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A. Supplementary Introduction 

Cold atmospheric plasma (CAP) contains electrons, photons and a pleothora of 

radical and nonradical reactive oxygen and nitrogen species (RONS) in its gaseous 

and/or liquid phase. Most important are superoxide anions (O2
● ─), hydroperoxyl 

radicals (HO2
●), hydrogen peroxide (H2O2), hydroxyl radicals (●OH), atomic oxygen 

(O), singlet oxygen (1O2), ozone (O3), nitric oxide (●NO), nitrogen dioxide (●NO2), 

peroxynitrite (ONOO ─), nitrite (NO2
─), nitrate (NO3

─), dichloride radicals (Cl2● ─) and 

hypochloride anions (OCl─)  (Machala et al., 2007; Stoffels et al., 2008, Fridman et 

al., 2008; Graves 2012, 2017; Laroussi 2009, 2014, 2015; Laroussi et al., 2017; Lu et 

al., 2016; Graves 2014 a,b; Jablonowski et al., 2015; Sousa et al., 2011, Machala et 

al., 2013; Wende et al., 2015; Schmidt-Bleker et al., 2016, Gianella et al., 2016; 

Jirasek and Lukes, 2019). CAP-derived ROS and RNS represent a unique scenario 

of ROS/RNS chemical biology, based on variable life-times, ranges of actions and 

multiple potentials of interactions.  

 

In most studies that directly compared tumor cells with nonmalignant cells, CAP and 

PAM were found to act selectively towards malignant target cells in vitro and in vivo 

(Kalghati et al., 2011; Tanaka et al., 2011; Zucker et al., 2012; Wang et al., 2013; 



2 
 

Guerrero-Preston et al., 2014; Kaushik et al., 2014; Utsumi et al., 2014; Siu et al., 

2015; Kim and Chung, 2016; Kurake et al., 2016; Duan et al., 2017; Canal et al., 

2017; Liedke et al., 2017). Only a few reports claimed nonselective apoptosis-

inducing effects of CAP or PAM (Wende et al., 2014; Hirst et al., 2015; Bekeschus et 

al., 2013, 2015; Bundscherer et al., 2013). It has been suggested that this 

discrepancy might be resolved by standardization of CAP and PAM doses and 

composition (Bauer, 2019). 

 
 
 

B. Supplementary Results 

1. The dependency of the effect of CAP treatment on the treatment time and on cell 

density 

When MKN-45 cells were treated with CAP (Corona regime) for increasing times and 

apoptosis induction was determined after 4 h, 30 s of CAP treatment were sufficient 

to trigger nearly the maximal apoptosis-inducing effect, whereas 15 s treatment 

remained without significant effect (Supplementary Figure 1). The nature of the 

plateau-type of curve obtained in this experiment is in line with the finding that CAP 

causes initial effects on tumor cells that are multiplied by autoamplificatory 

mechanisms. In line with the central role for CAP-mediated apoptosis induction, the 

1O2 scavenger histidine caused a strong inhibitory effect in this experiment. 

Treatment of tumor cells at varying cell density with CAP showed that the optimal 

effect of CAP was dependent on high cell density. When cells were treated with CAP 

at the highest cell density and then were shifted to lower density, the optimal effect of 

treatment at the highest density remained (Supplementary Figure 2). These findings 

show that cells seem to contribute to CAP-mediated effects and that the initial, 

density-dependent effects are very fast. 



3 
 

Supplementary Figure 1 

              

Supplementary Figure 1: Dependency of apoptosis induction in tumor cells on the time of 

CAP treatment. MKN-45 cells were treated with CAP for the indicated times, in the absence 

or presence of the 1O2 scavenger histidine. The percentages of apoptotic cells were determined after 

4 h. The result confirms that CAP-mediated apoptosis induction is mediated by 1O2. The dose-

response curve is characterized by a steep increase, followed by a plateau. 

Statistical analysis: Apoptosis induction by CAP treatment for 30 min or longer, as well as 

inhibition by histidine was highly significant (p<0.001). 
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Supplementary Figure 2 

          

Supplementary Figure 2: Dependency of CAP-mediated apoptosis induction in tumor cells 
on the cell density. MKN-45 tumor cells were seeded in 96 well plates at the indicated 
densities and remained either untreated (control) or where treated with CAP for 1 min (CAP). 
The percentages of apoptotic cells were determined after 4.5 h.  
In some assays (labelled as “high density/low density”), the cells were treated with CAP for 1 
min at a density of 25 000 cells per 100 µl assay and where further incubated for 25 min 
(“high density/low density”). These cells were then washed, reseeded at a density of 12 500 
cells/assay and further incubated for 4 h. 
These results show that CAP-mediated apoptosis induction is dependent on the density of 
the target cells. 
Statistical analysis: Apoptosis induction by CAP at all cell densities was highly significant 
(p<0.001).  
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2. SiRNA-based analysis of CAP–mediated effects 

SiRNA-based knockdown of potential signaling components has been found to be 

instrumental for the analysis of intercellular ROS/RNS-mediated apoptosis-inducing 

signaling (Bauer, 2017 a, b). Therefore, the expression of potentially interesting 

candidate genes was knocked-down and the effect of knockdown on CAP-mediated 

apoptosis induction was determined. As shown in Supplementary Figure 3, control 

cells (“SiCo”) that had been treated with irrelevant control siRNA that did not affect 

any known gene responded to CAP treatment with apoptosis induction. Knockdown  

 

Supplementary Figure 3 

                  

Supplementary Figure 3: SiRNA-based analysis of CAP–mediated effects.  MKN-45 were 
treated with siRNAs directed towards the indicated targets or with control siRNA for 24 h. 
The cells then remained either untreated (A) or were treated with CAP for 1 min (B). The 
percentages of apoptotic cells were determined after 3 h. The result defines cellular functions 
that are essential for CAP-mediated apoptosis induction, a process that is determined by a) 
1O2-mediated inactivation of catalase, b) influx of H2O2 through aquaporins and c) intercellular 
apoptosis inducing signaling. As outlined in the text, the role of some cellular functions may 
be restricted to one specific step (e. g. iNOS, caspase-8), whereas others may contribute to 
all three steps (e. g. NOX1). 
Details of siRNAs, knockdown and control of efficiency can be found in Bauer, 2017 a. 
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Statistical analysis: Apoptosis induction in siCo cells was highly significant (p<0.001). 
Inhibition of CAP-mediated apoptosis induction by knockdown with siNOX1, siDUOX1, 
siiNOS, siTGF-beta, siTGF-beta receptor, siPKC-zeta, siSMase, siBAK, siDIABLO, 
siCytochrome C, siAPAF, siCASP-9, 8, 3, and siFAS receptor was highly significant 
(p<0.001).  
 
of NOX1, but not of NOX3, NOX4, NOX5 caused complete inhibition, demonstrating 

the role of superoxide anions generated by NOX1. NOX1-derived superoxide anions 

are essential for catalase inactivation through secondary 1O2, for the generation of 

H2O2 that passes aquaporins and lowers the intracellular GSH level and for HOCl 

signaling (generation of the peroxidase substrate H2O2 and interaction of superoxide 

anions with HOCl to yield apoptosis-inducing hydroxyl radicals). DUOX was defined 

in this experiment as the source for peroxidase, which is required for HOCl signaling 

after catalase inactivation, but not for the process of catalase inactivation itself. In 

contrast, iNOS, but not nNOS, is responsible for the generation NO that is required 

for secondary generation of 1O2, but not for apoptosis-inducing signaling. The role of 

TGF-beta, its receptor and of protein kinase C-zeta is explained by the controlling 

function of these elements on NOX1 activity (please see Bauer, 2017 a for details). 

The inhibitory effect of knockdown of sphingomyelinase, diablo, VDAC, Cytochrome 

c, APAF, caspase-9 and caspase-3 is indicative of the dominant role of the 

mitochondrial pathway of apoptosis (Bauer, 2017 a). The requirement for caspase-8 

and the FAS receptor is explained by their role for enhancement of NOX1 activity and 

NOS expression during the generation of secondary 1O2 . As shown below, the 

requirement for FAS receptor and caspase-8 is not indicative of any contribution of 

death receptor-mediated apoptosis induction to CAP-determined apoptosis induction. 

 

3. Differential roles of caspases during CAP and PAM-mediated apoptosis induction 

When tumor cells were treated with the long-lived species in PAM that are derived 

from CAP treatment, caspase-8 only had an inhibitory effect if it was added before 
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PAM (Supplementary Figure 4). The caspase-8-dependent effect was very fast, as 

addition of caspase-8 25 min after PAM did not allow to detect any inhibitory effect. 

This finding is in line with the stimulatory role of FAS-activated caspase-8 for the 

enhancement of NOX1 and NOS (Zhuang et al., 2001: Suzuki et al., 1998; Reinehr et 

al., 2005; Selleri et al, 1997; reviewed in Bauer, 2015), rather than with a role of 

death receptor-mediated apoptosis induction in this process. In this scenario, the 

FAS receptor seems to be activated by 1O2 (Zhuang et al., 2001, Bauer, 2015). In 

contrast to caspase-8, caspase-3 and caspase-9 seemed to play a role late in 

signaling which is compatible with its role in the mitochondrial pathway of apoptosis. 

 

Supplementary Figure 4 

                 

Supplementary Figure 4. Differential roles of caspase-8 (A) and caspase-3 (B) during CAP 
and PAM-mediated apoptosis induction. MKN-45 cells were treated with increasing 
concentrations of PAM (generated by 1 min treatment of medium with CAP), in the absence 
or presence of 25 µM caspase-8 inhibitor or 50 µM caspase-3 inhibitor. The inhibitors had 
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been either added 10 min before addition of PAM or 25 min after PAM addition, as indicated 
in the figure. The percentages of apoptotic cells were determined 3.5 h after addition of PAM: 
The results show an involvement of caspase-8 in an early step, in line with its role for 
enhancement of NOX1 and NOS during the generation of secondary 1O2. In contrast, the role 
of caspase-3 is related to late effects, in line with its known role for execution of apoptosis. 
Statistical analysis: Apoptosis induction by 1.5 % PAM and higher concentrations was highly 
significant (p<0:001). Inhibition by caspase-8 inhibitor added before PAM and by caspase-3 
inhibitor added at both times was highly significant (p<0.001).  
 

4.Inactivation of membrane-associated SOD of tumor cells by CAP 

Tumor cells are protected towards intercellular ROS/RNS signaling through a tight 

control based on membrane-associated catalase that is supplemented by 

comodulatory SOD on the membrane of the cells (Bauer, 2014; Bauer and Motz, 

2016). The function of SOD is to lower the concentration of free superoxide anions 

below a level where catalase can be inhibited by them. The removal of superoxide 

anions by SOD is not complete. Therefore, despite the presence of active SOD on 

the membrane, superoxide anion-dependent processes like the interaction between 

HOCl and superoxide anions, leading to apoptosis inducing hydroxyl radicals, are still 

possible (Bauer, 2013). Inhibition of SOD by neutralizing single domain antibodies 

causes an increase in free superoxide anions that lead to a leftward shift of the 

concentration-dependency curve for the action of HOC (Supplementary Figure 5 B). 

An analogous shift of the concentration curve is obtained after treatment of the cells 

with CAP. This is in line with inactivation of SOD by CAP. For the evaluation of the 

significance of this conclusion, it is important to reflect on the kinetic situation during 

HOCl-mediated apoptosis induction. HOCl brought into the system in one step during 

bolus addition is confronted with a defined concentration of free superoxide anions 

close to the surface of tumor cells. Numerous other molecules in the medium are 

competing for HOCl in parallel and can be expected to consume a significant part of 

total HOCl. An increase in the available concentration of superoxide anions through 

inactivation of SOD will increase the chance of HOCl to react with superoxide anions 
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rather than with irrelevant material. This then contributes to the leftward shift of the 

concentration-dependency of of HOCl action on the cells. 

It is predictable that the resultant superoxide anions have a negative impact on the 

activity of catalase. They thus contribute to overall catalase inhibition and 

enhancement of the generation of secondary 1O2 in a synergistic mode (Bauer, 

2019). 

Supplementary Figure 5 

                       

Supplementary Figure 5. Inactivation of membrane-associated SOD of tumor cells by 
CAP. A. MKN-45 cells were treated with CAP for 1 min, followed by 25 min incubation, 
or remained untreated (control). Then the assays received 2 µM EUK-134 to ensure 
the decomposition of cell-derived H2O2 that has a negative effect on HOCl. HOCl 
was then added at the indicated concentrations and the percentages of apoptotic 
cells were determined 1 h later. 
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B. The tumor cells were treated with the indicated concentrations of the SOD-
neutralizing single domain antibody cb0989 or with single domain antibodies cb0987 
that bind to SOD, but do not affect its activity. Further control assays remained 
without antibodies. After 10 min incubation at room temperature, the assays received 
2 µM EUK-134 and the indicated concentrations of HOCl. Apoptosis induction was 
monitored after 1 h. 
These results show that CAP-treatment of tumor cells has the same effect as 
neutralizing single domain antibodies that are directed towards SOD. The leftward 
shift of the concentration-dependency curve is explained by the increased 
concentrations of free superoxide anions after SOD inactivation.  
Statistical analysis: A: Apoptosis induction by HOCl at 6.7 µM and higher in the 
controls and by 0.8 µM and higher in the CAP-treated assays was highly significant. 
The shift between the two curves is highly significant (p<0.001). B: Apoptosis 
induction by 13.4 µM HOCl (control curve, open circles) and higher, as well as the 
shift of the curves obtained in the presence of cb0989 was highly significant 
(p<0.001). 
 

 

5. The effect of CAP on neuroblastoma, Ewing sarcoma and cervical carcinoma cells 

Treatment of human neuroblastoma SHEP, Ewing sarcoma SKN-MC and cervical 

carcinoma cells SIHA with had the same effect as treatment of MKN-45 cells that 

have been used in most experiments described in this manuscript (Supplementary 

Figure 6). CAP-mediated apoptosis induction in SHEP, SKN-MC and SIHA was 

completely dependent on superoxide anions generated by NOX1 and seemed to be 

mediated by 1O2. Like in MKN-45 cells, the 1O2-mediated effect was fast and related 

to the long-lived species of CAP-treated medium. As these cell lines (like all tumor 

cell lines tested sofar (Bauer, 2014) are protected by membrane-associated catalase, 

targeting of catalase is the most likely effect of CAP on these cells. It is in line with 

the finding the inhibition of catalase by 3-AT, neutralizing antibodies or photofrin-

derived 1O2 leads to reactivation of NOX1-driven intercellular apoptosis-inducing 

signaling. It seems very likely that the very broad effect of CAP towards many 

different tumor systems is due to its interaction with membrane-associated catalase. 
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Supplementary Figure 6 

                       

Supplementary Figure 6. The effect of CAP on neuroblastoma, Ewing sarcoma and cervical 
carcinoma cells. The human neuroblastoma (SHEP), Ewing sarcoma (SKN-MC) and cervical 
carcinoma (SIHA) cells were seeded in 24 well tissue culture clusters in 1 ml of medium. 
After the cells had attached to the plate, they remained untreated (control) or were treated 
with CAP for 1 min, in the absence or presence of the indicated inhibitors, added at the 
indicated times.  
These data show that all three tumor cell lines responded to CAP treatment with apoptosis 
induction that was dependent on NOX1-derived superoxide anions and was mediated by a 
fast 1O2-dependent step. 
Statistical analysis: CAP-mediated apoptosis induction in the absence of inhibitor was highly 
significant for all three cell lines (p<0.001). Inhibition by AEBSF, Histidine (0 min) and 
Histidine (2 min) was highly significant (p<0.001). Inhibition by histidine added a 30 min was  
significant for SHEP cells (p<0.01), highly significant for SK-NMC cells (p<0.001) and not 
significant for SIHA cells. Addition of histidine at 60 min did not cause significant inhibition. 
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6. The biological effects of CAP treatment in the Spark regime 

All experiments presented in the main manuscript and in Supplementary Figures 1-6 

of the Supplement had been performed with CAP in the Corona regime. This final 

chapter shows that treatment of tumor cells with CAP in the Spark regime causes an 

analogous effect. 

When MKN-45 human gastric carcinoma cells were treated with CAP in the Spark 

regime, apoptosis induction seemed to be due to enhancement of primary 1O2 action 

through triggering secondary 1O2 generation by the cells, as seen by the effect of 

transient inhibition of the process by AEBSF (Supplementary Figure 7). Also, like in 

Corona treatment, under conditions that prevented the generation of secondary 1O2 

and the generation of primary 1O2 through interaction of NO2
─ with H2O2 (long-lasting 

components of PAM), 1O2 derived directly from CAP seemed to be responsible for 

delayed apoptosis induction that started four hours after CAP treatment. This points 

to a relatively low concentration of direct 1O2, in analogy to the finding obtained for 

Corona treatment.  

 

Like in Corona treatment, treatment of tumor cells with PAM generated through 

application of CAP in the Spark regime allowed subsequent 1O2 mediated apoptosis 

induction in tumor cells that was dependent on the reactivation of intercellular HOCl 

signaling, as it was inhibited by the HOCl scavenger taurine, the NOX inhibitor 

AEBSF and the hydroxyl radical scavenger mannitol (Supplementary Figure 8). 

 

PAM generated through treatment of medium with CAP in the Spark regime caused 

1O2-mediated inactivation of membrane-associated catalase of tumor cells, as 

determined by sensitization of the cells for the apoptosis-inducing effect of an 

exogenous challenge with ONOO ─ (Supplementary Figure 9). The effect of 
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inactivation was comparable to the effect of the established catalase inhibitor 3-AT. 

1O2-mediated inactivation of catalase required the interaction between NOX-derived 

superoxide anions, H2O2, NOS-derived NO and ONOO ─ , whereas HOCl played no 

role. These findings point to an analogous mechanism as found for catalase 

inactivation by Corona-dependent catalase inactivation, with an interaction between 

primary and secondary 1O2 generation as mechanistic cause. 

 

Comparison of apoptosis induction in MKN-45 cells by increasing concentrations of 

PAM generated either in the Corona or the Spark regime showed that in both cases 

concentration-dependent apoptosis was achieved. It seemed that PAM generated by 

Corona treatment was more efficient than PAM generated by Spark treatment. 

Whereas PAM generated by Corona treatment caused NOX1-dependent apoptosis 

induction over the whole range of concentrations applied, the apoptosis-induction by 

PAM generated through Spark was not dependent on NOX after longer exposure and 

at high concentrations of PAM applied (Supplementary Figure 10). 
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Supplementary Figure 7 

                       

Supplementary Figure 7. Primary and secondary 1O2 after treatment of tumor cells with 
CAP in the SPARK regime.  
A. When MKN-45 cells were treated with CAP (SPARK regime) for 45 sec, followed by 10 min 
incubation in the same medium and two cycles of washing steps ((M+C)CAP 45 sec/ 10 min /W / Inc.), 
the cells showed an immediate start of time-dependent apoptosis induction. The presence of AEBSF 
during CAP treatment and 10 min incubation caused a delay in apoptosis induction, which is explained 
through the inhibition of secondary 1O2 generation during this time period. Both processes were 
dependent on 1O2, as shown by the strong inhibitory effect of histidine. 
B. When tumor cells were treated with CAP (SPARK regime) for 45 seconds and then were 
immediately washed and resuspended in fresh medium, the kinetics of apoptosis induction did not 
start earlier than 4 h after initial treatment. The presence of AEBSF during CAP treatment did not 
affect the kinetics. The inhibition by histidine points to a 1O2dependent step during CAP treatment. 
C. When tumor cells were treated with CAP (SPARK regime) for 45 seconds in the presence of 
AEBSF plus FeTPPS, or AEBSF plus EUK-134, and thus the generation of primary 1O2from long-lived 
species in CAP-treated medium, as well as the generation of secondary 1O2by the tumor cells was 
prevented, the resultant kinetics of apoptosis induction was not different from that observed before 
under B. As the process was inhibited when histidine was present during initial CAP treatment, the 
delayed kinetics observed under the conditions of B and C seems to have been triggered by 1O2 
derived directly from CAP. 
Statistical analysis: A: Apoptosis induction was highly significant at 1 h and later for the curve 
described by open squares and at 4 h and later for the curve described by open crosses. The 
inhibitory effect of histidine was highly significant (p<0.001). B, C: Apoptosis induction described by 
the curves with open circles became highly significant after 5 h (p<0.001). The inhibitory effect of 
histidine was highly significant (p<0.001). 
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Supplementary Figure 8 

                   

Supplementary Figure 8. The effect of PAM generated by CAP in the SPARK regime.  
PAM was generated by treating medium with CAP (SPARK regime) for 45 seconds. PAM 
was added to MKN-45 cells (80 percent PAM per assay) and the assays were incubated at 
37°C for 10 min, before they were subjected to 3 cycles of washing. Apoptosis induction was 
determined kinetically. When histidine had been presented during the contact of PAM with 
the cells (A), apoptosis was completely blocked, indicating that the effect mediated by PAM 
was triggered by 1O2. B. The presence of either AEBSF, taurine or mannitol after the washing 
step caused complete inhibition of apoptosis induction, demonstrating that it was mediated 
by HOCl signaling.  
Statistical analysis: PAM-mediated apoptosis induction was highly significant after 1 h 
(p<0.001). The effects of all inhibitors were highly significant (p<0.001). 
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Supplementary Figure 9 

                

Supplementary Figure 9. PAM generated by CAP in the SPARK regime causes inactivation 
of membrane-associated catalase of tumor cells. PAM was generated through treatment of 
medium with CAP (SPARK regime) for 50 sec. When MKN-45 cells were treated with 50 % 
PAM for 15 min, followed by three cycles of washing and a ONOO─ challenge at the indicated 
concentrations, the cells went into apoptosis to the same degree as cells that had been 
pretreated with the catalase inhibitor 3-AT. The presence of histidine, AEBSF, EUK-134, 
FeTPPS, mannitol or L-NAME during the time of PAM/tumor cell interaction completely 
prevented sensitization for the PON challenge, indicating that the inactivation of catalase by 
PAM was due to 1O2, NOX-derived superoxide anions, H2O2, ONOO ─, hydroxyl radicals and 
NOS-derived NO. HOCl did not play any role for this step, as seen by the lack of inhibition by 
taurine. These findings show that catalase inactivation by PAM generated by CAP in the 
SPARK regime causes the same biochemical effects as PAM generated by CAP in the 
CORONA regime (please see Figure 4 b of the main manuscript). 
Statistical analysis: A. Peroxynitrite applied at 25 µM and higher caused highly significant 
apoptosis induction in assays containing cells pretreated with 3-AT, PAM or PAM plus 
taurine (p<0.001). There was no significant apoptosis induction in the assays containing 
untreated control cells or cells pretreated with PAM in the presence of histidine or AEBSF. 
B: Apoptosis induction in cells pretreated with PAM was highly significant at 25 µM 
peroxynitrite or higher (p<0.001). The inhibitory effect by all inhibitors was highly significant 
(p<0.001).  
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Supplementary Figure 10 

 

Supplementary Figure 10. The effects of PAM generated by the CORONA or the SPARK 
regime. PAM was generated through the treatment of medium with CAP for 1 min, either in 
the CORONA or the SPARK regime. After 10 min, the indicated concentrations of PAM were 
added to MKN-45 cells in the absence or presence of histidine or AEBSF. The percentages 
of apoptosis induction were determined at the indicated times. 
The results confirm the leftward shift of the concentration-dependency of apoptosis induction. 
PAM-mediated apoptosis induction is dependent on 1O2 and superoxide anions for PAM 
generated by each one of the two regimes, with the exception of the highest concentration of 
PAM (SPARK) at 3 h.  
Statistical analysis: The dependencies of apoptosis induction on the concentration of PAM 
were different with high significance when the effects of Corona and Spark regime were 
compared at both time points, or when each regime was analyzed at different time points 
(p<0.001).   
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C. Supplementary Discussion 

 

1. The detection of primary 1O2 derived directly from CAP 

The data presented in the main manuscript show that the effects of CAP and PAM 

under standard conditions (which ensure selective action towards tumor cells) are 

sufficiently explained by the triggering effect of low concentrations of primary 1O2  

generated through the interaction of the long-lived species H2O2 and NO2
─ contained 

in CAP-treated medium and the subsequent sustained generation of secondary 1O2 

by the tumor cells. This leads to sufficient inactivation of protective catalase and 

allows reactivation of apoptosis-inducing HOCl signaling. 

However, it is conceivable that under conditions of CAP treatment of tumor cells in 

suspension (like MKN-45), an even lower concentration of primary 1O2 directly 

derived from CAP might act on tumor cells in addition to the prevailing 1O2  generated 

through the interaction of NO2
─ and H2O2.  

Supplementary Figure 11 shows that prevention of secondary 1O2 generation through 

inhibition of NOX1 by AEBSF selects for catalase inactivation by primary 1O2. 

Provided the concentration of primary 1O2 is sufficiently high, this inactivation might 

be detectable through an exogenous challenge with ONOO ─, as shown in Figures 5a 

and 5b in the main manuscript. 

If in addition to inhibition of NOX1 by AEBSF the generation of primary 1O2 through 

the interaction of PAM compounds is prevented by either EUK-134 or FeTPPS, 

inactivation of catalase would be indicative for the action of 1O2 derived from CAP 

(Supplementary Figure 12). Its nature would be verified by inhibition of catalase 

inactivation by histidine (Supplementary Figure 13). 
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Supplementary Figure 11 

 

Supplementary Figure 11. Primary 1O2and catalase inactivation. 
NADPH oxidase 1 (NOX1) is expressed in the membrane of malignant cells and generates 
extracellular superoxide anions (#1). NO synthase (NOS) (#2) generates NO which can be either 
oxidised by NO dioxygenase (NOD) (#3) or pass through the cell membrane. Membrane-associated 
catalase (#4) protects tumor cells towards intercellular ROS/RNS-mediated signaling. Comodulatory 
SOD (#5) is required to prevent superoxide anion-mediated inhibition of catalase. Further important 
elements in the membrane are the FAS receptor (#6), Dual oxidase (DUOX) (#7), from which a 
peroxidase domain is split through matrix metalloprotease, proton pumps (#8) and aquaporins (#9). 
When the generation of secondary 1O2 is inhibited by AEBSF, catalase can be selectively inactivated 
by primary 1O2 that might be generated from long-lived molecular species contained in CAP-treated 
medium (reactions # 10 -#19) or that might directly be supplied by CAP (#20 - #22). 
[AEBSF inhibits the generation of secondary 1O2 as it prevents the generation of H2O2 and of ONOO ─, 
which are required for the initial reaction during the generation of secondary 1O2.] 
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Supplementary Figure 12 

 

Supplementary Figure 12. Demonstration of catalase inactivation by primary 1O2derived directly from 
CAP. 
In the presence of AEBSF and EUK-134 or FeTPPS the generation secondary 1O2 by the tumor cells 
and of primary 1O2 from long-lived components of CAP-treated medium are prevented. Only 1O2 

derived directly from CAP has a chance to inactivate catalase under these conditions. 
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Supplementary Figure 13 

 

Supplementary Figure 13. Verification of the nature of primary 1O2derived from CAP. 
The inactivating effect of primary 1O2derived from CAP in the presence of AEBSF plus EUK-134 or 
FeTPPS is prevented by histidine. 
 

 

 

 

2. CAP, PAM and immunogenic cell death 

Apoptosis induction in tumor cells after CAP and PAM treatment in vitro, as well as 

with model compounds H2O2/ NO2
─ in vitro is characterized by a kinetics that is 

determined by the dominant steps of primary and secondary 1O2 generation, catalase 

inactivation, aquaporin action to deplete intracellular GSH and intercellular apoptosis-

inducing ROS signaling. The resultant kinetics regularly shows with a characteristic 

initial lag phase and reaches a plateau after a continuous increase in apoptotic cells. 
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Reaching a plateau rather than continuous increase in the percentage of apoptotic 

cells is due to a) decrease in ROS-dependent apoptosis induction as the density of 

cells is decreased through apoptosis induction; b) decomposition and even 

phagocytosis of apoptotic cells by their intact neighbouring cells, c) depletion of 

essential compounds in medium like glutamin and polyunsaturated fatty acids. The 

characteristics of the kinetics of apoptosis induction triggered by CAP and PAM in 

vivo is unknown so far. However, in view of our present knowledge on immunological 

control of tumors, it is not expected that ROS signaling is solely responsible for 

eventual complete tumor regression. Rather it is likely to trigger and reactivate the 

innate and adaptive immune system. 

 

It seems that CAP- and PAM-dependent selective apoptosis induction in tumor cells 

has the characteristics of immunogenic cell death, i. e. it stimulates dendritic cells 

and thus provokes a subsequent activation of cytotoxic T cells (Lin et al., 2015, 2017 

a, b, 2018; Miller et al., 2017; Bekeschus et al., 2018 a, b; Mizuno et al., 2017). In 

addition, CAP provokes activation of cytotoxic macrophages (Kaushik et al., 2016) 

The findings that cell death induced by CAP and PAM may trigger an additional 

strong and selective immunological antitumor effect that is far-ranging within the 

tumor as well as in the body, is in perfect agreement with the general concept that 

immunological cell death is a necessary element to finalize tumor treatment by 

various antitumor agents (Apetoh et al., 2008; Green et al., 2009; Krysko et al., 2012; 

Kroemer et al., 2013; Garg et al., 2014; Candeias and Gaipl, 2016).  

The role of HOCl seems not be restricted to apoptosis induction through the HOCl 

signaling pathway. Due to its high reactivity, HOCl can also modify tumor cell 

antigens very efficiently and  enhance T cell responses directed towards tumor cells 

(Chiang et al., 2006, 2008, 2015; Prokopowicz et al., 2010; Biedron et al., 2015). It is 
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conceivable that HOCl-dependent antigenic modification may act in concert with 

canonical DAMPS that are involved in classical immunogenic cell death that triggers 

a T cell response towards tumor cells. There is a general consent that T cell 

responses after initial tumor treatment are of central importance for the overall 

outcome of most if not all antitumor therapies presently under investigation (Apetoh 

et al., 2008; Green et al., 2009; Krysko et al., 2012; Kroemer et al., 2013; Garg et al., 

2014; Candeias and Gaipl, 2016).  
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