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Abstract

:

Anti-tumor photodynamic therapy (PDT) is a unique oxidative stress-based modality that has proven highly effective on a variety of solid malignancies. PDT is minimally invasive and generates cytotoxic oxidants such as singlet molecular oxygen (1O2). With high tumor site-specificity and limited off-target negative effects, PDT is increasingly seen as an attractive alternative or follow-up to radiotherapy or chemotherapy. Nitric oxide (NO) is a short-lived bioactive free radical molecule that is exploited by many malignant tumors to promote cell survival, proliferation, and metastatic expansion. Typically generated endogenously by inducible nitric oxide synthase (iNOS/NOS2), low level NO can also antagonize many therapeutic interventions, including PDT. In addition to elevating resistance, iNOS-derived NO can stimulate growth and migratory aggressiveness of tumor cells that survive a PDT challenge. Moreover, NO from PDT-targeted cells in any given population is known to promote such aggressiveness in non-targeted counterparts (bystanders). Each of these negative responses to PDT and their possible underlying mechanisms will be discussed in this chapter. Promising pharmacologic approaches for mitigating these NO-mediated responses will also be discussed.
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1. Introduction: Photodynamic Therapy


Anti-tumor photodynamic therapy (PDT) was introduced about 45 years ago as a novel clinical approach for selectively eradicating a variety of malignant solid tumors via cytotoxic photochemistry [1,2,3,4]. Many of these tumors were refractory to conventional chemotherapy or radiotherapy. PDT is a minimally invasive modality which exhibits little, if any, off-target cytotoxicity. Classical PDT consists of three operating components: (i) a photosensitizing agent (PS), (ii) PS photoexcitation by non-ionizing radiation (typically in the far visible-to-near infrared wavelength range), and (iii) molecular oxygen [2,3,4]. All three components must be engaged concurrently to activate the photodynamic process, and light delivery via fiber optic networks makes PDT highly selective for an intended tumor target. In 1995, Photofrin®, a hematoporphyrin oligomer, became the first PS to receive Federal Drug Administration approval for clinical PDT, with esophageal malignancies being treated initially [2]. Since then, PDT with Photofrin® and other PSs has been used on numerous other malignancies, including prostate, breast, cervical, head-and-neck, and brain (gliomas) [3,4]. Most PSs are innocuous until photoactivated and, unlike many chemotherapeutic agents, have few (if any) negative effects on normal tissues. A common photodynamic reaction in PDT (Type II process) involves energy transfer from photoexcited triplet state PS to ground state O2 (Figure 1), giving singlet molecular oxygen (1O2), a cytotoxic short-lived reactive oxygen species (ROS). For some PSs, electron transfer to O2 may occur (Type I process), resulting in the formation of superoxide (O2−•) and other free radical ROS (Figure 1). Similarly to 1O2, the latter can kill tumor cells by oxidizing vital proteins and lipids and/or activating death signaling pathways [3,4,5]. In addition to preexisting PSs, which are administered directly in various carriers, pro-PSs have been developed which can be converted to active PSs in target tumors. One prominent example is 5-aminolevulinic acid (ALA), which is metabolized to protoporphyrin IX (PpIX) via the heme biosynthetic pathway [6,7]. To accommodate pro-growth/expansion activity, this pathway is typically more active in transformed cells than normal counterparts, thus accounting (at least in part) for greater PpIX accumulation in the former [6,7]. PpIX builds up initially in mitochondria and, upon photoactivation, induces photodamage therein, often leading to cell death via intrinsic apoptosis [8]. PDT with well-established PSs such as Photofrin®, benzoporphin derivative (BPD), silicon phthalocyanine (Pc4), and ALA-induced PpIX usually hits cytoplasmic targets (lysosomes, endoplasmic reticulum, mitochondria) [3,4]. In contrast, radiotherapy and chemotherapy usually affect nuclear targets, such as cisplatin, causing DNA cross-linking [9,10]. Since PDT acts mainly in the cytoplasm, this may explain its effectiveness as a follow-up or combined treatment with DNA-targeted chemo- or radiotherapy. It is well known that many tumors exhibit an intrinsic or acquired resistance to the latter modalities, and this is now evident for PDT as well. For example, a PDT challenge may upregulate antioxidant or anti-apoptotic proteins [11]. Moreover, some cancer cells can upregulate membrane transporter ABCG2, thereby reducing PDT efficacy by exporting ALA-induced PpIX and other PSs [12]. PDT is also known to be compromised by endogenous nitric oxide (NO) produced by inducible nitric oxide synthase (iNOS). In this chapter, we will discuss (i) the ability of iNOS-derived NO at low steady state levels to antagonize PDT, (ii) the underlying mechanisms of iNOS/NO upregulation by PDT stress, (iii) the possible mechanisms of NO-elicited resistance to PDT, (iv) the role of NO in hyper-aggressiveness of bystander cells; and (v) how these negative responses can be mitigated by pharmacological interventions that suppress NOS/NO.




2. Nitric Oxide and Its Role in Cancer


NO is a short-lived bioactive free radical molecule with a half-life of <2 s in H2O [13]. It diffuses freely on its own in aqueous media and, like O2, tends to partition into low polarity membrane zones in cells [14,15,16]. Naturally occurring NO is generated by three enzymes in the nitric oxide synthase (NOS) family: neuronal (nNOS) and endothelial (eNOS), which both require available Ca2+ for optimal activity, and inducible (iNOS), which does not require Ca2+ [17,18]. All NOS isoforms catalyze the five-electron oxidation of L-arginine to L-citrulline and NO at the expense of NADPH and O2 [17,18]. At steady state levels in the millimolar range, NO produced by activated macrophages can be toxic to established tumor cells, but may also be mutagenic and carcinogenic [14,15,16,19,20]. However, in the low-to-medium nanomolar range, NO can play a key role in tumor persistence and progression by activating oncogenic signaling pathways or inhibiting tumor suppression pathways [19]. For malignant tumors, NO in the lower range can promote growth and metastatic expansion as well as resistance to therapeutic agents [19,20]. Cancer cell iNOS/NO can activate signaling cascades mediated by proteins such as soluble guanylyl cyclase (sGC), hypoxia-inducible factor-1α (HIF-1α), epidermal growth factor receptor (EGFR), phosphoinositide-3-kinase/protein kinase B (PI3K/Akt), and extracellular signal-regulated kinases-1/2 (ERK1/2) [15,19,20,21,22]. There is evidence for a gradation in the signaling effectiveness of low-level NO. For example, 1–10 nM NO stimulates cell proliferation via sGC activation, whereas 0.3–0.4 μM NO does so via activation of the EGFR/PI3K/Akt pathway [21,23]. iNOS/NO and tumor suppressor p53 have been shown to act in opposing fashion in many tumors. For example, wild type p53 can block iNOS transcription or bind and deactivate the enzyme [24]. Conversely, NO has been reported to chemically modify p53, thereby inhibiting its pro-apoptotic activity [25]. It is also known that tumor cells with dysfunctional (mutated) p53 express higher levels of iNOS than wild-type controls, and this correlates with more aggressive growth and migration in the former [26]. Based on extensive evidence, therefore, the iNOS level in tumor samples is now considered a reliable prognostic indicator of cancer survival, with patients with the highest levels given the worst chances and vice versa [9,20]. How might one explain NO’s pro-tumor activity in mechanistic biochemical terms? One possible mechanism involves S-nitrosation of specialized cysteine residues on key effector proteins. The relatively low pKa value of these cysteine -SH groups increases their likelihood of S-nitroso (SNO) modification [27,28,29]. Consistent with a transient signaling role, SNO groups can be removed by glutathione or thioredoxin as oxidative pressure subsides [29]. Effector proteins susceptible to SNO modification include (i) the pro-apoptotic MAP kinases JNK and ASK1, which are inhibited [30]; (ii) antiapoptotic Bcl-2, whose proteasomal degradation is inhibited [31]; (iii) phosphatase MKP-1, which is protected against degradation, allowing pro-apoptotic JNK and p38 to be inactivated [32]; and (iv) tumor suppressor PTEN, which is inactivated [33]. Each of these SNO modifications might support tumor persistence and progression.




3. Role of Endogenous NO in Tumor Resistance to PDT


How endogenous NO might affect the anti-tumor potency of PDT at the in vivo level was first investigated about 20 years ago by two different groups using mouse syngeneic tumor models and Photofrin® as PS. Henderson et al. [34] found that PDT for mouse-borne RIF tumors was much improved when L-NNA, a competitive inhibitor of NOS activity, was administered before and after irradiation. At about the same time, Korbelik et al. [35,36] showed that the PDT cure rate for RIF and SCCVII tumors, but not EMT6 or FsaR tumors, could be significantly improved when L-NNA or L-NAME (another non-specific NOS inhibitor) was introduced immediately after irradiation. Importantly, RIF and SCCVII tumors were found to produce NO at a much higher constitutive rate than EMT6 or FsaR tumors, thus accounting for the greater inhibitor effects on the first two [36]. RIF and SCCVII tumors with relatively high NO outputs exhibited lower intrinsic sensitivity to PDT than the others, suggesting that basal NO measurements might serve as useful predictors of PDT efficacy [36]. More recently, Reeves et al. [37], also using mouse syngeneic tumors, but ALA-induced PpIX as PS, confirmed that tumor-generated NO exerted a negative effect on anti-tumor PDT. Essentially the same deduction was made in each of these studies, viz. that vasodilation due to endothelium-derived NO (presumably eNOS NO) was counteracting PDT’s well-known tumor-abating vasoconstrictive effects, allowing better maintenance of tumor oxygen supply during treatment. Although the earliest iteration of this work [34,35,36] was ground-breaking with regard to PDT antagonism by NO in vivo, it left the following questions unsettled: (i) whether the NO derives from tumor cells alone or whether surrounding cells (endothelial, macrophages, fibroblasts) or tumor-invading, PDT-induced cells like neutrophils might contribute; (ii) which NOS isoform is most important in any given tumor; (iii) whether the NOS/NO in question functions at a pre-existing level or is upregulated by PDT stress; and (iv) the biochemical mechanisms that underlie NO’s anti-PDT effects. Results of in vivo and in vitro studies dealing with these issues will be discussed in the following sections.




4. Possible Mechanisms of NO-Mediated Resistance: In Vivo Studies


NO and derived reactive nitrogen species can either cause reversible S-nitrosation (also called S-nitrosylation, incorrectly) of protein thiol groups (see Section 2) or irreversible tyrosine nitration in targeted proteins [38]. In the former case, NO in the nanomolar range can act as a cellular signaling molecule by reversible redox-based modification of cysteine residues on targeted proteins and in this way, it regulates a multitude of physiological and pathophysiolgical processes. Depending on NO levels under cellular stress conditions, S-nitrosation may either be conducive to a cell death program or serve in a negative feedback mechanism that inhibits pro-death effects [39].



The bioavailability of NO and its interaction with cell macromolecules may depend on its rapid reaction with superoxide radical (O2−•) to produce peroxynitrite (ONOO−), a potent mediator of protein oxidation and nitration, as well as lipid peroxidation [5,14]. Superoxide, generated by the one-electron reduction of molecular oxygen, is one of the ROS that may be formed during PDT [3]. Reaction of O2−• with NO gives ONOO− and thence nitronium cation (NO2+) and NO2 radical, comprising a major pathway of protein tyrosine nitration. However, another pathway exists, which depends on myeloperoxidase (typically from activated neutrophils) as it converts NO-derived nitrate to nitryl chloride and nitrogen dioxide [40]. Tyrosine nitration, which can be detected by anti-nitrotyrosine antibodies, serves as a “footprint” of the reactive nitrogen species generated in cells. This technique has been used to demonstrate the induction of nitrosative stress in sarcoma-bearing rats following PDT treatment or local hyperthermia [41]. On the other hand, Korbelik et al. showed that S-nitrosation also occurs in PDT-treated tumors. This was demonstrated in FsaR fibrosarcomas growing in syngeneic mice that were subjected to temoporfin-sensitized PDT and recovered for analysis at various post-irradiation times (Figure 2). The treated tumors were subjected to immunohistochemical analysis based on staining with antiserum to S-nitrocysteine.



As shown in Figure 2, SNO-cysteine staining increased over time and was particularly strong at 4 h after the PDT challenge. At present, however, the identity of the SNO-modified proteins is unknown. It remains unresolved whether S-nitrosation has an overall positive or negative effect on PDT-mediated tumor cure rates. On the one hand, S-nitrosation has been reported to have pro-tumor effects, while on the other hand, elevating it has been found to inhibit tumor growth and stimulate cell death [29].



It is well established that PDT treatment induces a strong and rapid invasion of neutrophils in treated tumors [41]. Sluiter et al. [43] suggested that the elevated iNOS activity detected in PDT-treated tumors [43] can at least in part be due to invading activated neutrophils. Consequently, the rise in NO levels in these tumors can to some extent be attributed to these neutrophils. The increase in tumor blood flow known to be induced after PDT may also be dependent on NO released from invading neutrophils [36]. This PDT-induced increase in tumor blood flow was shown to be largely subdued in neutrophil-depleted mice [44].



The notion that rapid site-specific delivery of NO in massive doses can lead to necrotic cell death can be exploited for increasing the efficacy of anti-tumor PDT. This approach could be achieved by combining PDT with light-activated NO donors such as Roussin’s black salt (RBS) [45], as shown in Figure 3. In this case, PDT irradiation served an additional function by inducing the tumor-localized release of NO in high fluxes from the donor. This combined treatment clearly resulted in a substantially greater tumor cell kill than PDT alone. Thus, while PDT alone produced no permanent cures, combining it with the NO donor increased the cure rate to ~40%. Hence, the advantage of this type of approach is clear.




5. Role of iNOS/NO in Tumor Resistance to PDT: In Vitro and In Vivo Studies


Most PSs of PDT-relevance, including ALA-induced PpIX, are amphiphilic and tend to localize at membrane-aqueous interfaces. This property facilitates their ability to sensitize peroxidation of unsaturated membrane phospholipids, glycolipids, and cholesterol [5]. Photoactivation of PpIX, for example, typically gives rise to 1O2, which can react directly with unsaturated lipids to give lipid hydroperoxides (LOOHs). If reductants (e.g., glutathione, ascorbate) and redox-active Fe(III) are available, these primary LOOHs are likely to undergo one-electron reduction to highly reactive free radical intermediates (LO∙/OLOO∙). These intermediates will induce chain peroxidation of surrounding lipids, thereby expanding and exacerbating the membrane damaging effects of primary LOOH formation [5]. Lipophilic antioxidants such as α-tocopherol and β-carotene protect against such damage by scavenging chain-promoting, lipid-derived radicals [46]. Studies by Rubbo et al. [47,48] using xanthine oxidase- or lipoxygenase-catalyzed peroxidation of liposomal or lipoprotein lipids revealed that NO can also act as a highly efficient inhibitor of free radical-mediated lipid peroxidation. This was demonstrated for NO delivered in gaseous form or released from chemical donors. A chain-breaking antioxidant mechanism was demonstrated whereby NO rapidly intercepts LOO∙/LO∙ intermediates to give non-radical LOONO/LONO species. Somewhat later, Kelley et al. [49] found that exogenous NO could also protect leukemia HL-60 cells against cytotoxic lipid peroxidation induced by ferrous iron. These findings [47,48,49] prompted Girotti and co-investigators to determine whether NO could act similarly in the context of PDT. Initial studies involved unilamellar liposomes composed of unsaturated phospholipids, cholesterol, and a primary or “priming” LOOH. The selected LOOH was cholesterol 5α-hydroperoxide (5α-OOH), a definitive 1O2 adduct previously isolated from photoperoxidized liposomes [50]. Upon incubation with a lipophilic iron chelate, ferric-8-hydroxyquinoline [Fe(HQ)3] and a reductant, ascorbate (AH), the 5α-OOH decayed in first-order fashion and in the process triggered damaging chain peroxidation mediated by LO∙/OLOO∙and LOO∙ [50,51]. When the NO donor, spermine-nonoate (SPNO), was present from the outset, the rate of chain peroxidation, as reported by free-radical-induced cholesterol 7α/7β-hydroperoxide (7α/7β-OOH), was dramatically reduced [51]. Fully decomposed SPNO had no effect, implying that NO from active SPNO was functioning as a chain-breaking antioxidant. It is important to point out that cholesterol-derived hydroperoxides (ChOOHs) such as 5α-OOH and 7α/7β-OOH were detected and quantified by means of high-performance liquid chromatography with mercury cathode electrochemical detection (HPLC-EC(Hg)), an ultra-high sensitivity/specificity analytical approach developed in the Girotti laboratory [52]. In addition to ChOOHs, HPLC-EC(Hg) has been used to detect and determine phospholipid counterparts (PLOOHs) isolated from photooxidized membrane systems [52]. The extent of chain peroxidation and how it is affected by NO can also be assessed by high-performance thin layer chromatography with phosphor-imaging detection (HPTLC-PI), another high-sensitivity/specificity approach developed by Girotti and co-investigators [53]. In HPTLC-PI, radiolabeled cholesterol ([14C]Ch) is incorporated into a membrane of interest and serves as a probe for free radical-mediated reactions occurring in its midst [53]. After extracted lipids are subjected to TLC, separated [14C]ChOOHs and other cholesterol oxides ([14C]ChOX species) are quantified by PI. This approach was first used with liposomal models and subsequently with human COH-BR1 cells, a human breast cancer subline [54,55]. The cells were metabolically sensitized with PpIX by first incubating with ALA in serum-free medium, then allowing most of the porphyrin to diffuse from mitochondria to plasma membrane, turning it into a highly sensitive primary target [54,55]. Irradiation with broad-band visible light resulted in a progressive loss of viability which reached ~50% after 5 h in the dark following 20 min. of light exposure (Figure 4A). The cells died by necrosis, consistent with membrane-breaching lipid peroxidation. When active, but not decomposed SPNO was introduced immediately before irradiation, photokilling was markedly diminished, suggesting that NO protected the cells by inhibiting chain peroxidation. Additional supporting evidence was obtained by labeling COH-BR1 plasma membranes with [14C]Ch and measuring [14C]ChOX levels. As shown in Figure 4B, ALA/light-induced increases in [14C]ChOX (total ChOOH and 5,6-epoxide and 7α/7β-OH end-products) were significantly reduced by SPNO-derived NO. This was also the case when chain peroxidation was stimulated by a trace amount of Fe(HQ)3, and it confirmed that in a PDT model system, NO had acted as a chain-breaking antioxidant. The results shown in Figure 4C reveal that significant amounts of cytoprotection could still be observed if SPNO was added at different points after irradiation instead of immediately before, as done in the experiment shown in Figure 4A. For example, protection was ~90% when SPNO entered the system at 30 min post-irradiation, and ~35% when it entered 60 min later. Thus, NO inhibition of lethal peroxidative damage did not cease after a given irradiation period (10 min in this case), but continued long thereafter, although to a diminishing extent. These results demonstrate the striking “momentum” of post-irradiation chain peroxidation. Surprisingly, many PDT practitioners are still unaware of this light-independent aftermath. The scheme in Figure 4D depicts 1O2-mediated LOOH formation, chain peroxidation induced by iron-catalyzed LOOH reduction, and NO action as a chain breaking antioxidant.



The above evidence in this section was based on an exogenous source of NO, i.e., outside the photodynamically challenged cancer cells. Since many tumor cells generate NO to support survival and growth/migratory expansion, a crucial question is how this endogenous NO might affect PDT, e.g., ALA-based PDT. In initial experiments, breast COH-BR1 cells sensitized in mitochondria with ALA-induced PpIX were exposed to increasing light in the absence vs. presence of L-NAME or 1400W (an iNOS-specific inhibitor), and then examined for viability after 24 h of dark incubation. As shown in Figure 5A, the extent of photokilling was increased by L-NAME and more so by 1400W, suggesting that iNOS/NO was imposing significant resistance.



Immunoblot analyses of surviving cells (still attached) indicted that they not only expressed iNOS, but upregulated it progressively during post-irradiation incubation. The extent of upregulation was light fluence-dependent, reaching ~2 and ~3 times the control level after 20 h for 1 and 2 J/cm2, respectively (Figure 5B). The magnitude of upregulation for each light dose was found to be statistically significant for several replicate experiments [55]. Chemiluminescence-based NO analysis confirmed that iNOS-derived NO was elevated in ALA/light-treated cells. As shown in Figure 5C, a 1400W-inhibitable NO signal was observed in both cells and cell medium. This signal intensified during post-irradiation incubation up to 20 h, consistent with the observed upswing in iNOS level (Figure 5B). Mitochondrial PpIX-sensitized COH-BR1 cells died mainly via intrinsic apoptosis after irradiation. As shown in Figure 5D, the extent of apoptosis increased progressively when a NO scavenger, cPTIO, was present in increasing concentrations during irradiation. Clearly, therefore, photodynamic stress-induced NO was signaling for resistance to apoptotic cell death. Several other human cancer lines, including prostate PC3, glioblastoma U87, and triple negative breast MDA-MB-231 cells have been found to exhibit similar NO-mediated resistance to ALA/light-induced photokilling [56,57,58,59]. In each case, this was accompanied by a rapid and prolonged upregulation of iNOS protein, e.g., ~8-fold for still attached PC3 cells at 20 h after irradiation [57].



These in vitro findings were recently extended to the in vivo level, using female immunodeficient (SCID) mice engrafted with MDA-MB-231 tumors [59]. After intraperitoneal ALA administration, animal tumors were subjected to irradiation using a 633 nm LED source. Tumor size was significantly reduced after PDT treatment compared with non-ALA (light-only) controls. However, when an iNOS inhibitor (1400W or GW274150) was administered before and after irradiation, tumor size decreased even further [59], suggesting that iNOS/NO was imposing resistance to PDT, as had been observed for MDA-MB-321 cells in vitro. iNOS inhibitors had no effect on control tumors, suggesting that pre-existing iNOS/NO was not essential for tumor persistence. Immunoblotting of post-PDT tumor samples revealed a striking upregulation of iNOS which, after 6 h, reached ~5-fold above the unchanged light-control level. Analysis for NO-derived nitrite revealed a strong 1400W-inhibitable increase in this parameter after PDT [59]. This was the first known evidence for increased resistance associated with iNOS/NO induction in a human tumor PDT model.




6. Role of iNOS/NO in Hyper-Aggressiveness of PDT-Surviving Tumor Cells


Due to various complexities, including non-uniform PS or pro-PS distribution and non-uniform delivery of PS-exciting light, not all cancer cells in any given tumor will be lethally damaged by PDT. This situation can be mimicked in vitro by using relatively modest PS and/or light doses such that a significant number of cells remain attached and viable after a PDT-like challenge. Fahey and Girotti [57,58,59] discovered that these cells typically exhibit more aggressive behavior than non-challenged controls. This hyper-aggressiveness has been demonstrated for several human cancer cell types and is manifested by more rapid proliferation, migration, and invasion, each of which is fostered by upregulated NOS/NO. When PC3 cells were monitored over a 3-day period after ALA/light exposure, the viable count decreased progressively, reaching ~60% after 24 h (Figure 6A). When present, 1400W or cPTIO (a NO scavenger) caused a more rapid loss in viable count, which approached ~40% at 24 h. iNOS was upregulated ~8-fold over this time [57], explaining the NO-based resistance revealed by 1400W and cPTIO. This resistance was against apoptotic photokilling, as had been observed for COH-BR1 and MDA-MB-231 cells [59]. When surviving PC3 cells were monitored beyond the 24 h point, a striking (~3-fold) increase in proliferation rate was observed relative to dark (ALA-only) controls (Figure 6A). This growth spurt persisted from at least 24 to 48 h of post-irradiation incubation, but was abolished by 1400W or CPTIO, signifying iNOS/NO involvement (Figure 6A). Flow cytometric cell cycle analysis indicated increasingly greater (but 1400W-inhibitable) S-phase occupancy over a 36 h post-irradiation period. It is clear from these and related findings [57] that DNA doubling time in surviving cells was promoted by iNOS/NO, consistent with their greater proliferation rate. Of added importance was the discovery that photostress-surviving PC3 cells exhibited a remarkable increase in motility as manifested by migration and invasion. As shown in Figure 6B, invasiveness of ALA/light-treated cells, as assessed by trans-membrane (Boyden-type) assay, was at least 50% greater than that of ALA-only controls, and 1400W strongly inhibited this response, implicating iNOS-derived NO as the major driving agent [57]. Similar evidence has been obtained for prostate carcinoma DU-145 cells [57]. Enhanced aggressiveness in response to photodynamic stress has also been observed for other cancer types, e.g., glioblastoma U87 cells. After a mitochondria-centered ALA/light challenge, U87 cells underwent an increasing loss of viability via apoptosis during subsequent dark incubation up to 24 h (Figure 6C). As observed with PC3 cells, U87 apoptosis was also stimulated by 1400W or cPTIO, consistent with iNOS/NO-imposed resistance. Further incubation of surviving (still attached) cells beyond the 24 h point revealed a growth spurt lasting at least another 24 h, the rate being about twice that of control cells (Figure 6C). This spurt was effectively abolished by 1400W or cPTIO, demonstrating major iNOS/NO dependency, as was deduced for the PC3 growth spurt. A large increase in U87 invasiveness was also observed, which was strongly blunted by 1400W (Figure 6D). However, 1400W had no significant effect on control invasiveness, suggesting that the strong increase in photostressed cells was due to iNOS-generated NO, the enzyme being upregulated ~3-fold in these cells [58]. Although significant nNOS was also expressed, it was not upregulated by ALA/light treatment [58], suggesting that stress-induced iNOS was unique in supplying NO for stimulation of growth and migratory aggressiveness.



Matrix metalloproteinases (MMPs) such as MMP-9 catalyze the degradation of collagen and other extracellular matrix (ECM) components, and thus play a key role in cancer cell invasiveness and metastasis [60]. Inherent migration and invasion of many tumor cells is known to be stimulated by MMP-9, which becomes activated by proteolytic cleavage of its externalized precursor, pro-MMP-9 [60,61]. Fahey et al. [57,58] found that MMP-9 activity for ALA/light-stressed PC3 and U87 cells was consistently much higher than that of dark controls, and that iNOS inhibitors blocked this increase. Of added importance was the observation that a tissue inhibitor of metalloproteinases (TIMP-1) was progressively down-regulated in photostresssed PC3 cells, and in a 1400W-inhibitable fashion [57], thus revealing an intricate iNOS/NO-controlled relationship between MMP-9 and TIMP-1 which favored more aggressive invasiveness. Several other proteins that play important roles in tumor expansion exhibited iNOS/NO-dependent upregulation in photostressed PC3 and U87 cells: integrins α6 and β1, survivin, and S100A4 [57,58]. Collectively, these findings demonstrate the cooperative action of several effector proteins in a broad network that fosters tumor cell migration/invasion. It is important to point out that the studies described [57,58] focused exclusively on natural intracellular iNOS/NO as opposed to chemical donor NO or transfected iNOS used in many other studies dealing with NO’s tumor supporting/expanding properties. Thus, the evidence presented in this section is more realistic regarding iNOS/NO involvement, particularly in the context of anti-tumor PDT.




7. Role of NO in PDT-Induced Bystander Effects


As indicated above, most established tumors have defective vascular systems. Therefore, not all tumor cells would be uniformly supplied with an administered PS or pro-PS such as ALA. Moreover, during subsequent irradiation, some cells might only be exposed minimally or not at all due to insufficient light coverage, limited penetration, and scattering. Nevertheless, one could imagine that cells experiencing the greatest photodynamic stress might send signals to non- or minimally stressed neighboring cells (bystanders). Bystander effects are well documented for cancer cells exposed to ionizing radiation [62,63,64], and at least two means of signal transmission have been described: (i) via gap junctions between cells, and (ii) via the medium without actual cell contact [64]. Evidence for the latter has become more available as analytical methods have improved. Various signaling molecules capable of traversing aqueous media have been identified for X- or γ-irradiation, including cytokines [65], H2O2 [66], and NO [65,67,68,69]. Although NO has a short half-life and must be continuously generated to be effective, it differs from H2O2 in having no known enzymatic scavengers. PDT-induced bystander effects were first described about 20 years ago [70] and followed up 10 years later [71,72]. In the latter work, several signaling intermediates other than NO were proposed, e.g., H2O2, and LOOHs. The first studies to consider NO as a mediator of PDT bystander effects were carried out by Bazak et al. [73]. A novel silicone ring-based approach was used for initially separating ALA/light-targeted PC3 cells from non-targeted PC3 bystanders [73]. The rings were removed at some point after irradiation (typically 2–3 h), allowing any stress-upregulated factors to move from targeted cells to naïve bystanders. There was no physical contact between the two populations, so diffusion of signaling molecules through the medium was the only means of intercellular communication. As anticipated from earlier findings [56,57], photostress-withstanding target cells overexpressed iNOS, and its NO stimulated their proliferation and migration. Strikingly similar responses were observed in non-stressed bystanders, i.e., 1400W- and cPTIO-inhibitable iNOS/NO upregulation and faster proliferation and migration. Since the conditioned medium from targeted cells did not elicit these bystander responses [73], it was concluded that NO played the dominant role. Several other tumor-supporting proteins besides iNOS were upregulated in PC3 bystanders, including cyclooxygenase-2 (COX-2) and protein kinases Akt and ERK1/2. Once again, targeted cell iNOS/NO was primarily responsible [73]. These seminal studies on PC3 cells have recently been extended to three other human cancer lines: melanoma BLM, breast MDA-MB-231, and brain U87 [74]. Pre-incubation with ALA was the same for all these cells, but light fluences were varied, meaning that a uniform target cell kill was attained, i.e., ~25% at 24 h after irradiation. iNOS in both cell compartments underwent progressive upregulation over 24 h after irradiation, but to the following extents: PC3 > MDA-MB-231 > U87 > BLM. Proliferation and migration rates of targeted and bystander cells were enhanced in the same order. For example, BLM cells with the lowest iNOS induction exhibited the smallest increase in proliferation/migration rate, whereas PC3 cells with the greatest induction exhibited the greatest rate increase [74]. Thus, bystander aggressiveness increased in direct proportion to the extent of iNOS and NO upregulation in targeted cells that survived the ALA/light insult. A type of relay process is envisaged from these [74] and earlier findings [73], whereby NO overproduced in targeted cells diffuses to naïve bystanders and induces iNOS/NO there. How incoming NO does this in the bystander compartment, is still unknown. These findings suggest a NO “feed-forward” phenomenon that propagates through the bystander population. Such possibilities raise concerns about the tumor-promoting potential of bystander effects if they occur during clinical PDT.




8. Mechanism of iNOS Upregulation by Photodynamic Stress


Bhowmick and Girotti [75], using breast COH-BR1 cells, and Fahey et al. [76], using glioblastoma U87 cells, found that transcription factor NF-κB plays a key role in ALA/light-induced iNOS upregulation. Consistent with this, there was a rapid transfer of NF-κB subunit p65/RelA from cytosol to nucleus of photostressed cells for initiation of iNOS transcription [75,76]. Based on non-PDT studies of others [77], it was postulated that acetylation of specific lysine residue(s) on p65 is required for stimulating it as a transcriptional co-activator. Supporting evidence revealed that lysine-310 on p65 was increasingly acetylated (p65-acK310) in ALA/light-challenged U87 cells [76]. Upon interrogation of upstream signaling events, it was found that p65-acK310 formation was dependent on activation of pro-tumor kinases PI3K and Akt, followed by phosphorylation-activation of acetyltransferase p300. Supporting these sequential activations was the inactivation of tumor-suppressor PTEN, a PI3K antagonist, via intramolecular disulfide bond formation [76]. Elevation of acK310 level by ALA/light treatment was strongly suppressed by C646, an inhibitor of activated p300, confirming the latter’s role in K310 acetylation. Of added importance was the photostress-induced downregulation of sirtuin-1, a deacetylase that regulates gene expression by removing acetyl groups from histones and transcription factors [78]. Along with these responses, there was a striking upregulation of type-4 bromodomain protein (Brd4), an epigenetic reader and transcriptional co-activator for iNOS and other stress-responsive genes [76]. Moreover, K310 acetylation promoted the interaction of Brd4 with p65 for transcriptional stimulation [76]. These findings reveal a remarkably well-coordinated and cooperative upstream signaling network set in motion by photodynamic stress and leading ultimately to overexpression iNOS/NO for enhancement of tumor cell survival and progression. The involvement of key stress signaling cascades and unfolded protein response in the control of NF-κB expression is also well evidenced [79].




9. Pharmacologic Approaches for Mitigating NO’s Anti-PDT Effects


As indicated above, identification of iNOS/NO signaling for a survival, proliferative, and migratory/invasive advantage in tumor cells is typically based on the suppressing effects of specific inhibitors of iNOS activity (1400W, GW274150) or NO scavengers (e.g., cPTIO). Would these pharmacologic agents be similarly effective at the clinical level if used in conjunction with anti-tumor PDT? This appears not to have been attempted yet, but there is good reason to believe that certain iNOS inhibitors would improve clinical PDT efficacy. Two such inhibitors, L-NIL and GW274150, have already been used in clinical trials [80,81], but these had no relationship to cancer or PDT. Instead, the inhibitors were tested for relieving inflammation associated with asthma and neither one had any negative side effects. As indicated in Section 5, GW274150 significantly improved PDT efficacy in breast tumor xenograft model [59], suggesting that this inhibitor might be a good candidate as a PDT adjuvant. Inhibitors of bromodomain/extra-terminal domain (BET) proteins such as Brd4 were introduced about 10 years ago as powerful new means of suppressing tumor persistence and progression at the transcriptional level [82]. These inhibitors function by binding to BET domains, thereby preventing interaction with acK groups on transcription factors (e.g., NF-κB-p65-acK310) or on histones [82,83]. When one such inhibitor, JQ1, at sub-toxic concentration (~0.3 μM), was tested on ALA/light-stressed U87 cells, it (i) synergized with photostress in killing these cells, (ii) strongly inhibited Brd4 interaction with p65-acK310, (iii) prevented iNOS upregulation by photostress, and (iv) prevented surviving cells from becoming hyper-aggressive [84]. Importantly, JQ1 inhibited these negative effects at a concentration ~100-fold lower than that of 1400W or GW274150, making JQ1 much more promising as a PDT adjuvant, especially since it has already been used successfully in conjunction with other anti-cancer therapies [85,86]. Transcriptional upregulation of pro-tumor iNOS/NO in conjunction with PDT and other anti-tumor therapies based on oxidative stress may occur more often than presently realized, thus emphasizing the need for highly effective BET inhibitors like JQ1 as treatment adjuvants.




10. Summary and Perspectives


We have discussed the basic principles of PDT and the advantages it has over other anti-tumor therapies based on oxidative stress. As with other modalities, PDT is often confronted with pre-existing or stress-induced resistance, which inevitably reduces treatment efficacy. As highlighted in this review, low-flux NO generated by tumor cell iNOS plays a major role, not only in this acquired resistance, but also in the enhanced proliferative and migratory aggressiveness of cells that can withstand the photooxidative challenge. We have also described how NO from PDT-targeted cells can induce iNOS/NO in non-targeted bystander cells, making them more aggressive via a NO “feed-forward” process. For most of the in vitro and in vivo studies described, this challenge was imposed by photoexcitation of ALA-induced photosensitizer PpIX in mitochondria. From substantial evidence with different types of human cancer cells, it is now clear that the anti-PDT effects described are not significantly dependent on NO from pre-existing iNOS, but rather NO generated by photostress-upregulated enzyme. Levels of the latter typically remained highly elevated for several hours after photodynamic treatment. These findings are quite unique because for most tumor therapies up to now, the possibility of iNOS overexpression during treatment has not been considered, and nor has the possibility that any NO from upregulated iNOS might be more antagonistic than that from the pre-existing enzyme. We described the underlying mechanism of iNOS induction by photostress for one cancer cell type (glioblastoma), which presumably holds for other types as well. Although less is known about how the resulting NO imposes greater resistance or aggressiveness, some mechanistic information is available. Regarding hyper-resistance, we described NO’s ability to inhibit membrane-damaging lipid peroxidation by intercepting lipid-derived radicals. On the other hand, NO might promote survival, growth, and migration/invasion via signaling pathways. S-nitrosation of specialized cysteine residues on pro-survival vs. anti-survival effector proteins falls into this category, and we provided data from in vivo PDT samples showing that S-nitrosation does occur. Clearly, however, much more needs to be learned about the mechanisms by which iNOS-derived NO can antagonize PDT. Concerns about more aggressive and possibly more metastatic phenotypes of PDT-surviving cells could be mitigated by using inhibitors of iNOS enzymatic activity or iNOS transcription, as pointed out. In the latter category, we discussed the advantages of BET inhibitors like JQ1, and anticipate that administering them as clinical PDT adjuvants will greatly improve treatment efficacy.







Author Contributions


A.W.G. originated and wrote the bulk of manuscript with significant input from M.K. J.M.F. conducted many of the experiments described relating to NO’s anti-PDT effects. All authors have read and agreed to the published version of the manuscript.




Funding


The research of the two first authors was supported by the following grants to A.W.G.: USPHS Grant CA70823, BSC Grant FP12605, and Rock River Grant FP14869 from the MCW Cancer Center. The research of M.K. was funded by the National Cancer Institute of Canada (grant #008386).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All pertinent previously unpublished data is contained within the article (Figure 2 and Figure 3).




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations


PDT, photodynamic therapy; NO, nitric oxide; iNOS, inducible nitric oxide synthase; PS, photosensitizer; ALA, 5-aminolevulinic acid; PpIX, protoporphyrin IX; ROS, reactive oxygen species; 1O2, singlet molecular oxygen; O2−•, superoxide anion radical; 1400W, N-[3 (aminomethyl)benzyl]acetamidine; cPTIO, 2-(4-carboxyphenyl)4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide; SNO, S-nitroso; BET, bromodomain and extra-terminal domain; JQ1, (S)-tert-butyl 2-(4-(4-chlorophenyl)-2,3,9-trimethyl-6H-thieno[3,2-f][1,2,4]triazolo[4,3-a][1,4]diazepin-6-yl) acetate.




References


	



Dougherty, T.J.; Grindey, G.B.; Fiel, R.; Weishaupt, K.R.; Boyle, D.G. Photoradiation therapy II: Cure of animal tumors with hematoporphyrin and light. J. Natl. Cancer Inst. 1975, 55, 115–121. [Google Scholar] [CrossRef]

	



Dougherty, T.J.; Gomer, C.J.; Henderson, B.W.; Jori, G.; Kessel, D.; Korbelik, M.; Moan, J.; Peng, Q. Photodynamic therapy. J. Natl. Cancer Inst. 1998, 90, 889–905. [Google Scholar] [CrossRef]

	



Agostinis, P.; Berg, K.; Cengel, K.A.; Foster, T.H.; Girotti, A.W.; Gollnick, S.O.; Hahn, S.M.; Hamblin, M.R.; Juzeniene, A.; Kessel, D.; et al. Photodynamic therapy of cancer: An update. CA Cancer J. Clin. 2011, 61, 250–281. [Google Scholar] [CrossRef]

	



Benov, L. Photodynamic therapy: Current status and future directions. Med. Pract. 2015, 24, 14–28. [Google Scholar] [CrossRef]

	



Girotti, A.W. Photosensitized oxidation of membrane lipids: Reaction pathways, cytotoxic effects, and cytoprotective mechanisms. J. Photochem. Photobiol. B 2001, 63, 103–113. [Google Scholar] [CrossRef]

	



Kennedy, J.C.; Pottier, R.H. Endogenous protoporphyrin IX, a clinically useful photosensitizer for photodynamic therapy. J. Photochem. Photobiol. B 1992, 14, 275–292. [Google Scholar] [CrossRef]

	



Peng, Q.; Berg, K.; Moan, J.; Kongshaug, M.; Nesland, J.M. 5-Aminolevulinic acid-based photodynamic therapy: Principles and experimental research. Photochem. Photobiol. 1997, 65, 235–251. [Google Scholar] [CrossRef] [PubMed]

	



Kim, R. Recent advances in understanding the cell death pathways activated by anticancer therapy. Cancer 2005, 103, 1551–1560. [Google Scholar] [CrossRef]

	



Siddik, Z.H. Cisplatin: Mode of cytotoxic action and molecular basis of resistance. Oncogene 2003, 22, 7265–7279. [Google Scholar] [CrossRef]

	



Hei, T.K.; Show, H.; Chai, Y.; Ponnaiya, B.; Ivanov, V.N. Radiation-induced non-targeted response: Mechanism and potential clinical implications. Curr. Mol. Pharmacol. 2011, 4, 96–105. [Google Scholar] [CrossRef] [PubMed]

	



Casas, A.; DiVenosa, G.; Hasan, T. Mechanisms of resistance to photodynamic therapy. Curr. Med. Chem. 2011, 18, 2486–2515. [Google Scholar] [CrossRef]

	



Palasuberniam, P.; Yang, X.; Kraus, D.; Jones, P.; Myers, K.A.; Chen, B. ABCG2 transporter inhibitor restores the sensitivity of triple negative breast cancer cells to aminolevulinic acid-mediated photodynamic therapy. Sci. Rep. 2015, 5, 13298. [Google Scholar] [CrossRef]

	



Thomas, D.D.; Liu, X.; Kantrow, S.P.; Lancaster, J.R., Jr. The biological lifetime of nitric oxide: Implications for the perivascular dynamics of NO and O2. Proc. Natl. Acad. Sci. USA 2011, 98, 355–360. [Google Scholar] [CrossRef]

	



Wink, D.A.; Mitchell, J.B. Chemical biology of nitric oxide: Insights into the regulatory, cytotoxic, and cytoprotective mechanisms of nitric oxide. Free Rad. Biol. Med. 1998, 25, 434–456. [Google Scholar] [CrossRef]

	



Thomas, D.D.; Ridnour, L.A.; Isenberg, J.S.; Flores-Santana, W.; Switzer, C.H.; Donzelli, S.; Hussain, P.; Vecoli, C.; Paolocci, N.; Ambs, S.; et al. The chemical biology of nitric oxide: Implications in cellular signaling. Free Rad. Biol. Med. 2008, 45, 18–31. [Google Scholar] [CrossRef]

	



Gantner, B.N.; LaFond, K.M.; Bonini, M.G. Nitric oxide in cellular adaptation and disease. Redox Biol. 2020, 34, 101550. [Google Scholar] [CrossRef] [PubMed]

	



Knowles, R.G.; Moncada, S. Nitric oxide synthases in mammals. Biochem. J. 1994, 298, 249–258. [Google Scholar] [CrossRef] [PubMed]

	



Alderton, W.K.; Cooper, C.E.; Knowles, R.G. Nitric oxide synthases: Structure, function and inhibition. Biochem. J. 2001, 357, 593–615. [Google Scholar] [CrossRef]

	



Burke, A.J.; Sullivan, F.J.; Giles, F.J.; Glynn, S.A. The yin and yang of nitric oxide in cancer progression. Carcinogenesis 2013, 34, 503–512. [Google Scholar] [CrossRef]

	



Vannini, F.; Kashfi, K.; Nath, N. The dual role of iNOS in cancer. Redox Biol. 2015, 6, 334–343. [Google Scholar] [CrossRef] [PubMed]

	



Heinrich, T.A.; da Silva, R.S.; Miranda, K.M.; Switzer, C.H.; Wink, D.A.; Fukuto, J.M. Biological nitric oxide signaling: Chemistry and terminology. Br. J. Pharmacol. 2013, 169, 1417–1429. [Google Scholar] [CrossRef] [PubMed]

	



Kamm, A.; Przychodzen, P.; Kuban-Jankowska, A.; Jacewicz, D.; Dabrowska, A.M.; Nussberger, S.; Wozniak, M.; Gorska-Ponikowska, M. Nitric oxide and its derivatives in the cancer battlefield. Nitric Oxide 2019, 93, 102–114. [Google Scholar] [CrossRef] [PubMed]

	



Switzer, C.H.; Glynn, S.A.; Ridnour, L.A.; Cheng, R.Y.; Vitek, M.P.; Ambs, S.; Wink, D.A. Nitric oxide and protein phosphatase 2A provide novel therapeutic opportunities in ER-negative breast cancer. Trends Pharmacol. Sci. 2011, 32, 644–651. [Google Scholar] [CrossRef] [PubMed]

	



Forrester, K.; Ambs, S.; Lupold, S.E.; Kapust, R.B.; Spillare, E.A.; Weinberg, W.C.; Felley-Bosco, E.; Wang, X.W.; Geller, D.A.; Tzeng, E.; et al. Nitric oxide-induced p53 accumulation and regulation of inducible nitric oxide synthase expression by wild-type p53. Proc. Natl. Acad. Sci. USA 1996, 93, 2442–2447. [Google Scholar] [CrossRef] [PubMed]

	



Calmels, S.; Hainaut, P.; Ohshima, H. Nitric oxide induces conformational and functional modifications of wild-type p53 tumor suppressor protein. Cancer Res. 1997, 57, 3365–3369. [Google Scholar]

	



Ambs, S.; Merriam, W.G.; Ogunfusika, M.O.; Bennett, W.P.; Ishibe, N.; Hussain, S.P.; Tzeng, E.E.; Geller, D.A.; Billiar, T.R.; Harris, C.C. p53 and vascular endothelial growth factor regulate tumor growth of NOS2-expressing human carcinoma cells. Nat. Med. 1998, 4, 1371–1376. [Google Scholar] [CrossRef] [PubMed]

	



Diers, A.R.; Keszler, A.; Hogg, N. Detection of S-nitrosothiols. Biochim. Bipphys. Acta 2014, 1840, 892–900. [Google Scholar] [CrossRef]

	



Wynia-Smith, S.L.; Smith, B.C. Nitrosothiol formation and S-nitrosation signaling through nitric oxide synthases. Nitric Oxide 2017, 63, 52–60. [Google Scholar] [CrossRef]

	



Rizza, S.; Filomeni, G. Exploiting S-nitrosylation for cancer therapy: Facts and perspectives. Biochem. J. 2020, 477, 3649–3672. [Google Scholar] [CrossRef]

	



Park, H.-S.; Yu, J.-W.; Cho, J.-H.; Kim, M.-S.; Huh, S.-H.; Ryoo, K.; Choi, E.-K. Inhibition of apoptosis signal-regulating kinase 1 by nitric oxide through a thiol redox mechanism. J. Biol. Chem. 2004, 279, 7584–7590. [Google Scholar] [CrossRef]

	



Azad, N.; Vallyathan, V.; Wang, L.; Tantishaiyakul, V.; Stehlik, C.; Leonard, S.S.; Rojanasakul, Y. S-nitrosylation of Bcl-2 inhibits its ubiquitin-proteasomal degradation: A novel antiapoptotic mechanism that suppresses apoptosis. J. Biol. Chem. 2006, 281, 34124–34134. [Google Scholar] [CrossRef]

	



Guan, W.; Sha, J.; Chen, X.; Xing, Y.; Yan, J.; Wang, Z. S-nitrosylation of mitogen activated protein kinase phosphatase-1 suppresses radiation-induced apoptosis. Cancer Lett. 2012, 314, 137–146. [Google Scholar] [CrossRef]

	



Kwak, Y.D.; Ma, T.; Diao, S.; Zhang, X.; Chen, Y.; Hsu, J.; Lipton, S.A.; Masliah, E.; Xu, H.; Liao, F.F. NO signaling and S-nitrosylation regulate PTEN inhibition in neurodegeneration. Mol. Neurodegener. 2010, 5, 49. [Google Scholar] [CrossRef] [PubMed]

	



Henderson, B.W.; Sitnik-Busch, T.M.; Vaughn, L.A. Potentiation of photodynamic therapy antitumor activity in mice by nitric oxide synthase inhibition is fluence rate dependent. Photochem. Photobiol. 1999, 70, 64–71. [Google Scholar] [CrossRef]

	



Korbelik, M.; Shibuya, H.; Cecic, I. Relevance of nitric oxide to the response of tumors to photodynamic therapy. SPIE Proc. 1998, 3247, 98–105. [Google Scholar]

	



Korbelik, M.; Parkins, C.S.; Shibuya, H.; Cecic, I.; Stratford, R.M.L.; Chaplin, D.J. Nitric oxide production by tumor tissue: Impact on the response to photodynamic therapy. Br. J. Cancer 2000, 82, 1835–1843. [Google Scholar] [CrossRef] [PubMed]

	



Reeves, K.L.; Reed, M.W.R.; Brown, N.J. The role of nitric oxide in the treatment of tumours with aminolaevulinic acid-induced photodynamic therapy. J. Photochem. Photobiol. B 2010, 101, 224–232. [Google Scholar] [CrossRef] [PubMed]

	



Beckman, J.S.; Koppenol, W.H. Nitric oxide, superoxide, and peroxinitrite: The good, the bad, and ugly. Am. J. Physiol. 1996, 271, C1424–C1437. [Google Scholar] [CrossRef]

	



Shahani, M.; Sawa, A. Protein S-nitrosylation: Role for nitric oxide signaling in neuronal death. Biochim. Biophys. Acta 2012, 1820, 736–742. [Google Scholar] [CrossRef]

	



Eiserich, J.P.; Hristova, M.; Cross, C.E.; Jones, A.D.; Freeman, B.A.; Halliwell, B.; van der Vliet, A. Formation of nitric oxide-derived inflammatory oxidants by myeloperoxidase in neutrophils. Nature 1988, 391, 393–407. [Google Scholar] [CrossRef]

	



Krosl, G.; Korbelik, M.; Dougherty, G.J. Induction of immune cell infiltration into murine SCCVII tumor by Photofrin-based photodynamic therapy. Br. J. Cancer 1995, 71, 549–555. [Google Scholar] [CrossRef] [PubMed]

	



Korbelik, M.; Cooper, P.D. Potentiation of photodynamic therapy by complement: The effect of γ-inulin. Br. J. Cancer 2007, 96, 67–72. [Google Scholar] [CrossRef] [PubMed]

	



Sluiter, W.; Korbelik, M.; Cecic, I.; de Wit, E. Neutrophil-mediated oxidative and non-oxidative stress in tumors treated by photodynamic therapy. In Proceedings of the 30th Annual Meeting of the American Society for Photobiology, Quebec City, QC, Canada, 13–17 July 2002. [Google Scholar]

	



Cecic, I.; Korbelik, M. Mediators of peripheral blood neutrophilia induced by photodynamic therapy of solid tumors. Cancer Lett. 2002, 183, 43–51. [Google Scholar] [CrossRef]

	



Bourassa, J.; DeGraff, W.; Kudo, S.; Wink, D.A.; Mitchell, J.B.; Ford, P.C. Photochemistry of Roussin’s Red Salt, Na2[Fe2S2(NO)4], and Roussin’s Black Salt, NH4[Fe4S3(NO)7]. In situ nitric oxide generation to sensitize γ-radiation induced cell death. J. Am. Chem. Soc. 1997, 119, 2853–2860. [Google Scholar] [CrossRef]

	



Burton, G.W.; Ingold, K.U. Vitamin E as an in vitro and in vivo antioxidant. Ann. N. Y. Acad. Sci. 1989, 570, 7–22. [Google Scholar] [CrossRef] [PubMed]

	



Rubbo, H.; Radi, R.; Trujillo, M.; Telleri, R.; Kalyanaraman, B.; Barnes, S.; Kirk, M.; Freeman, B.A. Nitric oxide regulation of superoxide and peroxynitrite-dependent lipid peroxidation: Formation of novel nitrogen-containing oxidized lipid derivatives. J. Biol. Chem. 1994, 269, 26066–26075. [Google Scholar] [CrossRef]

	



Rubbo, H.; Parthasarathy, S.; Barnes, S.; Kirk, M.; Kalyanaraman, B.; Freeman, B.A. Nitric oxide inhibition of lipoxygenase-dependent liposome and low-density lipoprotein oxidation: Termination of radical chain propagation reactions and formation of nitrogen-containing oxidized lipid derivatives. Arc. Biochem. Biophys. 1995, 324, 15–25. [Google Scholar] [CrossRef] [PubMed]

	



Kelley, E.E.; Wagner, B.A.; Buettner, G.R.; Burns, C.P. Nitric oxide inhibits iron-induced lipid peroxidation in HL-60 cells. Arch. Biochem. Biophys. 1999, 370, 97–104. [Google Scholar] [CrossRef] [PubMed]

	



Korytowski, W.; Zareba, M.; Girotti, A.W. Inhibition of free radical-mediated cholesterol peroxidation by diazeniumdiolate-derived nitric oxide: Effect of release rate on mechanism of action in a membrane system. Chem. Res. Toxicol. 2000, 13, 1265–1274. [Google Scholar] [CrossRef]

	



Korytowski, W.; Geiger, P.G.; Girotti, A.W. Lipid hydroperoxide analysis by high performance liquid chromatography with mercury cathode electrochemical detection. Methods Enzymol. 1999, 300, 23–33. [Google Scholar]

	



Korytowski, W.; Wrona, M.; Girotti, A.W. Radiolabeled cholesterol as a reporter for assessing one-electron turnover of lipid hydroperoxides. Anal. Biochem. 1999, 270, 123–132. [Google Scholar] [CrossRef] [PubMed]

	



Niziolek, M.; Korytowski, W.; Girotti, A.W. Nitric oxide inhibition of free radical-mediated lipid peroxidation in photodynamically treated membranes and cells. Free Radic. Biol. Med. 2003, 34, 997–1005. [Google Scholar] [CrossRef]

	



Niziolek, M.; Korytowski, W.; Girotti, A.W. Chain-breaking antioxidant and cytoprotective action of nitric oxide on photodynamically stressed tumor cells. Photochem. Photobiol. 2003, 78, 262–270. [Google Scholar] [CrossRef]

	



Bhowmick, R.; Girotti, A.W. Cytoprotective induction of nitric oxide synthase in a cellular model of 5-aminolevulinic acid-based photodynamic therapy. Free Radic. Biol. Med. 2010, 48, 1296–1301. [Google Scholar] [CrossRef] [PubMed]

	



Bhowmick, R.; Girotti, A.W. Pro-survival and pro-growth effects of stress-induced nitric oxide in a prostate cancer photodynamic therapy model. Cancer Lett. 2014, 343, 115–122. [Google Scholar] [CrossRef]

	



Fahey, J.M.; Girotti, A.W. Accelerated migration and invasion of prostate cancer cells after a photodynamic therapy-like challenge: Role of nitric oxide. Nitric Oxide 2015, 49, 47–55. [Google Scholar] [CrossRef] [PubMed]

	



Fahey, J.M.; Emmer, J.V.; Korytowski, W.; Hogg, N.; Girotti, A.W. Antagonistic effects of endogenous nitric oxide in a glioblastoma photodynamic therapy model. Photochem. Photobiol. 2016, 92, 842–853. [Google Scholar] [CrossRef]

	



Fahey, J.M.; Girotti, A.W. Nitric oxide-mediated resistance to photodynamic therapy in a human breast tumor xenograft model: Improved outcome with NOS2 inhibitors. Nitric Oxide 2017, 62, 52–61. [Google Scholar] [CrossRef]

	



Stamenkovic, I. Matrix metalloproteinases in tumor invasion and metastasis. Semin. Cancer Biol. 2000, 10, 415–433. [Google Scholar] [CrossRef] [PubMed]

	



Bjorklund, M.; Koivunen, E. Gelatinase-mediated migration and invasion of cancer cells. Biochim. Biophys. Acta 2005, 1755, 37–69. [Google Scholar] [CrossRef]

	



Azzam, E.I.; de Toledo, S.M.; Little, J.B. Stress signaling from irradiated to non-irradiated cells. Curr. Cancer Drug Targets 2006, 4, 53–64. [Google Scholar] [CrossRef] [PubMed]

	



Baskar, R. Emerging role of radiation-induced bystander effects: Cell communications and carcinogenesis. Genome Integr. 2010, 1, 13. [Google Scholar] [CrossRef]

	



Hei, T.K.; Zho, H.; Ivanov, V.N.; Hong, M.; Lieberman, H.B.; Brenner, d.J.; Amundson, S.A.; Geard, C.R. Mechanism of radiation-induced bystander effects: A unifying model. J. Pham. Pharmacol. 2008, 60, 943–950. [Google Scholar] [CrossRef]

	



Shao, C.; Folkard, M.; Prise, K.M. Role of TGF-beta1 and nitric oxide in the bystander response of irradiated glioma cells. Oncogene 2008, 27, 434–440. [Google Scholar] [CrossRef] [PubMed]

	



Pelle, E.; Mammone, T.; Maes, D.; Frenkel, K. Keratinocytes act as a source of reactive oxygen species by transferring hydrogen peroxide to melanocytes. J. Investig. Dermatol. 2005, 124, 793–797. [Google Scholar] [CrossRef] [PubMed]

	



Matsumoto, H.; Hayashi, S.; Hatashita, M.; Ohnishi, K.; Shioura, H.; Ohtsubo, T.; Kitai, R.; Ohnishi, T.; Kano, E. Induction of radioresistance by a nitric oxide-mediated bystander effect. Radiat. Res. 2001, 155, 387–396. [Google Scholar] [CrossRef]

	



Shao, C.; Stewart, V.; Folkard, M.; Michael, B.D.; Prise, K.M. Nitric oxide-mediated signaling in the bystander response of individually targeted glioma cells. Cancer Res. 2003, 63, 8437–8442. [Google Scholar]

	



Yakovlev, V.A. Role of nitric oxide in the radiation-induced bystander effect. Redox Biol. 2015, 6, 396–400. [Google Scholar] [CrossRef]

	



Dahle, J.; Bagdonas, S.; Kaalhus, O.; Olsen, G.; Steen, H.B.; Moan, J. The by stander effect in photodynamic inactivation of cells. Biochim. Biophys. Acta 2000, 1475, 273–280. [Google Scholar] [CrossRef]

	



Chakraborty, A.; Held, K.D.; Prise, K.M.; Liber, H.L.; Redmond, R.W. Bystander effects induced by diffusing mediators after photodynamic stress. Radiat. Res. 2009, 172, 74–81. [Google Scholar] [CrossRef]

	



Rubio, N.; Rajadurai, A.; Held, K.D.; Prise, K.M.; Liber, H.L.; Redmond, R.W. Real-time imaging of novel spatial and temporal responses to photodynamic stress. Free Radic. Biol. Med. 2009, 47, 283–290. [Google Scholar] [CrossRef] [PubMed]

	



Bazak, J.; Fahey, J.M.; Wawak, K.; Korytowski, W.; Girotti, A.W. Enhanced aggressiveness of bystander cells in an anti-tumor photodynamic therapy model: Role of nitric oxide produced by targeted cells. Free Radic. Biol. Med. 2017, 102, 111–121. [Google Scholar] [CrossRef] [PubMed]

	



Bazak, J.; Korytowski, W.; Girotti, A.W. Bystander effects of nitric oxide in cellular models of anti-tumor photodynamic therapy. Cancers 2019, 11, 1674. [Google Scholar] [CrossRef]

	



Bhowmick, R.; Girotti, A.W. Cytoprotective signaling associated with nitric oxide upregulation in tumor cells subjected to photodynamic therapy-like oxidative stress. Free Radic. Biol. Med. 2013, 57, 39–48. [Google Scholar] [CrossRef] [PubMed]

	



Fahey, J.M.; Korytowski, W.; Girotti, A.W. Upstream signaling events leading ot elevated production of pro-survival nitric oxide in photodynamically-challenged glioblastoma cells. Free Radic. Biol. Med. 2019, 137, 37–45. [Google Scholar] [CrossRef] [PubMed]

	



Zhow, Z.; Huang, B.; Wu, X.; Zhang, H.; Qi, J.; Bradner, J.; Nair, S.; Chen, L.F. Brd4 maintains constitutively active NF-κB in cancer cells by binding to acetylated Rel A. Oncogene 2014, 33, 2395–2404. [Google Scholar]

	



Kleszcz, R.; Paluszczak, J.; Baer-Dubowska, D. Targeting aberrant cancer metabolism: The role of sirtuins. Pharmacol. Rep. 2015, 67, 1068–1080. [Google Scholar] [CrossRef] [PubMed]

	



Korbelik, M. Role of cell stress signaling networks in cancer cell death and antitumor immune response following proteotoxic injury inflicted by photodynamic therapy. Lasers Surg. Med. 2018, 50, 491–498. [Google Scholar] [CrossRef]

	



Hansel, T.T.; Kharitonov, S.A.; Donnelly, L.E.; Erin, E.M.; Currie, M.G.; Moore, W.M.; Manning, P.T.; Recker, D.P.; Barnes, P.J. A selective inhibitor of inducible nitric oxide synthase inhibits exhaled breath nitric oxide in healthy volunteers and asthmatics. FASEB J. 2003, 17, 1298–1317. [Google Scholar] [CrossRef] [PubMed]

	



Singh, D.; Richards, D.; Knowles, R.G.; Schwartz, S.; Woodcock, A.; Langley, S.; O’Connor, B.J. Selective inducible nitric oxide synthase inhibition has no effect on allergen challenge in asthma. Am. J. Respir. Crit. Care Med. 2007, 176, 988–993. [Google Scholar] [CrossRef]

	



Filippakopoulos, P.; Qi, J.; Picaud, S.; Shen, Y.; Smith, W.B.; Fedorov, O.; Morse, E.M.; Keates, T.; Hickman, T.T.; Felletar, I.; et al. Selective inhibition of BET bromodomains. Nature 2010, 468, 1067–1073. [Google Scholar] [CrossRef]

	



Filippakopoulos, P.; Knapp, S. Targeting bromodomains: Epigenetic readers of lysing acetylation. Nat. Rev. Drug Discov. 2014, 13, 337–356. [Google Scholar] [CrossRef] [PubMed]

	



Fahey, J.M.; Stancill, J.S.; Smith, B.C.; Girotti, A.W. Nitric oxide antagonism to glioblastoma photodynamic therapy and mitigation thereof by BET bromodomain inhibitor JQ1. J. Biol. Chem. 2018, 293, 5345–5359. [Google Scholar] [CrossRef]

	



Wang, J.; Wang, Y.; Mei, H.; Yin, Z.; Geng, Y.; Zhang, T.; Wu, G.; Lin, Z. The BET bromodomain inhibitor JQ1 radiosensitizes non-small cell lung cancer cells by upregulating p21. Cancer Lett. 2017, 391, 141–151. [Google Scholar] [CrossRef] [PubMed]

	



Miller, A.L.; Garcia, P.L.; Yoon, K.J. Developing effective combination therapy for pancreatic cancer: An overview. Pharmacol. Res. 2020, 155, 104740. [Google Scholar] [CrossRef] [PubMed]








[image: Pharmaceutics 13 00593 g001 550] 





Figure 1. Photoexcitation of a sensitizing agent to a relatively long-lived triplet state (T1), which can initiate Type I (free radical-mediated) or Type II (singlet oxygen-mediated) reactions. Reproduced with permission from [4], Karger, 2015. 
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Figure 2. Immunohistochemical detection of S-nitrosated proteins in tumors after temoporfin-PDT. Mouse FsaR fibrosarcomas growing in syngeneic C3H/HeN mice were PDT treated (temoporfin 0.1 mg/kg iv. followed 24 h later by 35 J/cm2 of 650 ± 10 nm light) as described previously [42]. Tumor tissue sections (5 μm) collected at 1 (b), 2 (c), and 4 (d) hours after PDT light treatment, as well as control (untreated) tumors (a) were stained with rabbit antiserum to S-nitrocysteine (Alexis Biochemicals), following manufacturer’s instructions. Magnification: 400×. (M. Korbelik, unpublished data). 
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Figure 3. Roussin’s black salt (RBS)-enhanced efficacy of tumor PDT. Mouse EMT6 mammary sarcomas were treated with Photofrin-PDT (Photofrin: 5 mg/kg; 120 J/cm2 of 630 ± 10 nm light; fluence rate: 100 mW/cm2). One group of tumor-bearing mice was also given RBS (20 μmol/kg, ip.) 30 min before PDT light. This light-induced, NO releasing drug was provided by Drs. J. Bourassa and P. Ford (Dept. of Chemistry, University of California-Santa Barbara). The mice were observed afterwards for signs of tumor recurrence and those remaining tumor-free at 90 days post PDT were considered cured. The treatment with RBS alone provided no significant effect on tumor response (not shown). The difference in response between PDT-only and PDT + RBS group is statistically significant (p < 0.05). (M. Korbelik, unpublished data). 
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Figure 4. Nitric oxide-imposed resistance to free radical-mediated photokilling of human breast cancer cells. COH-BR1 cells in DME/F12 medium were membrane-labeled with [14C]cholesterol, then dark-incubated with 1 mM ALA for 15 min, followed by 215 min without ALA. During the latter, most of the ALA-induced PpIX diffused from mitochondria to plasma membrane. After switching to fresh medium lacking or containing SPNO (0.4 mM), cells were irradiated for the indicated times (light fluence rate: 1.2 mW/cm2). (A) Ho258-assessed viability at 5 h post-irradiation. ALA/light (○), ALA/SPNO/light (•), ALA/spent SPNO/light (x); mean values (n = 2). (B) Various [14C]ChOX species determined for cells irradiated as in (A), but lacking or containing Fe(HQ)3 (0.5 μM). ChOOH: total cholesterol hydroperoxide. Plotted values: means ± deviation (n = 2); * p < 0.05 vs. ALA/hν; ** p < 0.05 vs. ALA/Fe/hν. (C) Post-irradiation effects of NO on cell viability. SPNO (0.4 mM) was either absent or added immediately after irradiation or at indicated post-hν times. Plot: protection relative to viability of dark controls. (D) Scheme showing 1O2-mediated formation of primary LOOHs, chain peroxidation induced by iron-catalyzed LOOH reduction, and NO interception of lipid-derived radicals. Reproduced with permission from [54], Wiley, 2003. 
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Figure 5. Mitochondria-targeted photokilling of breast cancer cells: protective effects of endogenous iNOS/NO. COH-BR1 cells in serum-free medium were sensitized with PpIX in mitochondria by dark-incubating with 1 mM ALA for 45 min, then switched to ALA-free medium without or with L-NAME (1 mM) or 1400W (10 μM), and exposed to increasing light fluences up to 2 J/cm2. (A) MTT-assessed viability 20 h after switching irradiated cells to 1% serum-containing medium; means ± SD (n = 3) (B) iNOS Western blots for surviving cells at 1, 2, 4, and 20 h after the indicated light fluences; DC, dark control. (C) Chemiluminescence-based determination of NO in cells and cell media 4 and 20 h after ALA/light compared with ALA-only or light-only control. * p < 0.005 vs. ALA(20).** p < 0.0001 vs. ALA(20). # p < 0.001 vs. ALA/hv(20). (D) cPTIO-enhanced apoptotic photokilling; means ± SD (n = 3). Reproduced from [54], Wiley, 2003. Reproduced with permission from [55], Elsevier; 2010. 
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Figure 6. Post-ALA/light survival, proliferation, and invasion properties of prostate and brain cancer cells: iNOS/NO-dependent enhancements. (A) Prostate PC3 cells were subjected to an ALA/light challenge (1 J/cm2) in the absence vs. presence of 25 μM 1400W (W) or 25 μM cPTIO (cP); DC: ALA-only-dark control. At varying post-irradiation times up to 72 h, viable cell count relative to time zero was determined by MTT assay; means ± SD (n = 3). (B) Surviving PC3 invasiveness over a 48 h post-irradiation period: effects of 1400W; * p < 0.05 vs. ALA; ** p < 0.05 vs. ALA/hν. (C) Glioblastoma U87 cells were exposed to ALA/light (1 J/cm2) in the absence vs. presence of 1400W or cPTIO as in (A), after which viability was measured over 48 h. (D) Surviving U87 cell invasiveness; means ± SD (n = 3); ** p < 0.01 vs. ALA/hν. Reproduced with permission from [57], Elsevier, 2015. Reproduced from [58], Wiley, 2016. 
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