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Supplementary Material 
Abbreviations: TGF-β, transforming growth factor type β; O2

-•, superoxide; NO•, nitric oxide;  
HOCl, hypochlorous acid; H2O2, hydrogen peroxide; •OH, hydroxyl radicals; ONOO-, peroxynitrite anion; 
ONOOH, peroxynitrous acid; POD, peroxidase; MPO, myeloperoxidase; MPO-I, myeloperoxidase compound I; 
GSH, glutathione (reduced form); LPO, lipid peroxidation; NAME, N-omega-Nitro-L-arginine methylester 
hydrochloride; NMMA, N6-Methyl-L-arginine; SIN-1, 3-morpholino-sydnonimine; GOX, glucose oxidase;  
Tau, taurine; Ter, terephthalate; NADPH oxidase, nicotinamide adenine dinucleotide phosphate-oxidase;  
PBS, phosphate buffered saline; XA, xanthine; XO, xanthine oxidase  
 

I. Biochemical reactions involved in intercellular signalling 
The list of species involved in the HOCl pathway of intercellular induction of apoptosis 

modelled in this work is given in Table II, together with their diffusion coefficients. As 
illustrated for superoxide, somewhat differing values of diffusion coefficients are found in the 
literature. Nevertheless, potential under- or overestimations of diffusion coefficients DA can 
be compensated by lifetimes tA of the species, as the model results are influenced primarily 
through the product DAtA. 

Table II: Chemical species involved in the HOCl signalling pathway and their diffusion properties 

Species 
Diffusion 

coefficient D 
(10-9 m2s-1) 

Note 

O2
•- 2.8 Ref.26;  

1.75 in ref.27, 5.0 in ref.20 
H2O2 2.3 Ref.27 
Peroxidase (myeloperoxidase, MPO) 0.07 Ref.28 
HOCl 2.7 Ref.29 
•OH 2.2 Ref.27 

 

Chemical reactions involved in the HOCl pathway are listed in Table III. The peroxidase 
cycle has been represented by reactions 2-5 (cf. refs.30,31,32). The kinetic data for two redox 
states of myeloperoxidase, native (MPO) and compound I (MPO-I), have been employed not 
only for reconstitution experiments in which MPO was actually used, but also as surrogates 
for the unknown reaction kinetics of the peroxidase domain of dual oxidase (DUOX) involved 
in intercellular signalling leading to apoptosis. Thus, potential differences in reaction kinetics 
between different peroxidases (cf. ref.33) have been neglected; the peroxidase release rates 
reported in this work thus have to be considered as MPO-equivalent ones. 

 

Table III: Reactions involved in the HOCl pathway of intercellular signalling 

No. Reaction 
Rate constant

k (M-1s-1) 
Note 

1 2 O2
•-  +  2 H+  →  H2O2 + O2 2.0×105 Refs.30,4; 4.0×105 in ref.34; 

d[O2
•-]/dt = –2k[O2

•-]2 
2 MPO  +  H2O2  →  MPO-I 2.6×107 Ref.30 and refs. therein 

3 MPO-I  +  H2O2  →  MPO + O2 + H2O 2.0×106 Ref.30 and refs. therein 

4 MPO-I  +  Cl-  →  MPO + HOCl 2.5x104 Ref.30 and refs. therein 

5 MPO  +  HOCl  →  MPO-I  +  Cl- 2.4x107 Ref.32 for horseradish 
peroxidase 

6 HOCl  +  O2
•-  →  •OH  +  Cl-  +  O2 7.5×106 Ref.35 and refs. therein 

7 H2O2 + HOCl →  H2O + O2 + H+ + Cl- 1.0×105 Ref.14 and refs. therein 

8 •OH + lipid → initiation of lipid peroxidation 109 Refs.15,36 and refs. therein 



 S2

II. Numerical solution of the model and analytical approximations used 
The given coupled set of partial differential equations has been implemented in dedicated 

computer codes written in FORTRAN. The codes were run on a high-end linux-based PC. 
Differential equations have been replaced by their difference analogues, with concentration 
profiles represented on a discrete voxel and time step grid. Voxel sizes and time steps have 
been taken so as to fulfil the stability criterion for diffusion equation (37) and to keep the 
changes of species concentrations in each time step much smaller than the current 
concentrations. Independence of the resulting apoptosis kinetics on voxel size and time step 
has been required, too. To reduce computational expensiveness, voxel sizes and time steps 
have been enlarged for longer-living species, and correspondingly larger time steps have been 
used for cell densities that change relatively slowly compared to species’ lifetimes. First-order 
Euler method has been used for numerically solving the given difference equations,  
f(t + ∆t) = f(t) + ∆t ∂f/∂t. 

Furthermore, approximations have been introduced for processes that involve short-lived 
species and are very fast, namely for individual reactions of the peroxidase cycle, for 
reactions producing HOCl and •OH, and for the absorption of apoptotic inducers after having 
attacked the cells. For such a short-lived species (denoted by A), a (spatially varying) quasi-
steady state is quickly reached in which local concentration [A](z,t) is given by the balance of 
production and absorption reactions; diffusion can be neglected with respect to reactions and 
disappearance due to the short lifetime. For intermediate times much larger than species’ 
lifetime tA but much shorter than lifetimes of relatively long-lived species, equation (1) in this 
local steady-state approximation takes the form of  

(S1) [A](z,t)/tA = Σ C,D kC+D→A+B [C](z,t) [D](z,t) – Σ B kA+B→C+D [A](z,t) [B](z,t) 
For HOCl, this local quasi-steady-state approximation leads to 

(S2) [HOCl](z,t) = k4 [MPO-I](z,t)[Cl-] /  
((tHOCl)

-1 + k6 [O2
-•](z,t) + k7 [H2O2](z,t) + k5 [MPO](z,t)) 

where ki stand for the reaction rate of the i-th reaction in Table III. 
Also the peroxidase cycle (reactions 2-5 in Table III) has been represented in local quasi-

steady-state approximation. Diffusive motion has been considered for the sum of different 
redox states of the enzyme. Branching into the redox states has been simulated then on a 
voxel-specific basis, considering the spatially-dependent availability of different peroxidase 
substrates and reaction partners (H2O2, Cl- and HOCl, cf. Table III). 

A similar approach has been used for •OH too. However, even with this quasi-steady-state 
approximation, an explicit representation of the absorption of apoptosis-inducing •OH after 
attacking the cells and initiating lipid peroxidation in their membranes would be tremendously 
computationally expensive due to the extremely short lifetime of •OH (~µs), which translates 
into the need for taking very small voxels. To solve this issue, an analytical formula 
describing this absorption, obtained as a homogeneous solution of the corresponding kinetic 
equation for •OH, equations (1)-(2), has been added to its particular solution obtained from 
numerical simulations that do not account for this absorption. 

The mentioned approximations have been benchmarked against full numerical simulations 
(results not shown). With these approximations, 0.2 – 20 h computing time on a high-end 
linux-based PC is needed to simulate the system over the time span of 10 d. The 
computational expensiveness depends critically on the voxel and time step sizes used. 
Generally, increased release rates of primary species require using smaller steps to keep the 
same calculation precision, as the role of mutual reactions increases with respect to non-
specific absorption described by the species’ lifetime. Shorter lifetimes also translate into the 
need of using smaller time steps. 
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III. Model calibration 
Additional results of model calibration against data from experiments with externally 

added species, complementing those presented in Figure 2 in the main text, are shown in 
Figure 5. 

Unless stated otherwise, modelling based on homogeneous chemistry is used, as the 
externally added species dominate over cell-derived ones. The approaches used for individual 
systems reported in Figure 2 and Figure 5 are given below. 

1. Apoptosis induced by •OH from decay of peroxynitrite generated by its donor SIN-1. 
3-morpholino-sydnonimine (SIN-1) decays by a three-step mechanism (38) that consists of 
(i) opening the sydnonimine ring to SIN-1A, (ii) reduction of O2 to O2-

• by SIN-1A yielding 
radical cation SIN-1•+, and (iii) decomposition of SIN-1•+ into SIN-1C and NO•. Detailed 
simulations representing this three-step mechanism as well as dismutation of O2-

• into H2O2 
have verified that, within the parameter region of interest in this study, virtually all O2-

• react 
with NO• to yield ONOO-, giving almost 1:1 molar ratio between the amount of SIN-1 used 
and ONOO- produced (not shown; similar results reported in refs.39,40 and refs. therein). 
These simulations have also shown that the three-step mechanism of SIN-1 decay can be 
approximated by a simplified, two-step decay scheme, considering a ring opening step with 
characteristic time tSIN open and a single decay step in which ONOO- is produced directly, with 
characteristic time tSIN decay; an analogous scheme has been used e.g. in ref.(41). 

In the analyzed experiments, SIN-1 dissolved in phosphate buffered saline (PBS) was 
added, either directly or after 1–2 h preincubation in PBS, at various final concentrations to 
the cell culture medium; apoptosis was scored after 1–7 h (14). Neglecting potential 
differences between decay rates of SIN-1 (and peroxynitrite) in PBS and in culture medium, 
the two-step decay of SIN-1 into peroxynitrite and decay of peroxynitrite into •OH can be 
solved analytically in the quasi-steady-state approximation (tOH << tONOO << min(tSIN open , 
tSIN decay)), yielding 

(S3) [•OH](t)=[SIN-1]0(exp(-t/tSIN open)–exp(-t/tSIN decay))ηOH tOH/(tSIN open–tSIN decay) 
where [SIN-1]0 is the concentration of SIN-1 added (accounting for the corresponding 
dilution factor when added to the medium), and ηOH denotes the efficiency of •OH formation 
(ηOH ~ 30 %; NO3

- + H+ are formed in the other ~ 70 % of cases, cf. ref.42). Parameters 
tSIN open and tSIN decay have been treated as adjustable parameters. Note that in this 
approximation, •OH yields are independent of peroxynitrite lifetime in the medium* tONOO. 
Absorption of •OH due to initiating lipid peroxidation has been accounted for as described 
above. 

2. Synthetic H2O2. The amount of hydrogen peroxide present in the medium is determined 
by first-order decay kinetics with lifetime tH2O2. Initiation of lipid peroxidation by H2O2 has 
been approximated by the effective reaction rate constant kLPO H2O2. Absorption of H2O2 due 
to LPO is considered in a way analogous to that used for •OH; however, as kLPO H2O2 is much 
smaller than kLPO OH, also the reduction of [H2O2] in the vicinity of cells is smaller than for 
[•OH], though farer ranging due to longer lifetime. 

3. H2O2 generated by glucose oxidase. In this case, H2O2 is gradually produced from 
oxygen and glucose (abundant in the culture medium) by glucose oxidase (GOX). The rate of 
H2O2 production has been assumed to be constant, given by the amount of the enzyme 
present. Under optimal conditions, 1 U of the enzyme converts 1 µmol substrate per 1 min; a 
single calibration factor ηGOX has been introduced to account for the sub-optimal efficiency of 
GOX under the given experimental conditions, indicated by the ratio of apoptotic responses to 
synthetic and GOX-generated H2O2 (14). 

                                                 
* While peroxynitrite anion ONOO- is relatively stable in water solution in the absence of further reaction 
partners, its protonated form, peroxynitrite acid ONOOH, pKa = 6.8, decomposes spontaneously with 
tONOOH ~ 1 s at 37°C and pH 7.4 (36), so that at pH 7.4 the lifetime of ONOO-/ONOOH is 4.17 s (43). 
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4. H2O2 generated from superoxide produced by xanthine oxidase. Superoxide has been 
assumed to be produced by xanthine oxidase at a constant rate until the enzyme uses up all 
available substrate (0.0004 mM xanthine, ref. 14). No additional calibration factor for enzyme 
efficiency has had to be introduced. Superoxide was allowed to disappear in non-specific 
reactions with medium constituents (with lifetime tO2-•) and spontaneously dismutate, 
gradually producing H2O2. 

5. HOCl produced by myeloperoxidase from H2O2 generated by glucose oxidase. 
Winterbourn et al. (30) and Jakopitch et al. (32) have gathered detailed information on 
myeloperoxidase (MPO) reaction kinetics, listed in Table III. To be able to make use of this 
information in the analysis of experiments on apoptosis induction (14), in which the amounts 
of MPO used are given in enzyme units (U), conversion factors between enzyme units and 
moles have to be determined first. 1 U of MPO is defined by producing, in a 
spectrophotometric assay of the oxidation of guaiacol in 50 mM potassium phosphate buffer 
with 100 mM guaiacol and 0.0017 % (w/w) hydrogen peroxide at pH 7.0 and 25°C, an 
increase in absorbance at 470 nm of 1.0 per minute at pH 7.0 and 25°C, in total reaction 
volume of 3.035 ml (44). Upon oxidation, guaiacol forms tetraguaiacol; an increase in 
tetraguaiacol concentration of 1 mM leads to an increase in absorbance at 470 nm of 
26.6 (45). Hence, the required increase in absorbance at 470 nm of 1.0 in the myeloperoxidase 
assay corresponds to the formation of 1 mM / 26.6 × 3.035 ml = 0.114 µmol of tetraguaiacol 
by 1 U of MPO in 3.035 ml reaction volume per minute. 

The kinetics of guaiacol oxidation by MPO with H2O2 has been studied experimentally by 
Capeillère-Blandin (46). Assuming a minimal representation of guaiacol (G-OH) reactions 
with the MPO/H2O2 system,  

MPO + H2O2  MPO-I (kG1 = 6 ×106 M-1s-1 or 2.6 ×107 M-1s-1, ref. 46 or 30) 
MPO-I + G-OH  MPO + G-O• (kG3 = 3.5 – 5.3 ×104 M-1s-1, ref. 46) 
MPO-I + H2O2  MPO (kG2 = 2 ×106 M-1s-1, ref. 30) 

leads under quasi-steady-state approximation ([MPO] ~ const, [MPO-I] ~ const) to kinetics of 
guaiacol oxidation of Michaelis-Menten type, 

v/E0 = kG1 kG3 [H2O2] [G] / (kG3 [G] + (kG1 + kG2) [H2O2]) , 
where E0 is the total amount of MPO and [G] denotes guaiacol concentration. We have tested 
(results not shown) that this formula is in agreement with detailed data on the rate of guaiacol 
oxidation by the MPO/H2O2 system in dependence of both guaiacol and H2O2 concentrations, 
measured by Capeillère-Blandin (46). Extrapolations to the experimental conditions of the 
peroxidase assay, 100 mM guaiacol and 0.5 mM (i.e., 0.0017 % w/w) H2O2, yield the rate of 
guaiacol oxidation (formation of G-O•) v/E0 = 1.5 ×103 s-1. 

Assuming that the formation of tetraguaiacol from four G-O• molecules is fast, 1 U of 
MPO producing 0.1141 µmol tetraguaiacol per minute translates into 
0.4564 µmol/min = 7.6 nmol/s G-O•. Comparison with the rate of guaiacol oxidation above, 
v/E0 = 1.5 ×103  s-1, gives the sought conversion factor, 1 U = 5 pmol MPO. 

In the reconstitution experiments on apoptosis induction by the H2O2/MPO system (14), 
H2O2 was continuously generated by glucose oxidase, and then used by MPO to produce 
HOCl from Cl- abundant in the culture medium ([Cl-] ~ 0.1 M). All these processes are 
homogeneous in space. However, apoptosis-inducing •OH were produced then in the reaction 
of HOCl with superoxide produced by transformed cells. Due to short lifetime (and hence 
short diffusion length) of superoxide, homogeneous chemistry cannot be employed for this 
step; thus, detailed numerical simulation of the reaction scheme has been used as described 
for intercellular signalling in the previous section. Consumption of HOCl in reaction with 
H2O2 (Table III) has been included too. 

In modelling the experiments (14) with taurine which is a scavenger of HOCl, the HOCl 
lifetime was reduced according to the added amount of the scavenger (50 mM) and its 
reaction rate with HOCl, (5 – 16) × 105 M-1s-1 (ref.47,48). Similarly, for terephthalate which 
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scavenges •OH, the amount of terephthalate added (0.2 mM) and its reaction rate with •OH 
(3.3 × 109 M-1s-1, ref.49) have led to a reduced lifetime of •OH in the medium, 1/t’OH = 1/tOH

 + 
kterephthalate + •OH [terephthalate], the second term limiting the lifetime of •OH under the presence 
of terephthalate to ≤ 1.5 µs. The standard lifetime of •OH in the medium tOH used throughout 
the simulations, 3.4 µs (Table I), is a model estimate which reflects the high reactivity of •OH 
and, on the other hand, the fact that this concentration of terephthalate completely diminished 
apoptosis induction (Figure 2 and ref.14), so that the lifetime of •OH in the absence of 
terephthalate must have been somewhat longer than 1.5 µs. The given value (3.4 µs) is, 
however, related also to the values of other model parameters, as discussed below. 

 

Table IV: Estimates of model parameters involved in the reported calibration studies; parameters 
relevant also for intercellular induction of apoptosis are reported in Table I in the main part of the paper. 

Parameter Value 

topen SIN Characteristic time of SIN-1 ring opening (h) 1.68 

tSIN Characteristic time of SIN-1 decay (s) 0.71 

ηGOX Efficiency of glucose oxidase (%) 6.8 

kH2O2 LPO Effective reaction rate constant for lipid peroxidation by H2O2 (M
-1s-1) 0.022 

 
 

  

   
Figure 5: Apoptosis induced in 208F src3 transformed rat fibroblasts by external donors of key signalling 
species involved in intercellular induction of apoptosis: Further results complementing Figure 2. 
Calibration of model calculations (lines) against data (points, errorbars denoting standard errors of the 
mean from several repeats of the experiment, from ref.14; where not shown, were the errorbars smaller 
than the symbols). (A) Percentage of apoptotic cells in dependence on the length of exposure to 
peroxynitrite donor SIN-1; medium with SIN-1 removed at indicated times, replaced by fresh one, and 
apoptosis scored at 7 h total time. (B) Kinetics of apoptosis induction by 40µM H2O2. (C) Apoptosis 
induced by H2O2 from dismutation of superoxide, generated by 6 or 12 mU/ml xanthine oxidase (XO) 
from 0.4 mM xanthine (XA) added to medium. (D) Concentration dependence of apoptosis induction by 
this system. 
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IV. Detailed characteristics of the signalling mechanism predicted by the model 
To illustrate the behaviour of the HOCl pathway of intercellular induction of apoptosis in 

greater detail, the results presented in Figure 3 are complemented by further ones in Figure 6. 
In the analyzed co-culture experiments (11), 40000 non-transformed cells were seeded per 
9.6 cm2 well and pre-treated with TGF-β for 2 days. Transformed cells were seeded at the 
same density, 20 h before start of co-culture. Cell proliferation during these periods has been 
accounted for; thus the starting densities at the beginning of co-culture (t = 0 in model 
calculations) are correspondingly higher than the initial seeding density of ~ 42/mm2 (Figure 
6A). Within the first ~1.7 d, the density of living (i.e., non-apoptotic) transformed cells 
increases by proliferation but is then reduced (up to ~2.7 d) via induction of apoptosis, and 
then slightly increases as proliferation again dominates over apoptosis (Figure 6A); a few 
damped oscillations follow (cf. Figure 3B). As apoptosis induction in non-transformed cells is 
negligible, their density steadily increases towards the saturation value (confluence) assumed 
at 200/mm2 (Figure 6A). 

The three vertical lines in Figure 6A indicate three time points at which concentration 
profiles of the major signalling species have been scored and plotted in Figure 6B-F in 
dependence on the distance, z, from the transformed cells’ plate. The time points correspond 
(Figure 6A) to the initial signalling phase (at 0.5 d after the start of co-culture) and to the 
maximal and minimal density of transformed cells (at 1.7 or 2.7 d, respectively). With 
increasing density of transformed cells, superoxide concentrations increase (Figure 6B, green 
vs. red line). More importantly, O2

-• concentrations rapidly fall off with increasing distance 
from its source, the transformed cells; the reduction (by about 6 orders of magnitude per 
1 mm) is dominantly influenced by limited superoxide lifetime (estimated as 1.7 s, Table I). 
The long-lived peroxidase (lifetime 106 s) released by effector cells (located at 1mm distance 
from transformed cells) gradually accumulates, and is distributed almost homogeneously 
(Figure 6C). H2O2 produced by dismutation of O2

-• has a limited range (Figure 6D); this is 
partially due to the rapid fall off in superoxide concentrations but mainly due to consumption 
of H2O2 by peroxidase. Indeed, at 0.5 d the H2O2 concentration is reduced by factor of 2 per 
150µm increase in distance from transformed cells (i.e. by about 2 orders of magnitude per 
1 mm, Figure 6D blue line), while at later times under higher amounts of peroxidase this 
reduction increases to factor of 5 per 150 µm (more than 4 orders of magnitude per 1 mm; 
Figure 6D red line). Concentration profiles of HOCl (Figure 6E) follow the same shape as 
H2O2, as the yields of HOCl are directly proportional to MPO-I (Table III), whose amounts 
are proportional to local concentrations of H2O2 and peroxidase. The slight shift in HOCl 
concentrations at transformed cells (as compared to H2O2 levels) follows from accumulation 
of peroxidase in the medium. 

The calculated profiles of apoptosis-inducing •OH (Figure 6F) fall off with distance from 
transformed cells even faster, combining the fall-offs of HOCl and O2

-• that have to react to 
produce •OH (Table III). In addition, due to absorption of •OH upon attacking the cells and 
initiating lipid peroxidation (LPO) in their membranes, in a very close vicinity of transformed 
(and effector) cells the •OH concentration is further reduced, by about a factor 10; the short 
range of this effect is given by the extremely short lifetime of •OH which prevents this 
absorption effect from propagating farer. This absorption actually slightly depends on cell 
density, cf. equation (2). In Figure 6G, this effect is illustrated and model predictions for •OH 
yields at transformed and normal cells are shown. While the predicted levels of •OH at 
transformed cells follow the density of transformed cells (with a delay of about 1.5 h), the 
levels of •OH at 1mm distant non-transformed cells are predicted to decrease with time, 
mainly due to the build-up of peroxidase levels and hence reduction of HOCl concentrations 
at that place as discussed above.  

As shown in Figure 6H, the amount of LPO damage follows the kinetics of •OH levels, 
with a delay of about 8 h which reflects the cellular capacity to repair LPO damage (trep=15 h, 
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Table I). The LPO levels in co-culture experiments are predicted to result almost completely 
from •OH attacks (this contribution, neglecting LPO induction by H2O2, is shown by green 
line in Figure 6H). Furthermore, LPO levels are predicted to stay below the characteristic 
level n1 for apoptosis induction (10-17 mol/cell, Table I, dashed line in Figure 6H), reaching 
only about 75 % of this value, corresponding to the rate of apoptosis induction of only 10 % 
of the maximal rate (i.e., pind ≤ 0.1 in equations (3)-(4)). This explains why apoptosis 
induction in co-culture experiments is much slower compared to experiments with external 
donors of signalling species, e.g. the GOX system (Figure 6H, blue line), in which the 
characteristic level n1 for apoptosis induction is rapidly exceeded and apoptosis is induced at 
its maximal rate 1/tind. 
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Figure 6: Detailed characteristics of the HOCl signalling pathway leading to the induction of apoptosis, 
complementing results shown in Figure 3A. (A) Density of living (i.e., non-apoptotic) transformed (solid 
line) and normal cells (dashed line). (B-F) Concentration profiles of signalling species at time points 
indicated by vertical lines in (A): at 0.5 d after the start of co-culture (blue), at maximal and minimal 
density of transformed cells (~1.7 d or ~2.7 d, green and red lines, respectively). (G) Temporal 
development of •OH concentrations at the surface of transformed cells without (red) or with accounting 
for absorption of apoptosis inducers upon attacking the cells (green line); model predictions for normal 
cells shown too (blue and pink line, respectively). (H) The amount of unrepaired LPO damage in 
transformed cells (red line), contribution from •OH attacks (i.e., without LPO induction by H2O2, green 
line). For comparison, LPO induction by external H2O2 generated by the GOX system (Figure 2C) is 
shown (blue line), together with the characteristic level of LPO triggering apoptosis (10-17 mol/cell, Table 
I; dashed line). 
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V. Parameter identifiability and sensitivity issues 
The values or estimates of model parameters used in this work are taken from four 

sources: First, several model parameters are taken from experimental observations and 
experience, especially doubling times and confluence densities (Methods). Second, diffusion 
coefficients and reaction rate constants are taken from the literature; their values are listed in 
Table II and Table III. Third, lifetimes tA of signalling species A, cellular sensitivity to 
apoptosis inducers n1 and n2 and the (maximal) rate of apoptosis induction 1/tind are 
determined from model calibration to experiments with external addition of signalling species 
(Figure 2 and Figure 5), and listed in Table I. Finally, cellular release rates of primary 
signalling species and the rates 1/trep of repairing LPO and 1/trm of removing apoptotic bodies 
are adapted to data from co-culture system with transformed and normal cells. 

The data (14) from reconstitution experiments with externally added species are limited to 
rather short times (typically up to 8 – 12 h, and up to 28 h for the MPO system, cf. Figure 2 
and Figure 5), so that no specific information can be derived on the trm and trep parameters. 
Their values of 12 h or more yield equally good results if other parameters are adjusted 
accordingly. On the other hand, values below 24 h are required to reproduce the data (11) on 
intercellular induction of apoptosis under co-culture setup (Figure 3). If not specified 
otherwise, the results shown in this paper correspond to trm = trep = 15 h. If these processes 
were not taken into account (trep → ∞, trm → ∞), steadily increasing percentages of apoptotic 
cells would result, and finally the whole transformed cell population would exhibit apoptosis, 
contrary to the data. 

The calibration calculations have also revealed that the cellular sensitivity parameter n1 
scales directly with the effective rate constant kLPO-H2O2 for LPO induction by H2O2, and 
affects the derived •OH lifetime, tOH (not shown). The reported results correspond to the 
characteristic amount of LPO damage triggering apoptosis n1 = 10-17 mol/cell, which amounts 
to about 1 % of membrane lipids susceptible to inducer attacks (nlip~10-15 mol/cell, ref.16); 
values of n1 = 10-18 to 10-16 mol/cell could be brought into agreement with the data if kLPO-H2O2 
and tOH are scaled accordingly (not shown). Note that only LPO initiation events are scored 
here; the actual fraction of damaged lipids in cell membrane is likely enhanced by LPO 
propagation reactions (cf.17,18).  

Furthermore, the per-cell release rate of superoxide, αO2-•, and lifetime of HOCl, tHOCl, 
which are reflected in the GOX + MPO system (Figure 2C) only, are mutually correlated; 
e.g., αO2-• of (0.2–1)×10-16 mol cell-1 s-1 are consistent with the data if tHOCl is adjusted to 
0.25–0.038 s (not shown). However, for given trm, trep and n1, the values of other model 
parameters can be derived from the data with reasonably small uncertainties. In particular, 
parameters tind, tO2-•, tH2O2 are practically independent of the chosen trm, trep and n1.  

Of particular importance is the lifetime of superoxide tO2-•, as this is the crucial parameter 
with respect to the sensitivity of intercellular induction of apoptosis to the transformed 
phenotype. For in vitro conditions, superoxide lifetime (1.7 s) has been derived (cf. Figure 5) 
by comparing the data on apoptosis induction by superoxide-generating system (xanthine with 
xanthine oxidase) that yields H2O2 via superoxide dismutation with the data on the effects of 
H2O2 (synthetic or enzymatically generated). Choosing alternative values of other parameters 
has resulted in less than 5% variations in superoxide lifetime under in vitro conditions (results 
not shown). The value assumed for superoxide lifetime in vivo (0.1 s) comes from a study on 
radical signalling in blood (20), and is given mainly by levels of antioxidants such as ascorbic 
acid. 

The above discussion illustrates the fact that although the present model of intercellular 
induction of apoptosis works with mechanistically distinct parameters, not all of them can be 
determined unambiguously from the limited set of data; i.e., from the viewpoint of data 
analyses, the parameters are correlated. Also the adjustment of the cellular release rates of 
superoxide and peroxidase to the observed kinetics of apoptosis induction in the transformed-
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nontransformed coculture system is not unique, although (with other parameters assigned 
their ‘standard values’ used throughout the paper) αO2-•>5×10-16 mol cell-1 s-1 and trm, trep<24 h 
are needed for agreement with the data, putting further restrictions on the values derived from 
the reconstitution experiments. A few alternative parameter sets consistent with data from 
both reconstitution and coculture experiments are illustrated in Figure 7A (red line, ‘standard 
parameter set’ used in this work: trm = trep = 15 h, σT

max = 300 mm-2, αO2-• = 10-16 mol cell-1 s-1, 
αPOD = 10-21 mol cell-1 s-1, tHOCl = 38 ms; green line, set 2: as the standard set but 
σT

max = 200 mm-2, αPOD = 2×10-21 mol cell-1 s-1, tHOCl = 40 ms; blue line, set 3: as the standard 
set but trm = trep = 18 h, σT

max = 200 mm-2, αO2-• = 8×10-17 mol cell-1 s-1,  
αPOD = 3×10-21 mol cell-1 s-1, tHOCl = 45 ms; pink line, set 4: as set 3 but  
αPOD = 5×10-21 mol cell-1 s-1; light blue line, set 5: as set 3 but αPOD = 10-20 mol cell-1 s-1). 
However, although alternative parameter sets are consistent with the data, they lead to almost 
identical predictions for the long-term behaviour of the system, with almost equal long-term 
limits to transformed cell densities (Figure 7B). 

 

   
Figure 7: Alternative parameterizations of the model of intercellular induction of apoptosis consistent 
with the data (11) on kinetics of apoptosis induction in the transformed-nontransformed co-culture system 
(panel A) lead to almost identical predictions for the long-term system behaviour (panel B). See text for 
details. 

 
VI. Predicted dependence on experimental setup 

Finally, results are reported of a series of simulations aimed at predicting how apoptosis 
induction in transformed cells through signalling by normal cells via the HOCl pathway is 
affected by changes in experimental setup. Namely, the effects of the distance between the 
two co-cultured populations, the amount of medium, and the seeding densities are looked at. 

With varying distances between the two co-cultured populations (and keeping other 
parameters identical, in particular keeping the amount of medium unchanged), the model 
predicts rather small differences in the rate of apoptosis induction: Apoptosis is predicted to 
occur a bit faster and in a slightly smaller fraction of cells when the distance between cultures 
is reduced from 1 mm to 0.5 mm or even 0.1 mm (Figure 8A). In the long term behaviour, 
there is almost no difference (Figure 8B). 

More pronounced effect are predicted when the amount of added culture medium is varied 
(Figure 8C, medium heights of 4, 3, 2, or 1.5 mm keeping the inter-culture distance at 1 mm). 
With reduced amount of medium, apoptosis is predicted to occur faster and in a greater 
fraction of cells, as signalling species (in particular peroxidase) are diluted by diffusion into 
smaller volumes only. Variations in medium height are predicted to be reflected in the long-
term behaviour as well (Figure 8D). 

Seeding lower numbers of transformed or non-transformed cells is predicted to delay the 
onset of apoptosis significantly, but not to have a large effect on the extent of apoptosis 
(Figure 8E,F). Reducing the number of transformed cells delays the onset of apoptosis more 
than if fewer non-transformed cells are seeded; this is in line with the crucial role of 
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transformed cell-derived superoxide in intercellular signalling leading to apoptosis: Sufficient 
superoxide production, i.e. sufficient transformed cell densities, are needed for intercellular 
induction of apoptosis being effective. Experimentally, delays in apoptosis induction of about 
1 and 2 d were reported (11) for seeding densities reduced to 20000 and 10000 non-
transformed cells per well, while the present calculations predict delays of about 4 and 8 h 
only. Reduced numbers of seeded transformed cells led to a delay of about 1 d too; moreover, 
the extent of apoptosis was significantly reduced (11), contrary to model predictions. These 
discrepancies between model calculations and the data may indicate that the second important 
pathway of intercellular induction of apoptosis, the peroxynitrite pathway, which is not 
represented in the present calculations, may play an important role in these effects. A detailed 
discussion of this issue exceeds the scope of this paper. 

 

  

  

  
Figure 8: Predicted dependence of intercellular induction of apoptosis via the HOCl pathway on 
variations in experimental setup. (A, B) The effect of varying the distance between transformed and non-
transformed cells, from the standard 1 mm to 0.5 or 0.1 mm, keeping the amount of medium constant 
(total medium height 3 mm). (C, D) Varying the amount of medium, keeping the distance of the cultures at 
1 mm. As in (A), negligible difference is predicted between 0.5 mm distance of the cultures and 1 mm 
additional medium and the opposite situation (blue and dashed lines). (E, F) Predicted effects of reduced 
numbers of cells seeded initially. Standard calculation: 40000 transformed cells seeded 20 h before the 
start of the co-culture experiment, and 40000 non-transformed seeded and pre-treated with TGF-β for 2 d 
to attain effector function. The model predicts delayed onset of apoptosis when the reported numbers of 
transformed (‘T’) or non-transformed effector (‘E’) cells per 9.6 cm2 well are reduced to 20000 or 10000.  
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