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Introduction

Nitric oxide (NO) is a short-lived bioactive free radical molecule 
that diffuses freely in H

2
O and tends to localize in hydrophobic 

milieux such as cellular membranes [1,2]. Many malignant tumors 
and supporting stroma express inducible nitric oxide synthase 
(iNOS) which generates nitric oxide (NO) at low levels to activate 
pro-survival and pro-migration/invasion signaling pathways 
[3,4]. Endogenous NO can also elicit resistance to anti-tumor 
radiotherapy or chemotherapy [5]. Several years ago, researchers 
in the author’s laboratory discovered that this also applies to anti-
tumor photodynamic therapy (PDT).

PDT was introduced in the mid-1970s as an innovative new 
approach for selectively eradicating solid tumors via the 
generation of cytotoxic reactive oxygen species (ROS). Functional 
PDT requires (i) A photosensitizing agent (PS), (ii) PS-exciting 
light, and (iii) Molecular oxygen [6]. Most PSs are innocuous until 
photoactivated, and PDT has few (if any) negative side effects, 
unlike chemo- or radiotherapy. Specificity is optimized by tumor-
localizing PSs and focused far visible-to-near infrared light delivery 
via fiber-optics. Among several clinically-effective PSs, Photofrin®, 
was the first to receive FDA approval ˜25 years ago [7]. Pro-PSs 
also exist, the most prominent example being 5-aminolevulinic 
acid (ALA), which is metabolized to active PS, protoporphyrin 
IX (PpIX) via the heme biosynthetic pathway, PpIX accumulating 
initially in mitochondria [8].

Hyper-resistance due to PDT-upregulated iNOS/NO

Many cancers exhibit an innate or acquired resistance to various 
types of chemotherapy or radiotherapy [9] and it is now clear 
that resistance mechanisms also exist for PDT. How endogenous 
NO might affect PDT efficacy was first investigated ca. 22 years 
ago by two groups using various mouse-borne syngeneic tumors 
sensitized with Photofrin® [10,11]. It was found that PDT-induced 
tumor suppression could be much improved when non-specific 
inhibitors of nitric oxide synthase (NOS) activity (e.g., L-NNA 
or L-NAME) were present during irradiation. Tumors with the 
highest constitutive NO output exhibited the greatest sensitivity 
to NOS inhibition [11]. More recent work with ALA/light-treated 
tumors produced similar findings [12]. The mechanistic reasoning 
for all these early findings was that NO-induced vasodilation 
was counteracting PDT’s anti-tumor vasoconstrictive effects 
[10-12]. However, at least two questions remained unanswered: 
(i) Whether constitutive/basal NOS/NO is sufficient for hyper-
resistance and (ii) Which of the three NOS isoforms (1,2) might 
be most important. 

Several years ago, the Girotti AW, et al. (2010) group found 
that the iNOS isoform (NOS

2
), was the principal source of 

NO associated with tumor cell resistance to PDT [13,14]. Here, 
the term PDT denotes photodynamic “treatment” rather than 
“therapy”, since these studies were carried out in vitro using 
cultured human cancer cells (breast, prostate). Importantly, the 
observed hyper-resistance was mainly due to PDT-upregulated 
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iNOS rather than pre-existing/constitutive enzyme. At the time, 
such a finding about iNOS/NO was unprecedented for any type 
of cancer therapy. ALA-induced PpIX was the PS used in these 
studies [13,14], so it’s important to note that any PpIX exported 
via the ABCG2 transporter [15] could have also imparted 
resistance, but in this case not in response to photodynamic stress. 
Recognition of iNOS/NO involvement in PDT resistance was 
based on experimental findings such as the following: (i) strong 
mitigation by iNOS activity inhibitors (1400W, GW274150) or 
an NO scavenger (cPTIO); (ii) prevention by siRNA-based iNOS 
knockdown, (iii) “rescuing” iNOS-knockdown cells with GSNO, 
a chemical NO donor [13,14,16].

In 2017, the above in vitro findings were substantiated at the in 
vivo level. Immunodeficient (SCID) female mice bearing human 
breast MDA-MB-231 tumor xenografts were sensitized with 
ALA-induced PpIX and irradiated with 630 nm LED light. This 
caused a significant slowdown in tumor growth over a 12-day 
post-irradiation period. Administration of 1400W or GW274150 
during this period slowed growth even further, consistent with 
iNOS/NO-dependent resistance [17]. Immunoblot and NO 
analyses on post-PDT tumor samples revealed a progressive 
increase in iNOS expression and NO output (each reaching 5-6-
fold over starting level at 6 h post-PDT). A light-only control was 
unresponsive to 1400W, indicating that overexpressed, but not 
basal iNOS/NO, was promoting tumor growth/persistence after a 
PDT challenge [17]. Consistently, anti-apoptotic Bcl-xL, Survivin, 
and S100A4 underwent 1400W-inhibitable upregulation after 
the challenge, whereas pro-apoptotic Bax was down-regulated [17]. 
Collectively, this was the first known evidence for an anti-tumor 
therapy being opposed by the iNOS/NO that it can induce.

Hyper-aggressiveness due to PDT upregulated iNOS/NO

In addition to resisting eradication, certain tumor cells that survive 
PDT stress have been found to exhibit more aggressive behavior 
than non-treated controls. For example, when human prostate 
cancer PC3 cells remaining alive (attached) after an ALA/light 
challenge were continuously monitored beyond 24 hr, a strikingly 
(˜3-fold) increase in proliferation rate was observed relative to 
dark (ALA-only) controls [18]. This growth spurt was abolished 
by 1400W or cPTIO, signifying iNOS/NO involvement. Of 
added significance was the discovery that surviving PC3 cells were 
more motile, as manifested by increased migration and invasion 
rates, iNOS/NO again playing a key driving role [18]. Enhanced 
iNOS/NO-mediated resistance as well as growth and migratory 
aggressiveness has also been observed for human glioblastoma U87 
cells that can withstand PDT stress [19]. For example, in addition 
to resisting mitochondria-initiated apoptosis, PDT-surviving U87 
cells underwent a strong growth and invasiveness spurt which, 
as with PC3 cells, was 1400W-inhibitable, demonstrating iNOS/
NO-dependency [19]. Importantly, this dependency was on 
stress-upregulated iNOS (>3-fold at 24 hr post-PDT) rather than 

background iNOS, which was unaffected by 1400W. Matrix 
metalloproteinases (MMPs) are known to play a key role in 
cancer cell invasiveness and metastasis. ALA/light stress markedly 
increased MMP-9 activity of ALA/light-stressed PC3 and U87 
cells, inhibition by 1400W, signifying iNOS/NO dependency 
[19]. Moreover, expression of MMP-9 inhibitor, TIMP-1, was 
progressively reduced, demonstrating cooperative responses that 
promoted surviving cell migration/invasion [19]. When obtained, 
these findings [18,19] were unique in the field of PDT and other 
oxidative stress-based cancer therapies.       

PDT-induced bystander effects

Another example of how iNOS/NO can antagonize PDT was first 
described in 2017, viz. bystander effects [20]. It was hypothesized 
that NO from heavily PDT-targeted cells in a tumor would diffuse 
to non- or poorly-targeted counterparts (bystanders), thereby 
stimulating growth/migration of the latter. A novel testing 
approach was devised whereby ALA/light-targeted PC3 cells on 
a large culture dish were initially separated from non-targeted 
PC3 bystanders within silicone-rimmed rings. At some point 
after irradiation, rings were removed, allowing diffusible effectors 
like NO to diffuse from targeted to bystander cells, which made 
no physical contact. A striking iNOS upregulation and increase 
in migration/invasion rate was observed in bystander as well 
as targeted cells. cPTIO prevented these effects, indicating that 
NO from targeted cells was the responsible initial driver [20]. 
This illustrated a NO-mediated ‘feed-forward’ process [21], which 
extended from the targeted to bystander cell populations. If 
occurring during clinical PDT, this could promote tumor growth 
and metastatic expansion.

Conclusion

Exposure of tumor cells to photodynamic stress, e.g., ALA-
based PDT, often results in iNOS upregulation with increased 
resistance to photokilling and accelerated growth, migration, and 
invasion of surviving cells, NO playing a major role in each of 
these responses (Figure 1). It is increasingly evident that these 
responses also occur in oxidative stress-dependent chemo- and 
radiotherapies [22]. Increased aggressiveness of residual live cells 
and bystanders, as described for PDT, is a concern that calls 
for new pharmacologic approaches that can prevent or at least 
minimize these negative side effects. Recent studies revealed 
that epigenetic ‘reader’ Brd4 is essential for iNOS transcription 
in PDT-stressed tumor cells [23]. JQ1, which inhibited Brd4 via 
BET domain binding, prevented iNOS/NO upregulation by PDT 
and the elevated cell aggressiveness associated with it [23]. On 
their own and at very low doses, BET inhibitors like JQ1 are very 
effective against various malignancies [24]. Thus, there is great 
promise in using them as PDT adjuvants to limit the described 
negative effects of iNOS/NO.
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Figure 1: Scheme depicting (a) cancer cell photosensitization by ALA-induced PpIX, (b) PDT challenge with iNOS/NO upregulation, 
(c) iNOS/NO-stimulated resistance and accelerated proliferation, migration, and invasion of surviving cells and bystanders, (d) 
supporting changes in key effector proteins.
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