Last 

but not least, we also invested effort in characterizing the presence of ecto-ERp57 in phox-ER 

stressed cancer cells, its role in sustaining phox-ER stress induced ecto-CRT (via cell surface 

biotinylation) and its role in phagocytosis of cancer cells (via flow cytometry). 

Interestingly, we found that phox-ER stress induced rapid ecto-CRT and ecto-HSP70 but not 

ecto-HSP90 in cancer cells. In this study, ERp57 was not found to be surface exposed on 

phox-ER stressed cancer cells and it had no role to play in ecto-CRT induction and 

phagocytosis of cancer cells following phox-ER stress. Lastly, we also found that 

phagocytosis of phox-ER stressed cancer cells was partially CRT-dependent.  

Thus, in the overall scheme of things, we observed that phox-ER stress was capable of 

causing surface exposure of CRT (independent of ERp57), an „eat me‟ signal that is one of the 

prominent molecular determinants of ICD.      

 

The research paper describing the results associated with this section and the corresponding 

supplementary information is presented on the following pages, one after the other. 
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Preview: 

Research described in chapter 3, showed that phox-ER stress was capable of causing surface 

exposure of CRT (ecto-CRT), one of the prominent molecular determinants of immunogenic 

cell death (ICD). However, further to this investigation, many questions still remained either 
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unanswered or were raised for the first time. For instance, did phox-ER stress induce ICD in 

vivo? Is phox-ER stress associated with other actively emitted DAMPs that are molecular 

determinants of ICD like ATP or with passively released DAMPs like heat shock proteins 

(HSPs)? And while CRT acted as an ‘eat me’ signal for phox-ER stressed cancer cells, yet it 

wasn’t completely characterized, how productive the interface between phox-ER stressed 

dying cancer cells and the dendritic cells (DCs) was. A productive interface with DCs is 

important since they are the sentinel antigen-presenting cells of the innate immune system. In 

the present investigation, the prophylactic tumor immunization model, conditioned media 

analysis methodologies, immunofluorescence microscopy, flow cytometry-based DC 

maturation analysis and cytokine analysis were utilized to answer these queries. 

We found that phox-ER stress induced efficient ICD in vivo, which was associated with active 

pre-apoptotic secretion of ATP and passive release of HSPs, besides active pre-apoptotic ecto-

CRT. Overall in terms of DAMP kinetics and amounts, phox-ER stress was observed to be 

more robust than chemotherapy at inducing efficient ICD. The DC:dying cancer cell interface 

was also found to be very productive for phox-ER stress since the interacting DCs exhibited 

phenotypic as well as functional maturation. 

Moreover, the investigations discussed in chapter 3 threw up an interesting new question: if 

phox-ER stress induced ecto-CRT is not ERp57 dependent, does that mean that the molecular 

pathway induced by phox-ER stress for ecto-CRT trafficking is different from the one 

reported for chemotherapy? Also the molecular pathway for pre-apoptotic ATP secretion had 

not been demonstrated yet. To this end, we used cell surface biotinylation and conditioned 

media analysis to show that phox-ER stress-induced ecto-CRT trafficking pathway is different 

from the one induced by chemotherapy such that it is less complex (i.e. depends on 

comparatively lesser number of molecular players) and pre-dominantly dependent on house-

keeping secretory functions. ATP secretion was found to be operated through an overlapping 

molecular trail. We also confirmed the in vivo relevance of this pathway for immunogenicity 

of dying cells using the prophylactic tumor immunization model.  

Thus, phox-ER stress induces a unique ICD subroutine associated with therapeutically-

relevant immunogenicity and novel DAMP kinetics as well as mechanics.  

The research paper describing the results associated with this section and the corresponding 

supplementary information is presented on the following pages, one after the other. 
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Figure S1. Hyp-PDT induces ER stress. MEFs, CT26 and T24 cells were treated with a 

medium PDT dose (1.35 J/cm
2
, 5 min) or left untreated (CNTR). Whole-cell lysates were 

electrophoresed and immunoblotted for the relevant proteins at the indicated times after PDT. 
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Figure S2. Phox-ER stress induces cell death, estimated via kinetics of 

phosphatidylserine (PS) exposure. T24 cells were treated with the indicated doses of PDT 

and recovered at three time-points after treatment, i.e. 1 h (green), 4 h (blue) and 24 h 

(magenta). Untreated T24 cells served as controls (CNTR) and are represented as a solid grey 

peak. The cells were then stained with annexin V–FITC and scored with FACS analysis. The 

representative percentage values of Annexin-V positive cells after 24 h are given above the 

bar (for three determinations). 
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Figure S3. Phox-ER stressed cancer cells are efficiently phagocytosed by Mf4/4 

phagocytes. Hypericin-labelled T24 cells were either left untreated (CNTR) or treated with a 

high PDT dose. They were then co-incubated with Cell Tracker Green (CTGr)-labelled Mf4/4 

cells followed by FACS-based analysis of phagocytosis. Representative pictograms have been 

shown (A) along with the calculated fold change in % phagocytosis (B). Mf4/4 cells 

accumulated in quadrant I (no phagocytosis) and quadrant II (phagocytic uptake) while free 

T24 cells accumulated in quadrant III. Data has been normalized to the CNTR values. Values 

are means of two independent experiments (two replicate determinations in each) ± SEM. 

 



  Chapter 4: Results – Part II 

73 
 

 

 

Figure S4. Phox-ER stressed cancer cells induce phenotypic maturation of DCs. T24 

cells were left untreated (CNTR), treated to undergo accidental necrosis (AN), or treated with 

a high PDT dose (24 h post-PDT recovery time-point). They were then co-incubated with 

human immature dendritic cells (hu-iDCs) for 24 h. As a positive control, hu-iDCs were 

stimulated with LPS for 24 h. After co-incubation/stimulation, the cells were immunostained 

in two separate groups for CD86/HLA-DR positivity (A) and CD80/CD83 positivity (B); and 

scored by FACS analysis. Representative pictograms have been shown for two independent 

experiments with two replicate determinations in each. 
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Figure S5. CT26 cells undergo apoptosis upon phox-ER stress. (A) Hypericin accumulates 

predominantly in the ER. CT26 cells were incubated with 150 nM Hypericin (red) for 16 h 

and counter-stained with ER Tracker Blue-White (Blue) so that the co-localization can be 

confirmed by merging fluorescence microscopy  images; scale bar = 20 µm. (B) Hyp-PDT 

reduces CT26 viability in a light fluence-dependent manner. CT26 cells were incubated with 

150 nM Hypericin for 16 h and irradiated with the suitable light wavelength: medium PDT 

dose, 1.35 J/cm
2
, 5 min; high PDT dose, 2.16 J/cm

2
, 8 min; highest PDT dose, 2.70 J/cm

2
, 10 

min. Cell viability was estimated with MTS assay. Data are presented as percent survival; the 

values are means of two independent experiments (five replicate determinations for each) ± 

SD (*P<0.05, vs. CNTR). (C) CT26 cells show caspase 3 and PARP cleavage after Hyp-PDT. 

CT26 cells were treated with the medium, high or highest PDT dose or left untreated (CNTR), 

and whole-cell lysates were analysed by immunoblotting. 
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Figure S6. Phox-ER stressed cancer cells are efficiently phagocytosed by JAWSII 

phagocytes. Hypericin-labelled CT26 cells were either left untreated (CNTR) or treated with 

a high PDT dose and recovered 1 h post-PDT. They were then co-incubated with Cell Tracker 

Green (CTGr)-labelled JAWSII cells followed by FACS-based analysis of phagocytosis. 

Representative pictograms have been shown (A) along with the calculated fold change in % 

phagocytosis (B). JAWSII cells accumulated in quadrant I (no phagocytosis) and quadrant II 

(phagocytic uptake) while free CT26 cells accumulated in quadrant III. Data has been 

normalized to the CNTR values. Values are means of two independent experiments (two 

replicate determinations in each) ± SEM (*P<0.05, vs. CNTR). 
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Figure S7. Phox-ER stress induces ecto-CRT in cancer cells, in the absence of plasma 

membrane permeabilization. T24 cells were treated with DOXO (25 µM for 4 h) or PDT 

(recovered 1 h post-PDT) and fixed followed by immunostaining for CRT and FAS according 

to the On-Cell Western protocol. The fluorescence intensity in the resulting images was 

quantified for the values of (A). Data are presented as fold change in the ratio of the 

intensities of CRT to FAS (A) relative to the CNTR samples. Simultaneously, the conditioned 

(serum-free) media were recuperated and the presence of cytosolic LDH was determined (B). 

Total LDH content was determined following Triton-based permeabilization of cells. Data are 

presented as percent LDH release. Values are means of triplicate determinations ±SEM 

(*P<0.05, vs. CNTR). 
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Figure S8. Hyp-PDT but not PF-PDT induces (ROS-dependent) ecto-CRT that is not 

accompanied by general surface scrambling of ER proteins or ecto-HSP90 exposure and 

precedes the decrease in CD47 levels. (A) Ecto-CRT induced by phox-ER stress is ROS-

dependent. T24 cells were pre-incubated with 25 mM of L-histidine for 30 min followed by 

treatment with a medium PDT dose or no treatment (CNTR) and recovered 1 h post-PDT. 

Surface proteins were biotinylated and immunoblotted. ‘+BIO’ indicates controls exposed to 

buffer with biotin and ‘-BIO’ indicates controls exposed to buffer without biotin (negative 

control). (B) Phox-ER stress does not cause pre-apoptotic surface exposure of Bip/GRP78, 

HSP90, Calnexin and PERK. T24 cells were treated with (indicated doses of) PDT, MTX (1 

µM for 4 h) or left untreated (CNTR). They were recovered 1 h post-PDT and surface 

biotinylation analysis was done as mentioned in A. (C) Surface biotinylation analysis for ecto-

CRT, in cells treated with Hyp-PDT vs. those treated with PF-PDT. T24 cells were incubated 

with 300 nM hypericin for 24 h and irradiated at a fluency of 0.48 J/cm
2
 for Hyp-PDT (and 

recovered 4 h post-PDT). Simultaneously, T24 cells were treated with Photofrin-PDT (PF-

PDT, recovered after 4 h), DOXO (25 µM for 4 h) or left untreated (CNTR). Surface 

biotinylation analysis was done as mentioned in A. (D) CD47 levels go down after PDT 

treatment. T24 cells were treated with high PDT dose or left untreated (CNTR) and whole-cell 

lysates were prepared and immunoblotted. 

 



  Chapter 4: Results – Part II 

78 
 

 

 

Figure S9. Phox-ER stress induced ecto-CRT is affected by latrunculin B but not 

nocodazole. (A and B) T24 cells were pre-incubated with either 100 nM of Nocodazole 

(Noco) (A) or 5 nM of Latrunculin B (LanB) (B) for 1 h followed by treatment with a 

medium PDT dose, MTX (1 µM for 4 h) or left untreated (CNTR), and recovered 1 h post-

PDT. Surface proteins were biotinylated and immunoblotted. In A and B, ‘+BIO’ indicates 

controls exposed to buffer with biotin, and ‘-BIO’ indicates controls exposed to buffer 

without biotin (negative control). (C) Best knock-down of PI3K p110α is achieved via 

corresponding shRNA 3. Following stable transfection of CT26 cells with three shRNA 

targeted towards PI3K p110α, the knock-down was validated through immunoblotting with 

CO-shRNA cells used as negative control. Cells transfected with shRNA 2 did not survive 

selection hence could not be included in this analysis. 
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Figure S10. PERK deficient or depleted cells exhibit difficulties in 

maintaining/modulating total extracellular secretory protein content following phox-ER 

stress. (A) Best knock-down of PERK is achieved via corresponding shRNA 3. Following 

stable transfection of CT26 cells with three shRNA targeted towards PERK, the knock-down 

was validated through immunoblotting with CO-shRNA cells used as negative control. (B and 

C) PERK wild-type (WT) or knock-out (KO) MEFs were treated with indicated PDT doses 

(B) while CT26 cells were treated with medium PDT dose (C) or left untreated (CNTR); and 

both were recovered for 1 h post-PDT in serum-free media. Subsequently, the conditioned 

media were recuperated and concentrated followed by protein concentration estimation 

(secretome protein concentration). Simultaneously, whole-cell lysates were prepared for the 

respective cells followed by protein concentration estimation (total cell protein concentration). 

Data are presented as fold change in the ratio of the secretome protein concentration to total 

cell protein concentration relative to the CNTR samples. Values are means of three 

independent experiments ±SEM (*P<0.05). 
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Figure S11. Induction of ecto-CRT by phox-ER stress is neither affected by cytosolic 

Ca
2+ 

chelation nor restored after SERCA2 overexpression in cells lacking BAX/BAK. 

(A) Best knock-down of caspase-8 (casp-8) is achieved via corresponding shRNA 1. 

Following stable transfection of CT26 cells with three shRNA targeted towards casp-8, the 

knock-down was validated through immunoblotting with CO-shRNA cells used as negative 

control. (B) Induction of ecto-CRT by phox-ER stress is not affected due to cytosolic Ca
2+

 

chelation. T24 cells were pre-incubated with 10 µM of BAPTA for 1 h and then treated with a 

medium PDT dose, MTX (1 µM for 4 h) or left untreated (CNTR), and then recovered 30 min 

later. Surface proteins were biotinylated and immunoblotted. In B and C, ‘+BIO’ indicates 

controls exposed to buffer with biotin, and ‘-BIO’ indicates controls exposed to buffer 

without biotin (negative control). (C) Induction of ecto-CRT by phox-ER stress is not restored 

by SERCA2 overexpression in cells lacking BAX/BAK. MEF cells possessing normal 

BAX/BAK (WT), lacking BAX/BAK (DKO), and those lacking BAX/BAK but 

overexpressing SERCA2 (DKO SERCA↑) were treated with a low PDT dose or left untreated 

(CNTR), and recovered 1 h post-PDT. This was followed by biotinylation as explained in A.  
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Figure S12. In silico protein–protein binding interaction network for CRT and between 

LRP1 and some major proteins that possess a KDEL sequence in human and mouse. (A 

and B) STRING database and web tool were used to draw binding interaction networks for 

CRT (denoted as CALR) in human (A) and mouse (B), with no bias towards any particular 

protein or interaction analysis methodology. In A, B, C and D, the blue lines indicate protein-

protein binding interactions. All the proteins are indicated by the abbreviated names of the 

genes that encode them. (C and D) STRING database and web tool were used to cluster 

various major KDEL-containing proteins together and draw their binding interaction networks 

with LRP1 from human (C) and mouse (D), with no bias towards any particular interaction 

analysis methodology. The following proteins containing a KDEL sequence were used for this 

analysis: CALR - CRT (calreticulin), PDIA6 - PDI (protein disulfide isomerase family A, 

member 6), PDIA4 - ERp72 (protein disulfide isomerase family A, member 4), PDIA3 - 

ERp57 (protein disulfide isomerase family A, member 3), HSPA5 - GRP78 (glucose-

regulated protein, 78kDa or heat shock 70kDa protein 5), SERPINH1 - HSP47 (heat shock 

protein 47 or serpin peptidase inhibitor, clade H), HSP90B1 - GRP94 (glucose-regulated 

protein, 94kDa or heat shock protein 90kDa beta, member 1), P4HB (prolyl 4-hydroxylase, 

beta polypeptide), RCN1 (reticulocalbin 1) and RCN2 (Reticulocalbin-2 precursor). 
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Figure S13. Cells lacking LRP1 are unable to induce ecto-CRT following phox-ER 

stress, which is restored following LRP1 reconstitution. (A) Best knock-down of LRP1 is 

achieved via corresponding shRNA 1. Following stable transfection of CT26 cells with three 

shRNA targeted towards LRP1, the knock-down was validated through immunoblotting with 

CO-shRNA cells used as negative control. Cells transfected with shRNA 3 did not survive 

selection hence could not be included in this analysis. (B) LRP1 can be successfully restored 

in LRP1 deficient CHO cells. LRP1 deficient (KO) Chinese hamster ovary (CHO) cells were 

stably transfected with a LRP1 coding cDNA thereby rescuing the original LRP1 expression 

noticed in LRP1 competent (WT) cells. (C) LRP1 competent (WT), deficient (KO) and 

reconstituted (KO + LRP1cDNA) CHO cells were treated with a low PDT dose or left 

untreated (CNTR), and then recovered 1 h later. Surface proteins were biotinylated and 

immunoblotted. ‘+BIO’ indicates controls exposed to buffer with biotin, and ‘-BIO’ indicates 

controls exposed to buffer without biotin (negative control). 
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Figure S14. Hypothetical representation of the novel molecular pathway for induction of 

ecto-CRT and secretion of ATP induced by phox-ER stress. In response to the phox-ER 

stress induced by hypericin-based PDT (Hyp-PDT), CRT (but not other major ER proteins) 

leaves the ER before apoptosis starts via a pathway governed by PERK and BAX/BAK. The 

interactions of PERK and BAX/BAK causing this process are not yet clear although there are 

some indications that PERK might have some role to play in proper maintenance of 

extracellular secretory protein load. Beyond the ER, CRT follows the ‘classical’ anterograde 

secretory pathway and PI3K dependent vesicular exocytosis to reach the plasma membrane, 

where it docks on the surface via LRP1/CD91. Simultaneously, ATP joins CRT (either from 

the ER or Golgi or both) via a process governed by PERK but not by BAX/BAK and also 

follows the secretory pathway and PI3K-dependent exocytosis. Thus, following phox-ER 

stress but before major apoptotic changes occur; two major DAMPs conferring 

immunogenicity on cancer cell death are co-translocated/emitted through overlapping 

pathways. 
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Detection of plasma membrane permeabilization and analysis of cell death  

Plasma membrane permeabilization was analyzed by estimating the amounts of LDH released 

into the serum free conditioned media using In Vitro Toxicology Assay Kit, LDH based 

(Sigma, St. Louis, MO, USA) or LDH Cytotoxicity Detection Kit (Clontech, Mountain View, 

CA, USA), according to the manufacturer’s instructions. Cytotoxic effects were measured 

using the MTS assay (Promega, Madison, WI, USA). For analysis of the apoptotic and pre-

apoptotic stages, staining with Annexin V-FITC (BD Biosciences Clontech, Palo Alto, CA, 

USA) was performed as described (Buytaert et al, 2006; Krysko et al, 2006). 

 

Biotinylation of cell surface proteins 

For biotinylation of surface proteins, cells were placed on ice and washed three times with 

ice-cold PBS-Ca
2+

-Mg
2+

 (PBS with 0.1 mM CaCl2 and 1 mM MgCl2). Then, 1.25 mg/ml 

Sulfo-NHS-SS-biotin (Pierce) in biotinylation buffer (10 mM triethanolamine, 2 mM CaCl2, 

150 mM NaCl, pH 7.5) was added at 4°C for 30 min of gentle agitation. For control samples 

(i.e. untreated cells), one set of samples was exposed to biotinylation buffer containing biotin 

(denoted by ‘+BIO’) while the other set was exposed to only biotinylation buffer as a negative 

control (denoted by ‘-BIO’). Later, the cells were washed and incubated with the quenching 

buffer (PBS-Ca
2+

-Mg
2+

 + 100 mM glycine) for 20 min with gentle agitation at 4°C. The cells 

were then rinsed twice with PBS, scraped off in ice-cold PBS and pelleted at 2000 rpm and 

4°C. The resulting pellets were solubilized in 500 µl lysis buffer (10% glycerol, 1% Triton X-

100, 150 mM NaCl, 5 mM EDTA, 50 mM Hepes, pH 7.4 + protease inhibitors) for 40–45 min 

and the resulting lysates were centrifuged at 14000 x g for 10 min at 4°C. The recovered 

supernatant was incubated overnight at 4°C with gentle rotation with packed streptavidin-

agarose beads (Invitrogen, Carlsbad, CA, USA) in order to separate the biotinylated proteins. 

The beads were then pelleted by centrifugation and aliquots of supernatants were taken to 

represent the (unbound) intracellular proteins. Subsequently, streptavidin-agarose beads were 

washed three times with washing buffer (10% glycerol, 0.1% Triton X-100, 150 mM NaCl, 

20 mM HEPES, pH 7.4). The biotinylated proteins (plasma membrane proteins) were 

recovered from the beads by heating them at 100°C for 5 min in SDS-PAGE sample buffer. 

The intracellular protein fractions and plasma membrane protein fractions were then 

electrophoresed separately (but in parallel) and immunoblotted. The capture of plasma 
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membrane proteins was confirmed by detecting FAS/CD95, ICAM-1 or Na
+
/K

+
 ATPase in 

the biotinylated protein fractions. Throughout the figures, ‘Plasma membrane proteins’ are 

those in the biotinylated surface protein fraction while ‘intracellular proteins’ are the 

unbound, non-biotinylated proteins. 

 

Immunoblotting and conditioned media analysis 

Preparation of cell lysates, determination of protein concentration and immunoblotting was 

done as described (Vantieghem et al, 1998). The bands of proteins on the blots were 

quantified by using the ImageJ software to determine the relative integrated band density. In 

some experiments, the ‘conditioned’ culture media or serum-free media (5–8 ml), as 

applicable, were collected and concentrated to manageable volumes (200–500 µl) via 

centrifugation (2000 × g for 5 min) using Centricon Plus-20 10-kDa filters (Millipore, 

Billerica, MA, USA) or Pierce Concentrator 7ml/9K filters (Pierce), according to the 

manufacturer’s instructions. They were then analyzed by immunoblotting. 

 

Estimation of total extracellular secretory protein content 

MEF or CT26 cells were treated with indicated doses of Hyp-PDT, washed and recovered for 

1 h in serum-free media (5 ml). Later, the ‘conditioned’ serum-free media were collected and 

concentrated to    manageable volumes (200 µl) via centrifugation (2000 × g for 20 min) using 

Pierce Concentrator 7ml/9K filters (Pierce), according to the manufacturer’s instructions. 

Simultaneously, lysates were prepared for the cells from which the conditioned media was 

recovered. This was followed by determination of protein concentration in both concentrated 

conditioned media and cell lysates via BCA protein assay (Pierce) as per the manufacturer’s 

instructions. Within each protein determination it was ensured that the goodness-of-fit of 

linear regression (r2) for the protein standard curve is no less than 0.99. Total extracellular 

secretory protein content was calculated by taking a ratio of protein content of concentrated 

conditioned media and the protein content of the corresponding cell lysates (both in µg/µl), 

thus accounting for any difference in cell number. 
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On-cell western analysis for cell surface CRT 

For on-cell western analysis of cell surface proteins, the cells were grown in 96-well culture 

plates to 70–80% confluency, Hyp-PDT treated as indicated, patted dry at various 

(mentioned) recovery time  point, and then placed on ice. The cells were fixed for 20 min with 

4% paraformaldehyde at room temperature, washed five times with PBS, and incubated with a 

blocking solution containing 3% BSA and 5% goat serum for 90 min at room temperature 

with gentle rocking. The blocking solution was removed and the cells were incubated 

overnight at 4°C with rabbit anti-human CRT antibody (1:25) (Cell Signaling Technology, 

Danvers, MA, USA) or rabbit anti-human FAS (N-18) antibody (1:25) (Santa Cruz Biotech, 

Santa Cruz, CA, USA) in blocking solution. The cells were washed five times with Tween 

washing solution (PBS + 0.1% Tween-20) and incubated for 1 h at room temperature with an 

anti-rabbit Alexa Fluor 680 secondary antibody (1:500) (Invitrogen, Carlsbad, CA, USA) in 

blocking solution (supplemented with 0.2% Tween-20) under low light conditions and with 

gentle rocking. The plates were washed five times with Tween washing solution, dried, and 

imaged using the LI-COR Odyssey System. Images were analyzed using Excel (Microsoft 

Corp., USA) and Prism (GraphPad Software, USA) software. 

 

Fluorescence detection of cell surface CRT and hypericin localization 

At suitable recovery time-point following the respective treatments, T24 cells (on a glass 

slide) were incubated with 1 µM Sytox Green (Invitrogen, Carlsbad, CA, USA) exclusion dye 

for 15 min. Here, T24 cells permeabilized with 0.1% Saponin were included as positive 

control for cells with compromised plasma membrane. The principle was that, if a particular 

cell is permeabilized then its nucleus would stain green and in presence of DAPI counter-stain 

the overall nucleus of a permeabilized cell would show up as cyan. Following this, the cells 

were fixed with 4% paraformaldehyde and incubated with 0.1 M glycine (in PBS) followed 

by incubation with rabbit anti-human CRT antibody (1:25) (Cell Signaling Technology, 

Danvers, MA, USA) in blocking solution (PBS, 1% BSA, 10% goat serum) (at 4°C for 1 h). 

They were then washed and incubated with the anti-rabbit IgG antibody conjugated with 

Alexa fluor 680 (1:500) (Invitrogen, Carlsbad, CA, USA) in blocking solution. The cells were 

then counterstained with DAPI (1 µg/ml for 10 min) (Invitrogen, Carlsbad, CA, USA) and 
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mounted using Prolong Gold antifade reagent (Invitrogen, Carlsbad, CA, USA). Confocal 

fluorescence images were acquired at room temperature using a Nikon A1R confocal unit 

mounted on a Ti2000 inverted microscope controlled by NIS elements acquisition software 

(Nikon Instruments Inc., Melville, NY, USA). 

 For experiments on hypericin sub-cellular localization, the CT26 cells were 

incubated with relevant hypericin concentrations for the indicated durations, counterstained 

with ER Tracker Blue-White (Invitrogen, Carlsbad, CA, USA), and observed with CellM 

imaging station (Olympus) consisting of an inverted microscope (IX81; Olympus) followed 

by images acquisition via CellˆM software (Olympus). All images were analyzed by using the 

ImageJ software (W. S. Rasbaud, Image J, NIH, Bethesda, MD, http://rsb.info.nih.gov/ij/). 

 

In vitro phagocytosis assay 

In 12-well plates, 2.5 × 10
5
 JAWS II or Mf4/4 cells were labeled with 1 µM Cell tracker 

Green (Invitrogen, Merelbeke, Belgium) as described previously (Krysko et al, 2006). CT26 

and T24 cells harvested 1 h after high Hyp-PDT were washed three times with culture media 

and co-cultured with JAWS II (CT26) or Mf4/4 cells (T24) for 2 h (at 37°C) at a ratio of 1:5 

(JAWSII or Mf4/4:CT26 or T24). Due to the presence of residual hypericin in tumor cells, 

they did not require additional fluorescent staining for these experiments. Phagocytosis was 

assessed by analysis of double positive cells (i.e. Cell tracker Green
+
 and Hypericin

+
) using a 

FACSCalibur flow cytometer (Beckton & Dickinson, Mountain View, CA, USA). The 

percentage of double-positive phagocytes was calculated according to the following formula: 

100 × number of double positive cells / (single positive + double positive cells). 

 

In vitro microscopy-based analysis of phagocytic interactions 

Phagocytic activity of hu-iDCs was analyzed using a CellM imaging station (Olympus, 

Hamburg, Germany) consisting of an inverted microscope (IX81; Olympus). T24 cells 

(incubated on a glass slide) were subjected to high Hyp-PDT dose. One hour later, hu-iDCs 

labeled with Cell tracker Green at a ratio of 1:20 (hu-iDCs:T24) were added to treated T24 

cells for a 4-h co-culture. The cells were washed twice with ice-cold PBS and fixed with 4% 

paraformaldehyde for 20 min. The cells were then mounted by using Prolong Gold antifade 

http://rsb.info.nih.gov/ij/


  Chapter 4: Results – Part II 

89 
 

reagent (Invitrogen, Carlsbad, CA, USA) and analyzed under the microscope at room 

temperature through the CellˆM image acquisition software (Olympus). All images were 

analyzed by using the ImageJ software (W. S. Rasbaud, Image J, NIH, Bethesda, MD, 

http://rsb.info.nih.gov/ij/). 

 

LRP1 reconstitution in knock-out (KO) background 

Wild-type Chinese hamster ovary cells (CHO K1) and derived LRP1-deficient CHO cells 

(CHO 13-5-1) were provided by Dr. D. FitzGerald (National Institute of Health, Bethesda, 

Maryland) (FitzGerald et al, 1995).  Stable restoration of LRP1 function in CHO 13-5-1 was 

achieved by transfection of a full-length murine LRP1 cDNA cloned in a pcDNA3 plasmid 

vector (Invitrogen) using FuGENE (Promega) (Smeijers et al, 2002). The LRP1-restored 

CHO 13-5-1 cell line was cloned by G418 selection (600 µg/ml) (Invitrogen) and limiting 

dilution. 
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Table S1. Sequences of shRNAs targeted against murine LRP1, PI3K p110α, PERK and 

Caspase-8. CT26 cells were stably transfected with shRNAs against the murine mRNAs 

listed above. Each mRNA was targeted with three different shRNA constructs. The sequences 

and further remarks about each shRNA (if any) is mentioned.  

shRNA shRNA sequences Remarks 

LRP1 

shRNA 

shRNA 1 – 

CCGGGCTGAACACATTCTTTGGTAACTC 

GAGTTACCAAAGAATGTGTTCAGCTTTTTG (Clone 

ID NM_008512.1-14655s1c1) 

Gave the best knock-

down (Fig S13, A). 

Used for further 

experiments. 
shRNA 2 –CCGGCCTACCTACAAGATGTATGAACT 

CGAGTTCATACATCTTGTAGGTAGGTTTTTG 

(Clone ID NM_008512.1-13855s1c1) 

- 

shRNA 3 – CCGGGCTGAACACATTCTTTGGTAACT 

CGAGTTACCAAAGAATGTGTTCAGCTTTTTG 

(Clone ID NM_008512.2-14674s21c1) 

Cells transfected with 

this shRNA did not 

survive. 

PI3K 

p110α 

shRNA 

shRNA 1 – CCGGGCCGATTGATAGCTTCACCATCT 

CGAGATGGTGAAGCTATCAATCGGCTTTTT (Clone 

ID NM_008839.1-891s1c1) 

- 

shRNA 2 – 

CCGGGCAACCTTTATCTTGGGAATTCTCGA 

GAATTCCCAAGATAAAGGTTGCTTTTT (Clone ID 

NM_008839.1-2719s1c1) 

Cells transfected with 

this shRNA did not 

survive. 

shRNA 3 – CCGGCCAGATGTACTGCTTAGTAAAC 

TCGAGTTTACTAAGCAGTACATCTGGTTTTT (Clone 

ID NM_008839.1-1743s1c1) 

Gave the best knock-

down (Fig S9, C). Used 

for further experiments. 

PERK 

shRNA 

shRNA 1 – 

CCGGGCCACTTTGAACTTCGGTATACTCG 

AGTATACCGAAGTTCAAAGTGGCTTTTT (Clone ID 

NM_010121.1-964s1c1) 

- 

shRNA 2 – 

CCGGCCATGAGTTCATCTGGAACAACTC 

GAGTTGTTCCAGATGAACTCATGGTTTTT (Clone 

ID NM_010121.1-3466s1c1) 

- 

shRNA 3 – CCGGCCTCTACTGTTCACTCAGAAAC 

TCGAGTTTCTGAGTGAACAGTAGAGGTTTTT 

(Clone ID NM_010121.1-3303s1c1) 

Gave the best knock-

down (Fig S10, A). 

Used for further 

experiments. 

Caspase-8 

shRNA  

shRNA 1 – 

CCGGCCTCCATCTATGACCTGACATCTC 

GAGATGTCAGGTCATAGATGGAGGTTTTT (Clone 

ID NM_009812.1-1271s1c1) 

Gave the best knock-

down (Fig S11, A). 

Used for further 

experiments. 
shRNA 2 – 

CCGGGTGTGGATGAGTCTAATTTATCTC 

GAGATAAATTAGACTCATCCACACTTTTT (Clone 

ID NM_009812.1-1762s1c1) 

- 

shRNA 3 – 

CCGGCCTCCATCTATGACCTGACATCTC 

GAGATGTCAGGTCATAGATGGAGGTTTTT (Clone 

ID NM_009812.1-1271s1c1) 

- 
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Chapter 5 

Final Discussion and Perspectives 

 

The discussion presented in this chapter is partly based on the following publication: 

 

 Garg AD, Kaczmarek A, Krysko O, Vandenabeele P, Krysko DV & Agostinis P (2012). 

ER stress-induced inflammation: Does it aid or impede disease progression? Trends in 

Molecular Medicine, DOI:10.1016/j.molmed.2012.06.010. 

 Garg AD, Krysko DV, Vandenabeele P & Agostinis P (2012). The emergence of phox-

ER stress induced immunogenic apoptosis. Oncoimmunology, 1 (5), 786-788. 

 Garg AD, Krysko DV, Vandenabeele P & Agostinis P (2011). DAMPs and PDT-

mediated photo-oxidative stress: exploring the unknown. Photochemical and 

Photobiological Sciences, 10, 670-680. 
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The emergence of phox-ER stress induced immunogenic apoptosis 

We made a significant conceptual and technical advancement by inducing bona fide 

immunogenic apoptosis (15) by harnessing the production of ROS at the ER, with consequent 

ROS-based ER stress, via Hyp-PDT (156). As discussed previously, Hyp-PDT utilizes a 

drug/photosensitiser (hypericin) that pre-dominantly localizes in the ER (56, 156). Once 

excited by visible light and in the presence of oxygen, Hypericin generates ER-localized ROS 

(56) that mediates SERCA2 loss-of-function, disruption of ER-Ca
2+

 homeostasis leading to 

ER stress and BAX/BAK-based mitochondrial apoptosis(156). Thus, Hyp-PDT provokes 

phox-ER stress as a primary/on target event (156), which in cancer cells was found to cause 

emergence of various bona fide immunological signatures of immunogenic apoptosis (15) 

(Figure 1) i.e. ecto-CRT (156, 188), secreted ATP (156) and ecto-HSP70 (188). Here, all 

three of these DAMPs emerged in the pre-apoptotic stage (stage preceding phosphatidylserine 

exposure) (156, 188) (Figure 1). In fact, the kinetics of their emission was quicker than those 

reported previously for these three DAMPs. This makes phox-ER stress-induced 

immunogenic apoptosis (in our knowledge) the first cell death subroutine with three crucial 

DAMPs following overlapping kinetics to be pre-apoptotically emitted. Moreover, by 

prompting the primary production of ROS at the ER, we fostered the relative amounts of these 

DAMPs „exposed‟ to the extracellular space as compared to those caused by other 

immunogenic apoptosis inducers, which are prevalently DNA-damaging in nature (156, 188). 

Thus, this form of „primary/on target‟ phox-ER stress-induced immunogenic apoptosis 

instigated a strong immunostimulatory pre-apoptotic stage (Figure 1) before the 

immunosuppressive program that is innate to apoptosis (16), commences (post-

phosphatidylserine exposure and caspase activation). 

Phox-ER stressed dead/dying cancer cells were also found to establish a highly 

productive interface with DCs (on the levels of phagocytosis and phenotypic/functional 

maturation) (156, 188); paving the way for immunogenic apoptosis that elicited a potent anti-

tumour immune response (156) (Figure 1). Our results in a CT26 prophylactic immunization 

model (156) have been recently substantiated in a CT26 therapeutic model, where it was 

shown that CT26 tumour-bearing mice whose tumours were eradicated with Hyp-PDT 

resisted formation of new tumours when subsequently re-challenged with live CT26 cells 

(189). This further outlines the ability of Hyp-PDT to combine cancer cell killing with 

„revival/activation‟ of anti-tumour immunity within the same paradigm. 



  Chapter 5: Final Discussion and Perspectives 

95 
 

 

Figure 1. Cancer cells treated with Hypericin-based PDT experience phox-ER stress, which 

induces immunogenic apoptosis. Phox-ER stressed cells, in the pre-apoptotic stage, display ecto-

CRT and ecto-HSP70 as well as secrete ATP in the absence of plasma membrane permeabilization. As 

apoptosis progresses, CD47 is down-regulated while phosphatidylserine is externalized followed by 

passive-release (exo-) of HSP70, HSP90 and CRT. Overall, phox-ER stressed dead/dying cancer cells 

cause phenotypic maturation and functional stimulation of DCs and priming of the adaptive immune 

system for tumour-antigens, in vivo. 

 

Differentiating between the ‘core’ and ‘private’ danger signalling cascades 

We also found that the ecto-CRT and immunogenicity incited by phox-ER stress were 

caspase(-8) independent (156) thereby uncoupling cell death signalling and danger signalling, 

for the first time. In fact, the intracellular pathways controlling DAMP emission during phox-

ER stress-induced immunogenic apoptosis, emerged predominantly from alterations of 

„house-keeping core functions‟ (Figure 2) (15) (e.g. secretory pathway, PERK-based/PI3K-

based modulation of secretory trafficking) (156) rather than the „private ones‟ (15) instigated 

by other (chemotherapeutic/radiotherapeutic) immunogenic apoptosis inducers, which are 

subject to genetic/post-translational variability (e.g. caspase-8 and eIF2α-phosphorylation) 

(156). Thus, we have characterized for the first time that during immunogenic apoptosis, the 

danger signalling cascades mediating DAMP trafficking/emission have two components – the 
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„core‟ ones which have a wide applicability (such that these pathways are common to most 

stimulus; Figure 2) and the „private‟ ones, whose existence is stimulus-dependent (and mainly 

applies to the chemotherapeutic agents and radiotherapy but not to phox-ER stress). 

 

Figure 2. An overview of the phox-ER stress induced danger signalling. In response to phox-ER 

stress, CRT leaves the ER before apoptosis starts via a pathway governed by PERK and BAX/BAK. 

Simultaneously, ATP joins CRT via a process governed by PERK but not by BAX/BAK. Beyond ER, 

CRT and ATP follow the „classical‟ secretory pathway and PI3K-dependent plasma membrane 

trafficking to reach the extracellular space (in absence of ERp57), where CRT docks on the surface via 

LRP1/CD91 while ATP gets secreted. Here, PERK is probably mediating expansion/modulation of the 

secretory pathway following phox-ER stress. Thus, the danger signalling cascades incited by phox-ER 

stress pre-dominantly consist of house-keeping „core‟ functions e.g. secretory pathway (including ER-

to-Golgi transfer) and extracellular/plasma membrane trafficking (PERK or PI3K-based).  
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The danger signalling cascades and apoptotic stage: an innate association? 

Our data (with respect to the previously published results from other groups) also showed that 

the type of danger signalling mediating the trafficking of DAMPs (like ecto-CRT and secreted 

ATP) depends strongly on the apoptotic stage of the stressed cell (Figure 3).  

 

Figure 3. The molecular trafficking pathways for ecto-CRT and secreted ATP, relative to the 

apoptotic stages. The pre-apoptotic surface exposure of CRT has been reported to be pre-dominantly 

dependent upon the secretory pathway, at its core (a). On the other hand, early apoptotic ecto-CRT has 

been in certain cases, reported to emerge in association with the externalized phosphatidylserine, such 

that the phosphatidylserine carries CRT towards the surface when it “flips” from inner to outer plasma 

membrane leaflet (b). Moreover, in case of early-apoptotic cells, that are a part of a population pre-

dominantly undergoing late apoptosis, it has been reported that ecto-CRT might be exhibited as a 

result of general chaperone scrambling from the ER accompanied by general trafficking of ER and 

Golgi membranes towards the surface, evident by surface emergence of ER/Golgi sessile proteins like 

CNX and KDEL-receptor (KDEL-R) (c). Similarly, secretory pathway has been reported to be at the 

„core‟ of trafficking mechanisms for pre-apoptotic secreted ATP (d). However, in the early apoptotic 

stage, depending upon the cell death stimuli under consideration, the ATP secretion might take place 

either in a pannexin-1 channel dependent-manner (for anti-FAS/CD95 and UVC treatments) or in an 

autophagy-dependent manner (for mitoxantrone and oxaliplatin treatments) (e). Last but not least, bulk 

of the secreted ATP in the mid/late apoptotic stage has been attributed to compromised plasma 

membrane, an event occurring due to secondary necrosis (f). 
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For instance, the type of molecular pathway followed for ecto-CRT translocation strongly 

depends upon the apoptotic stage in which the exposure takes place (Figure 3, a-c). Thus, 

depending on whether the cell is in pre-apoptotic (no phosphatidylserine externalization and 

no plasma membrane permeabilization), early apoptotic (phosphatidylserine externalization 

but no plasma membrane permeabilization) or mid/late apoptotic stage (where many other 

cells are undergoing secondary necrosis) either – (a) one molecular pathway may exclusively 

traffic ecto-CRT or (b) more than one pathways for ecto-CRT trafficking may co-exist where 

depending upon the cell death stimuli, one might pre-dominate another. In either case, when 

ecto-CRT first shows up, depends heavily on the kind of cell death stimulus.  

Our data showed that the pre-apoptotically induced ecto-CRT heavily depends upon 

the secretory pathway for its trafficking (Figure 3, a). However, in case of early apoptotic 

cells, it has been reported that, ecto-CRT induction might also depend upon 

phosphatidylserine exposure such that phosphatidylserine may carry cytosolic CRT and 

expose it on the surface when it “flips” from the inner leaflet to the outer leaflet of the plasma 

membrane (Figure 3, b) (190). The association of ecto-CRT with externalized 

phosphatidylserine during early apoptosis has also been reported for UV-induced apoptosis 

(29). And last but not least, in cases of cellular populations where following a cell death 

stimulus, many cells are in late stages of apoptosis, certain early apoptotic cells may exhibit 

ecto-CRT as a result of general scrambling of ER chaperones and ER/Golgi membranes 

towards the cell surface (Figure 3, c) (191). 

On the other hand, as discussed above for ecto-CRT, the type of pathway followed for 

secretion of ATP also strongly depends upon the apoptotic stage in which the secretion takes 

place (Figure 3, d-f). Thus, depending on whether the cell is in pre-apoptotic or early 

apoptotic stage, one particular molecular pathway tends to exclusively traffic secreted ATP; 

such that, during these stages, the nature of this pathway is governed by the kind of cell death 

stimulus. For pre-apoptotic secretion of ATP, we propose a molecular pathway for the first 

time. This pre-apoptotic ATP secretion (Figure 3, d) tends to depend upon the classical as 

well as PERK-regulated secretory pathway and PI3 kinase-dependent exocytosis. In case of 

early apoptotic cells, it was recently shown that suppression of autophagy inhibited the early 

apoptotic secretion of ATP from (chemotherapeutically) dying cells (Figure 3, e) (112, 192). 

On the other hand it was recently reported that early apoptotic ATP may also be secreted in a 

pannexin-1 dependent fashion for certain other cell death stimuli (Figure 3, e) (193). Lastly, in 
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case of mid/late apoptotic cells, ATP may also be secreted in a passive manner due to 

compromised plasma membrane (Figure 3, f). 

 

Future perspectives 

Results presented in chapter 4 showed that the depletion of PERK, PI3K p110α and LRP1, 

although efficient in reducing immunogenicity of cancer cells responding to phox-ER stress to 

varying degrees, did not completely abolish it; meaning thereby that – 1) either a minor 

residual exposure/secretion of DAMPs regulated by these signalling molecules is sufficient 

for conferring a particular degree of immunogenicity or 2) there are additional yet-to-be-

described „danger signals‟ or „immunogenicity-defining factors‟ non-dependent on these 

pathway components that contribute to immunogenicity of dying cancer cells. Considering the 

promise offered by phox-ER stress-induced immunogenic apoptosis, it would be crucial in the 

future to exploit this novel phenomenon for discovery of new immunogenicity-defining 

factors or DAMPs (either surface exposed or secreted). The ability of phox-ER stress to foster 

the amounts and quicken the emission-kinetics of DAMPs makes it a better candidate than 

chemotherapy for discovery of new DAMPs or reassigning of known DAMPs to new 

molecular pathways (both in terms of mechanisms as well as kinetics).  

Moreover, investigation presented in chapters 3 and 4 helped in delineating the 

molecular pathways for certain actively translocated/secreted DAMPs like ecto-CRT and 

secreted ATP. One thing that emerged from the studies on ecto-CRT and secreted ATP is that, 

the „pool-of-origin‟ of DAMPs from within a sub-cellular location of a cell, might finally 

influence the type of pathway that the corresponding DAMP eventually follows. For example, 

ER stress or phox-ER stress (caused by hypericin-PDT) in case of ecto-CRT or secreted ATP 

sets the tone for molecular components of the secretory pathway to play a role in their 

emission. However, in case of certain other DAMPs like surface exposed HSP70 (ecto-

HSP70), surface exposed HSP90 (ecto-HSP90), actively secreted HSP70/HSP90 not only the 

„pool-of-origin‟ is elusive but also the exact molecular components involved in their emission 

are unknown. To this end, at least in the case of ecto-HSP70 if not ecto-HSP90, phox-ER 

stress can be exploited to characterize the molecular pathway behind its emission and possibly 

its „pool-of-origin‟. Thus, phox-ER stress needs to be utilized in future to further understand 

the biochemistry of immunogenicity associated with immunogenic cancer cell death.  
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On the other hand, the possibility of immunomodulatory/immunostimulatory potential 

of a DAMP being neutralized via oxidative modifications is a debate that has risen recently. 

Apparently, under natural conditions, the sub-cellular location and the nature of the specific 

DAMP can finally decide the kind of modification it might undergo within and once outside 

the cell (57, 183). The redox variations within the cells and in the extracellular environment 

are mostly „defined‟ by the thiol redox status such that the cytosol is highly reducing (due to 

thiol-regulating enzymes like thioredoxin-thioredoxin reductase; reduced and oxidized 

glutathione molecules maintained in a reducing 100:1 ratio), lumens of all secretory pathway 

components including ER is highly oxidizing (reduced and oxidized glutathione molecules 

maintained in an oxidizing 3:1 ratio), nucleus is highly reducing while the extracellular space 

is strongly oxidizing (due to number of reducing enzymes and abundance of oxidizing agents) 

(57, 183). Understandably, the proteins from these sub-cellular regions are accustomed to the 

redox status of that region such that proteins in the cytosol and nucleus are highly susceptible 

to oxidation-based neutralization due to presence of cysteine residues with free sulphydryl 

group. On the other hand, proteins derived from secretory pathway components like the ER 

are significantly less susceptible to such neutralization because their cysteine residues are 

linked by disulphide bonds thereby providing extra stability in oxidizing environment (57). 

Thus DAMPs derived from nucleus (e.g. HMGB1) and cytosol (e.g. S100A8) might be more 

susceptible to extracellular space-based oxidation than those derived from the Golgi or the ER 

(HSPs and CRT). Therefore the debate centers around some still unresolved questions like - 

does oxidation-based neutralization theory apply to all DAMPs? This discussion becomes 

intriguing if we drag a ROS-based modality like Hyp-PDT into picture since ROS produced 

by Hyp-PDT might be expected to affect DAMPs. While this might be considered puzzling 

yet evidence derived from PDT treatments both in vitro and in vivo points towards anything 

but inactivation of immunostimulation (178). PDT-treated cancer cells have been reported to 

be „strongly‟ immunogenic and PDT-derived HSPs are usually observed to remain 

immunostimulatory (178). In fact, it has been proposed that photo-oxidation via PDT might 

actually be immunologically beneficial such that PDT-based protein unfolding events and 

membrane changes might reveal certain neo or cryptic antigens (178). Thus, although there 

are no such indications from immunological data generated after PDT, we still need to 

investigate whether ROS-based modifications of certain DAMPs by PDT (or Hyp-PDT in 

particular) could inactivate them. 
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The discussions and investigations presented previously have shown that ER stress 

(especially ROS-based ER stress) is crucial for accentuating the immunogenicity of dying 

cells which in turn has the ability to impede tumour progression by instigating potent anti-

tumour immunity. However, an established tumour microenvironment is peculiar in nature, 

within which ER stress can induce both pro- and anti-tumourigenic immune reactions. ER 

stress-induced inflammation mainly serves to control tissue damage and aid tissue repair. 

However, under certain conditions, its (chronic) presence can promote the progression of 

diseases. In case of cancer, ER stress can instigate both cancer-aiding inflammation as well as 

cancer-impeding anti-tumour immunity. This makes the „targeting‟ of ER stress-induced 

inflammation in tumours a formidable challenge. Therapeutic targeting of ER stress-induced 

inflammation (or inflammation in general) in cancer has been discussed elsewhere (14, 194). 

The ideal agents for targeting ER stress-induced inflammation in the tumour 

microenvironment are those that would reduce or control pro-tumourigenic inflammation (e.g. 

the one driven by NF-κB or AP-1 in cancer cells) while promoting anti-tumourigenic 

immunity (e.g. via induction of immunogenic apoptosis in cancer cells). Hyp-PDT comes 

close to this ideal scenario (178, 195). As our investigations have shown, Hyp-PDT can cause 

immunogenic cancer cell death (195-197). However, in addition, Hyp-PDT can also delay or 

slow down NF-κB activation (198) in cancer cells. It can also inhibit or suppress pre-existing 

NF-κB activation (199) and inhibit or suppress AP-1 binding activity in treated cancer cells 

(199). However, whether Hyp-PDT can really live up to this ideal scenario in pre-clinical or 

clinical settings is an important question that needs to be answered in the near future. As a 

first step, the investigations related to this need to be extended beyond the prophylactic 

tumour vaccination rodent model and into a rodent model consisting of treatment of 

established spontaneous or transplantable tumours. 

Last but not least, the knowledge about immunogenicity of dying cancer cells is also 

crucial because it will help us in improving certain vaccination strategies employed against 

cancer. For instance, „autologous‟ (killed) tumour cell based-vaccines (200, 201) and 

„autologous‟ DC-based vaccines (202, 203), have shown considerable promise that has been 

mitigated by instances of failures within clinical settings (204, 205). Currently, such vaccine 

preparations mostly involve simple lysis, freeze/thaw or heat shock -based killing of tumour 

cells, treatments which might not be „strongly‟ immunogenic. However, our knowledge of 

treatment strategies like Hyp-PDT that induce efficient immunogenic apoptosis associated 

with crucial DAMPs could help us in applying them in preparation of the above mentioned 



  Chapter 5: Final Discussion and Perspectives 

102 
 

vaccines so as to improve their adaptive immune system priming abilities. Thus, it would be 

also vital to apply Hyp-PDT pre-clinically as well as clinically for anti-cancer vaccine 

production with the „added‟ context of anti-tumour immunity. 
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Summary 

 

Cell surface-exposed calreticulin (ecto-CRT) and secreted ATP are crucial damage-associated 

molecular patterns (DAMPs) for immunogenic apoptosis. Here, immunogenic apoptosis is a 

type of cancer cell death subroutine which is apoptotic in nature but accompanied by 

„enhanced immunogenicity‟ as opposed to immunosuppression or tolerogenicity which 

accompanies the normal physiological apoptosis. DAMPs, which play an important role in 

mediating this enhanced immunogenicity, are molecules that are normally hidden within live 

cells (where they perform pre-dominantly non-immunological functions) however they tend 

to acquire immunomodulatory functions once secreted/surface exposed by 

dying/stressed/damaged cells. Previously described inducers of immunogenic apoptosis 

(certain chemotherapeutics) relied on an endoplasmic reticulum (ER)-based (reactive oxygen 

species (ROS)-regulated) pathway for DAMP exposure/secretion. However, these inducers 

caused immunogenic apoptosis through an „off target‟ effect thereby making the resultant 

immunogenicity secondary in character and prone to tumour/cancer microevolution-based 

resistance. 

During my PhD research, we found that after hypericin-based photodynamic therapy (Hyp-

PDT), which generates „on target‟ ROS-mediated ER stress, dying cancer cells undergo bona 

fide immunogenic apoptosis characterized by phenotypic maturation and functional 

stimulation of (human) dendritic cells (DCs) as well as induction of a protective anti-tumour 

immune response, in vivo. Intriguingly, early after Hyp-PDT the cancer cells displayed ecto-

CRT and secreted ATP through overlapping PERK-orchestrated pathways that required a 

functional secretory pathway and phosphoinositide 3-kinase (PI3K) p110α-mediated plasma 

membrane/extracellular trafficking. Interestingly, eIF2α phosphorylation and caspase-8 

signalling which were important for chemotherapeutics-induced ecto-CRT were dispensable 

for Hyp-PDT induced ecto-CRT. Moreover, we found that Hyp-PDT induced ecto-CRT (in 

contrast to chemotherapy-induced ecto-CRT) was ERp57-independent. We also identified 

LRP1 as the surface docking site for ecto-CRT and found that depletion of PERK, PI3K 

p110α and LRP1 but not caspase-8 reduced the immunogenicity of the cancer cells.  

These results unravelled a novel PERK-dependent subroutine for the early and simultaneous 

emission of two critical DAMPs during Hyp-PDT induced „on target‟ immunogenic 

apoptosis. Thus, research done during my PhD has shown that there is a great need to increase 
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the awareness (amongst patients and oncologists) that it is possible for the immunogenicity of 

a dying cancer/tumour cell to be accentuated to cause instigation of potent anti-tumour 

immunity if a proper therapy like Hyp-PDT is used; a message that has important socio-

economic relevance. In terms of a practical implementation, the research done during my PhD 

can help in efficient Hyp-PDT based production of autologous anti-cancer DC vaccines 

against cancers like glioblastoma and melanoma. Moreover, for the preparation of autologous 

anti-cancer DC vaccines, Hyp-PDT has a higher probability of overcoming various 

immunogenicity resistance mechanisms (e.g. caspase-8 ablation based) employed by tumours 

than currently characterized chemotherapeutic inducers of immunogenicity. Hence, Hyp-PDT 

induced immunogenicity (if implemented clinically) promises to have better health economic 

implications. 
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Samenvatting 

Calreticuline dat gepresenteerd wordt aan het celoppervlak (ecto-CRT) en gesecreteerd ATP 

zijn cruciale schade-geassocieerde moleculaire patronen (DAMPs) voor immunogene 

apoptose. In ons geval doelen we met immunogene apoptose op een type kankerceldood die 

apoptotisch van aard is maar samengaat met een verhoogde mate van immunogeniciteit. Dit in 

tegenstelling tot de immuunonderdrukkende of tolerogene celdood die doorgaans 

geobserveerd wordt bij normale fysiologische apoptose. DAMPs, die een belangrijke rol 

spelen in het mediëren van deze verhoogde immunogeniciteit, zijn moleculen die normaal 

verborgen blijven binnenin de levende cellen (waar ze hoofdzakelijk niet-immunologische 

functies uitoefenen) maar die een immunomodulerende functie verwerven eens gesecreteerd 

of gepresenteerd aan het celoppervlak van stervende/gestresseerde/beschadigde cellen. 

Voorgaand beschreven induceerders van immunogene apoptose (bepaalde chemotherapeutica) 

hingen af van een endoplasmatisch reticulum (ER)-gebaseerde (reactieve zuurstof speciës 

(ROS)-gereguleerde) signaalweg voor de presentatie/secretie van DAMPs. Echter, deze 

induceerders veroorzaken immunogene apoptose via een ”zij-effect” waardoor de resulterende 

immunogeniciteit een secundair karakter krijgt en gevoelig is voor het ontwikkelen van 

resistentie tengevolge de micro-evolutie van de tumor. 

Gedurende mijn doctoraatsonderzoek hebben we ontdekt dat na fotodynamische therapie met  

hypericine (Hyp-PDT), hetgeen directe ROS-gemedieerd ER stress veroorzaakt, stervende 

kankercellen wel een “echte” immunogene apoptose ondergaan die gekarakteriseerd wordt 

door zowel fenotypische maturatie en functionele stimulering van (humane) dendritische 

cellen (DC‟s) als door de inductie van een beschermende antitumorale immuun respons in 

vivo. Het was opmerkelijk dat in een vroeg stadium na Hyp-PDT de kankercellen CRT 

presenteerden en ATP secreteerden via overlappende PERK gereguleerde signaalwegen die 

een functionele secretorische signaalweg en phosphoinositide 3-kinase (PI3K) gemedieerde 

plasma-membraan/extracellulair transport vereisten. Daarenboven bleek dat eIF2alpha 

fosforylering en caspase-8 signalering, die belangrijk zijn voor chemotherapie-geïnduceerde 

ecto-CRT, overbodig zijn voor Hyp-PDT geïnduceerde ecto-CRT. Bovendien vonden we dat 

Hyp-PDT geïnduceerde ecto-CRT (in tegenstelling tot chemotherapie-geïnduceerde ecto-

CRT) Erp57 onafhankelijk was. We hebben ook LRP1 geïdentificeerd als de dokkingsplaats 

voor ecto-CRT aan het celoppervlak en konden aantonen dat gereduceerde PERK, PI3K en 
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LRP1 levels, maar niet gereduceerde caspase 8 levels, de immunogeniciteit van kankercellen 

verminderde. 

Deze resultaten hebben een nieuwe PERK-afhankelijk subroutine ontrafeld voor de vroege en 

gelijktijdige vrijstelling van twee cruciale DAMP‟s gedurende Hyp-PDT geïnduceerde 

“specifieke” immunogene apoptose. Met andere woorden, onderzoek gedaan tijdens mijn 

doctoraat heeft aangetoond dat er een grote nood is om zowel oncologen als patiënten bewust 

te maken van het feit dat het mogelijk is om de immunogeniciteit van een stervende 

kanker/tumor – cel te vergroten en zo de inductie van een krachtige anti-tumorale immuniteit 

te bekomen indien een geschikte therapie zoals Hyp-PDT wordt gebruikt; Een boodschap die 

ook socio-economisch relevant is. In het licht van een praktische implementatie kan het 

onderzoek gedaan tijdens mijn doctoraat helpen bij het aanmaken van autologe anti-kanker 

DC vaccins tegen kankers zoals glioblastoma en melanoma. Bovendien heeft Hyp-PDT een 

hogere kans om verscheidene immunogeniciteits resistentie mechanismen (b.v.b. gebaseerd 

op caspase 8 inactivering) die door tumoren gebruikt worden te omzeilen, zeker wanneer men 

dit vergelijkt met de tot dusver gekarakteriseerde chemotherapeutische induceerders van 

immunogeniciteit. Met andere woorden, Hyp-PDT geïnduceerde immunogeniciteit (wanneer 

klinisch geïmplementeerd) belooft betere vooruitzichten op gezondheids en economisch vlak. 
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inflammation. In, ER stress in health and disease, Agostinis P & Samali A (Eds.), p. 

257-279, Springer Publications, Dordrecht. 

 Garg AD, Golab J, Krysko DV, Vandenabeele P & Agostinis P (2012). Contribution 

of ER stress to immunogenic cell death. In, ER stress in health and disease, Agostinis 

P & Samali A (Eds.), p. 413-428, Springer Publications, Dordrecht.  

 Garg AD & Agostinis P. Cell death and PDT based photo-oxidative (phox)-stress. In, 

Handbook of Photomedicine, Hamblin MR & Sharma SK (Eds.), Taylor & Francis 

Books, Inc (Submitted). 

 

 Session/Sectional Presentations during Conferences/Meeting/Seminars: 

 Sectional presentation - “Hypericin-based PDT: Towards a DC-based 

immunotherapy?” was given at the HGG-IMMUNO (Immunotherapy for High Grade 

Glioma) meeting, Leuven, Belgium on 24
th

 Oct 2011. 

 Sectional presentation - “Immunogenic apoptosis of cancer cells and novel 

mechanisms of DAMP exposure and release after Hypericin-PDT” was given at the 

International Workshop on „Molecular Pathways in the Response of Tumours to 

Photodynamic Therapy‟, Udine, Italy on 9
th

 Sep 2011. 

 Sectional presentation - “Immunogenic Cell Death and DAMPs: Can Photodynamic 

Therapy (PDT) lead the way ahead?” was given at the 35
th

 Meeting of the American 

Society for Photobiology (ASP), Providence, RI, USA on 15
th

 June 2010. 
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 Oral and/or Poster Research Presentations: 

1. Garg AD, Krysko DV, Verfaillie T, Kaczmarek A, Vandenabeele P & Agostinis P. 

Differentiating between „core‟ and „private‟ signaling cascades mediating calreticulin 

surface exposure during immunogenic apoptosis. Poster presentation given at „Death, 

Danger, Inflammation and Immunity‟ – 1
st
 EATI and 3

rd
 ERI-ICP Conferences, Paris, 

France, 31
st
 May-1

st
 June, 2012. 

2. Garg AD, Krysko DV, Verfaillie T, Kaczmarek A, Dudek A, Vandenabeele P & 

Agostinis P. The immunogenicity of phox-ER stress induced immunogenic cancer cell 

death is dependent on the ER-stress sensor – PERK. Poster presentation given at 

Oncoforum 9, Leuven, Belgium, 3
rd

 May, 2012. 

3. Garg AD, Krysko DV, Verfaillie T, Kaczmarek A, Ferreira GB, Marysael T, Rubio 

N, Mathieu C, de Witte P, Vandenabeele P & Agostinis P. “On-target” induction of 

immunogenic apoptosis leads to a novel and robust pre-apoptotic danger signalling 

module in cancer cells. Oral presentation given at European Association for Cancer 

Research (EACR) „Cell Death in Cancer‟ Symposium, Amsterdam, Netherlands, 27
th

 

Nov, 2012. 

4. Garg AD, Krysko DV, Verfaillie T, Ferreira GB, Marysael T, Kaczmarek A, Rubio 

N, Mathieu C, de Witte P, Vandenabeele P & Agostinis P. Phox-ER stress induces 

novel kinetics of DAMPs like calreticulin, ATP, IL-1α and leads to immunogenic 

apoptosis in cancer cells. Oral presentation and Poster presented at Oncoforum 8, 

Leuven, Belgium, 26
th

 May, 2011. 

5. Garg AD, Verfaillie T, Rubio N, Ferreira GB, Mathieu C, Vandenabeele P, Krysko 

DV & Agostinis P. Cancer cells undergoing immunogenic death under photo-

oxidative ER-stress, surface expose calreticulin via a “non-canonical” pathway. Oral 

presentation given at 18
th

 Euroconference on Apoptosis, 1
st
-4

th
 Sep 2010, Ghent, 

Belgium. 

6. Garg AD, Verfaillie T, Rubio N, Ferreira GB, Mathieu C, Vandenabeele P, Krysko 

DV & Agostinis P. Cancer cells dying under photooxidative ER-stress expose or 

release DAMPs and activate innate immunity. Poster presented at International Cell 

Death Society (ICDS) Symposium on „Multidisciplinary Approaches in Cell Death 

Research from Yeast to Man‟, 28
th

-31
st
 May 2010, Kemer-Antalya, Turkey. 

7. Garg AD, Verfaillie T, Rubio N, Ferreira GB, Mathieu C & Agostinis P. Hypericin-

PDT treatment of cancer cells leads to surface exposure/extracellular release of 

DAMPs and activates human immature dendritic cells. Poster presented at Belgian 

Association for Cancer Research (BACR) Annual Meeting 2010 on „The Cancer 

Genome: Towards Personalized Treatment‟, 30
th

 Jan 2010, Leuven, Belgium.  

8. Garg AD. Mechanisms of surface relocation of DAMPs in dying cancer cells 

responding to photooxidative-stress and their impact on innate immunity. Oral 

presentation given at Inter University Attraction Pole (IAP) 6/18-general meeting, 21
th

 

Dec 2009, Ghent, Belgium. 

9. Garg AD. Molecular mechanisms of Hypericin-PDT mediated ecto-CRT exposure 

and stimulation of innate immune cells. Oral presentation given at Inter University 
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Attraction Pole (IAP) 6/18-focused meeting: WP6 – “Cell death pathways: linking cell 

death to inflammation and therapy”, 16
th

 Oct 2009, Leuven, Belgium. 

10. Garg AD, Verfaillie T, Rubio N & Agostinis P. Hypericin-PDT induced ER-stress 

and PERK-eIF2α activation leads to surface calreticulin (ecto-CRT) exposure in 

cancer cells. Poster presented at The European Association for Cancer Research 

(EACR) Special Conference on „Inflammation and Cancer‟, 24
th

-25
th

 Sep 2009, 

Berlin, Germany. 

11. Garg AD, Verfaillie T, Buytaert E, Rubio N & Agostinis P. Hypericin-PDT induced 

ER-stress and UPR signalling leads to surface Calreticulin (ecto-CRT) exposure on 

Cancer cells. Poster presented at the 201
st
 Meeting of the Belgian Society of 

Biochemistry and Molecular Biology on „Redox-dependent Protein Modifications and 

Proteomics‟, 15
th

 May 2009, Namur, Belgium. 

12. Verfaillie T & Garg A. Linking PDT induced ER stress and UPR signalling to 

(immunogenic) cell death. Oral presentation given along with Tom Verfaillie at F. W. 

O – Onderzoeksgemeenschap (WOG meeting) “Regulation of cell functions by 

reversible protein phosphorylation” – Cell signalling in cancer, angiogenesis and 

inflammation, 27
th

 March 2009, Leuven, Belgium. 

 

 Research Abstract Publications: 

1. Garg AD, Krysko DV, Verfaillie T, Kaczmarek A, Vandenabeele P & Agostinis P 

(2012). Differentiating between „core‟ and „private‟ signaling cascades mediating 

calreticulin surface exposure during immunogenic apoptosis. In Abstract book – 

„Death, Danger, Inflammation and Immunity‟ – 1
st
 EATI and 3

rd
 ERI-ICP 

Conferences, p.61. 

2. Dudek A, Garg AD, Ferreira GB, Mathieu C & Agostinis P (2012). Chemotherapy-

induced melanoma cell death – study on immunogenicity and DAMPs surface 

exposure. In Abstract book – „Death, Danger, Inflammation and Immunity‟ – 1
st
 EATI 

and 3
rd

 ERI-ICP Conferences, p.83. 

3. Dudek A, Garg AD, Ferreira GB, Mathieu C & Agostinis P (2012). Immunogenic 

features of chemotherapy-induced apoptosis of melanoma cells – effect of ER stress 

inducers. In Oncoforum 9 (Abstract Book), p. 21. 

4. Garg AD, Krysko DV, Verfaillie T, Kaczmarek A, Dudek A, Vandenabeele P & 

Agostinis P (2012). The immunogenicity of phox-ER stress induced immunogenic 

cancer cell death is dependent on the ER-stress sensor – PERK. In Oncoforum 9 

(Abstract Book), p. 23. 

5. Garg AD, Krysko DV, Verfaillie T, Kaczmarek A, Ferreira GB, Marysael T, Rubio 

N, Mathieu C, de Witte P, Vandenabeele P & Agostinis P (2012). “On-target” 

induction of immunogenic apoptosis leads to a novel and robust pre-apoptotic danger 

signalling module in cancer cells. In Programme and Abstracts – Cell Death in 

Cancer, Speaker Abstracts No. 22. 

6. Agostinis P, Garg AD, Krysko DV & Vandenabeele P (2012). Interplay between ER 

stress and ROS signalling in cancer therapy. In Programme and Abstracts – Cell 

Death in Cancer, Speaker Abstracts No. 12. 
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7. Garg AD, Krysko DV, Verfaillie T, Kaczmarek A, Rubio N, Firczuk M, Golab J, 

Vandenabeele P & Agostinis P (2011). Immunogenic apoptosis of cancer cells and 

novel mechanisms of DAMP exposure and release after Hypericin-PDT. In 

International Workshop on „Molecular Pathways in the Response of Tumours to 

Photodynamic Therapy‟ (Abstract Book), p. 15.  

8. Verfaillie T, Rubio N, Garg AD, Bultynck G, Siviero R, Rizzuto R, Decuypere J-P, 

Piette J, Gupta S, Samali A & Agostinis P (2011). PERK is an essential component of 

the ER-to-mitochondria contact sites required to convey mitochondrial apoptosis 

following ROS-mediated ER stress. In Programme & Abstract Book – 19
th

 

Euroconference on Apoptosis, p. 249. 

9. Garg AD, Krysko DV, Verfaillie T, Ferreira GB, Marysael T, Kaczmarek A, Rubio 

N, Mathieu C, de Witte P, Vandenabeele P & Agostinis P (2011). Phox-ER stress 

induces novel kinetics of DAMPs like calreticulin, ATP, IL-1α and leads to 

immunogenic apoptosis in cancer cells. In Oncoforum 8 (Abstract Book), p. 8. 

10. Verfaillie T, Rubio N, Garg AD, Dewaele M, Bultynck G, Martinet W, Gupta S, 

Samali A & Agostinis P (2011). PERK is an essential component of the ER-to-

mitochondria contact sites required to convey mitochondrial apoptosis following ROS-

mediated ER stress. In Oncoforum 8 (Abstract Book), p. 21. 

11. Garg AD, Verfaillie T, Rubio N, Ferreira GB, Mathieu C, Vandenabeele P, Krysko 

DV & Agostinis P (2010). Cancer cells undergoing immunogenic death under photo-

oxidative ER-stress, surface expose calreticulin via a “non-canonical” pathway. In 

Programme & Book of Abstracts - 18
th

 Euroconference on Apoptosis, Abstract SO-4. 

12. Garg AD, Verfaillie T, Rubio N, Krysko DV, Vandenabeele P & Agostinis P (2010). 

Immunogenic Cell Death and DAMPs: Can Photodynamic Therapy (PDT) lead the 

way ahead? In Program and Abstract - 35
th

 Meeting of the American Society for 

Photobiology (ASP), p. 25. 

13. Garg AD, Verfaillie T, Rubio N, Ferreira GB, Mathieu C, Vandenabeele P, Krysko 

DV & Agostinis P (2010). Cancer cells dying under photooxidative ER-stress expose 

or release DAMPs and activate innate immunity. In Program and Abstract Book - 

International Cell Death Society (ICDS) Symposium on „Multidisciplinary Approaches 

in Cell Death Research from Yeast to Man‟, p. 40. 

14. Garg AD, Verfaillie T, Rubio N, Ferreira GB, Mathieu C & Agostinis P (2010). 

Hypericin-PDT treatment of cancer cells leads to surface exposure/extracellular 

release of DAMPs and activates human immature dendritic cells. Belgian Journal of 

Medical Oncology, 4 (2), 93-94. (Cited: 2) 

15. Garg, AD, Verfaillie T, Rubio N & Agostinis P (2009). Hypericin-PDT induced ER-

stress and PERK-eIF2α activation leads to surface Calreticulin (ecto-CRT) exposure in 

Cancer cells. In Programme and Abstracts – The European Association for Cancer 

Research (EACR) Special Conference on „Inflammation and Cancer‟, Abstract of 

Poster No. 20. 

16. Dewaele M, Verfaillie T, Romero NR, Garg A, De Witte P, Piette J & Agostinis P 

(2009). Role of autophagy pathways and their cross talk in PDT. In Programme and 

Book of Abstracts - 13
th

 Congress of the European Society for Photobiology and the 
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2
nd

 Conference of the European Platform for Photodynamic Medicine, Abstract No. 

IL102, p.59.  

17. Rubio N, Dewaele M, Verfaillie T, Garg AD, Piette J & Agostinis P (2009). 

Hypericin-PDT: Temporal evolution of the cellular responses to ER-localized 

photodynamic stress. In Programme and Book of Abstracts - 13
th

 Congress of the 

European Society for Photobiology and the 2
nd

 Conference of the European Platform 

for Photodynamic Medicine, Abstract No. OC130, p.68. 

18. Garg AD, Verfaillie T, Buytaert E, Rubio N & Agostinis P (2009). Hypericin-PDT 

induced ER-stress and UPR signalling leads to surface Calreticulin (ecto-CRT) 

exposure on Cancer cells. In Abstracts – Joint Meeting of the Belgian Society of 

Biochemistry and Molecular Biology on „Redox-dependent Protein Modifications and 

Proteomics‟, Abstract of Poster Nr. 22. 

19. Dewaele M, Verfaillie T, Rubio N, Garg A & Agostinis P (2009). ROS and stress 

signalling in cancer therapy: is autophagy good or bad? In Program and Abstract Book 

- The International Cell Death Society Symposium on „Cell Death in Infectious 

Diseases and Cancer‟, p.16. 
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