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Abstract
The main task of cancer vaccines is to deliver tumor-specific antigens to antigen-presenting cells for immune recognition that can lead to potent and durable immune response against treated tumor. Using photodynamic therapy (PDT)-generated vaccines as an example of autologous whole-cell cancer vaccines, the importance is discussed of the expression of death-associated molecules on cancer vaccine cells. This aspect appears critical for the optimal capture of vaccine cells by host’s sentinel phagocytes in order that the tumor antigenic material is processed and presented for immune recognition and elimination of targeted malignancy. It is shown that changing death pattern of vaccine cells by agents modulating apoptosis, autophagy or necrosis can significantly alter the therapeutic impact of PDT-generated vaccines. Improved therapeutic effect was observed with inhibitors of necrosis/necroptosis using IM-54, necrostatin-1 or necrostatin-7, as well as with lethal autophagy inducer STF62247. In contrast, reduced vaccine potency was found in case of treating vaccine cells with apoptosis inhibitors or lethal autophagy inhibitor spautin-1. Therefore, cancer vaccine cells undergoing apoptosis or lethal autophagy are much more likely to produce therapeutic benefit than vaccine cells that are necrotic. These findings warrant further detailed examination of the strategy using cell death modulating agents for the enhancement of the efficacy of cancer vaccines.
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Core tip: It is discussed how the mode of cell death can be important to the efficacy of cancer vaccine, using the example of photodynamic therapy-generated whole-cell vaccines. With the example of several agents modulating apoptosis, necrosis or autophagy, it is argued that the strategy of using such agents for the enhancement of the efficacy of cancer vaccines deserves serious consideration.
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VACCINE WITH TUMOR CELLS UNDERGOING IMMUNOGENIC CELL DEATH
One of the attractive adaptations of photodynamic therapy (PDT), a cancer treatment modality producing cytotoxic lesions by localized generation of reactive oxygen species produced by light-activated drugs (photosensitizers)[1], are PDT-generated autologous cancer vaccines[2]. They are made by exposing surgically removed tumor tissue (or derived tumor cells) to PDT ex vivo and used to vaccinate the same patient against the original malignancy[2,3]. 
Cell death pathways induced by PDT are dominated by apoptosis, reflecting the activity of produced reactive oxygen species, sensitivity to photodamage of anti-apoptotic protein Bcl-2, engagement of pro-apoptotic mediators such as ceramide and stress kinases, and induction of cytochrome c release from mitochondria[4,5]. Autophagy was also found to be induced in PDT-treated cells and was traced to photodamage induction in endoplasmic reticulum (ER)[4]. The effectiveness of PDT-generated vaccines in orchestrating a strong immune antitumor reaction is considered to result from the nature of PDT-inflicted oxidative stress-based insult expressed, at least in part, in the ER of treated cancer cells[6,7]. Sensors of luminal accumulation of unfolded proteins in ER (appearing as a result of PDT-mediated photooxidative damage) engender unfolded protein response (UPR) as an attempt initially to re-establish homeostasis and this is accompanied with a general arrest of protein translation (Figure 1)[8]. In situation when ER-stress remains unresolved, several signal transduction pathways become activated securing the transition from adaptive to lethal phase of ER stress response. Such induction of reticular UPR promotes the immunogenic cells death (ICD) accompanied with the expression of an abundance of various damage-associated molecular patterns (DAMPs) driving this immune reaction[8-10]. Another suggested contributing element are PDT-induced photooxidative changes in tumor antigenic repertoire that may include the emergence of highly immunogenic tumor neoantigens that could be instrumental in overcoming immune ignorance of the tumor[2].
For optimal efficacy of PDT-generated vaccines, following treatment by PDT in vitro tumor tissue/cells have to be left in culture for 16-24 hours before used as a vaccine[3,11]. This post-PDT incubation time interval is considered necessary for the expression of cell death-associated changes on the vaccine cells before they become fully potent vaccine material. Interference with this process, for instance by masking cell surface-exposed phosphatidylserine, inhibiting the induction of heat shock protein 70 (Hsp70), or blocking apoptosis by a caspase-3 inhibitor, will affect negatively the therapeutic impact of PDT-generated vaccines[11,12]. Thus, in order to be captured by host’s sentinel phagocytes and tumor antigenic material contained in them processed and presented in an optimal way for immune recognition and elimination of targeted malignancy, the PDT-generated vaccine cells have to exhibit a particular “eat me” death profile. This revelation inspired the investigation on the prospects of a strategy to enhance the potency of PDT-generated vaccines by modulating the death process in vaccine cells. The findings uncovered thus far by this investigation are summarized in Table 1. In addition to apoptosis, the agents affecting either necrosis or lethal autophagy turned out also to be capable of changing the potency of PDT-generated vaccines.
The importance of apoptotic death of PDT vaccine cells has already been made clear earlier[11]. While physiological apoptosis is immuno-tolerogenic, the type of programmed cell death triggered by oxidative ER stress (induced by PDT and certain other cancer treatments) is associated with the engagement of danger signaling pathways arranging the trafficking of ICD-affiliated DAMPs towards cellular surface and extracellular space[10]. However, not only by blocking the apoptosis but also by impairing lethal autophagy (with agents like spautin-1 in Table 1), PDT-generated tumor cells are rendered less potent source for cancer vaccine. Moreover, the opposite effect was attained by treating these vaccine cells with an autophagy-inducing agent. This reveals that the process of autophagy, which is closely connected with the reticular UPR and is presumably activated along with PDT-induced ER stress response[8,10], also promotes ICD with a consequential boost to immuno-activating potential of PDT vaccine cells. Such action capability is consistent with the paradigm of the contributing role of autophagy in danger signaling activity in dying cancer cells and participation of key autophagy proteins in the endosomal trafficking pathway[10].
In contrast to apoptosis and autophagy, the death of PDT vaccine cells by necrosis and its death receptor-instigated programmed variant necroptosis are detrimental to their therapeutic potential. This is evident from the beneficial effects rendered by vaccine cell treatment with two different necrostatins and IM-54 that selectively blocks oxidative stress-induced necrotic cell death[13] (Table 1). All these three agents, when present during the post-PDT incubation time interval induced an increase in the percentage of apoptotic cells in the PDT vaccine cell samples.
The above examinations on the effects of modulators of cell death by apoptosis, autophagy and necrosis/necroptosis shed novel light on the roles of cell death pathways in the generation of cancer vaccine cells by PDT. It is also becoming increasingly evident that further research is merited for elucidating the potential of agents such as autophagy promoters or necrosis inhibitors for acting as adjuvants to improve therapeutic effectiveness of PDT-generated and similar whole-cell cancer vaccines.
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Figure 1 Molecular/biological events following PDT-induced ER stress. PERK: Protein kinase R-like ER kinase; Grp78: Glucose-regulated protein 78; CHOP: C/EBP homologous protein; ER: Endoplasmic reticulum; PDT: Photodynamic therapy.


Table 1 Changes in the therapeutic efficacy of photodynamic therapy-generated vaccines induces by modulators of cell death

	Cell death modulating agent
	Impact on therapeutic efficacy of
PDT-generated cancer vaccine

	Z-DEVD-FMK (apoptosis inhibitor)
	Reduces

	IM-54 (necrosis inhibitor)
	Enhances

	Necrostatin-1 (necroptosis inhibitor)
	Enhances

	Necrostatin-7 (necroptosis inhibitor)
	Enhances

	STF62247 (lethal autophagy inducer)
	Enhances

	Spautin-1 (lethal autophagy inhibitor)
	Reduces


Mice with growing SCCVII tumors (murine squamous cell carcinoma) were vaccinated by SCCVII cells (20 million/mouse) that were first treated by PDT (mediated by photosensitizer ce6) and then incubated before use for 16 h with or without cell death modulating agents[3]. The therapy response was monitored by tumor size measurement in time following vaccine treatment. PDT: Photodynamic therapy.
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