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Human tumor cells grown in threedimensional multicellular spheroid culture represent 
an ideal system to study the heterogeneous interaction between microenvironment and 
different therapeutic modalities in patients. Overcoming this heterogeneity is the most 
challeging task for the improvement of cancer therapy. Examples of this interaction are 
given with the meaning of p 0 2  and pH for the treatment of tumor cells with radiation, 
cytostatics, cytokines and gene therapy. The presented results might form a base for the 
use of multicellular spheroids in a concerted action between clinicians, biologists and 
mathematicians to improve tumor therapy individually for each patient. 
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INTRODUCTION 

It is now generally accepted that microenviron- 
mental conditions like pOz, tissue level of nutri- 
tion factors or pH are influencing tumor growth, 
metabolism and therapeutic sensitivity (Sutherland 
1988). However, the relative importance of these 
factors, their interactions and their influence on 
growth and therapeutic response are not well under- 
stood. It is likely that several microenvironmental 
parameters are working together in a complex man- 
ner leading to heterogenous therapy outcomes. Dif- 
fusion limitation or decreased blood flow in a tumor 

will lead to nutrient deficiency, hypoxia, increased 
acidosis in the microenvironment and production 
of toxic factors in necrotic zones. These factors 
induce changes of metabolic as well as microenvi- 
ronmental characteristics in tumor cell regions and 
will probably influence basic cell functions such as 
cellular communication, gene regulation, cell struc- 
ture and cell cycle distribution (Sutherland et al. 
1988). The present article describes various human 
tumor cells grown in threedimensional multicellular 
spheroid culture as a model to study the interac- 
tion of microenvironmental conditions with differ- 
ent therapeutic modalities like radiation, cytostatica, 
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cytokines and gentherapy. These recent findings 
might be usefull for clinicians to improve indi- 
vidually therapeutic schemes for each patient, for 
biologists to prove the validity of findings on the 
molecular level in an in vitro model without the 
need of animal experiments and for mathematicians 
to model complex interactions between microenvi- 
ronment and therapy as well as to design on this 
base new therapeutic schemes. 

RESULTS AND DISCUSSION 

I The Model (Cell Cycle Characteristics, Glucose 
and Oxygen Supply, pH, Growth Rate, Cell 
Vitality, Cell Death) 

To study the relation between microenvironmental 
conditions and therapeutic outcome, tumor cells can 
be cult~~red in the form of three-dimensional mul- 
ticellular spheroids (MS). MS are nearly spherical 
aggregates of tumor cells in tissue culture grow- 
ing to a diameter of abo~lt 1 mm. They are used 
as models of poorly vascularized tumor nodules 
and in contrast to tumor cells in monolayer cul- 
ture they reveal a sensitivity for radiation - and 
chemotherapy-treatment comparable to tumor cells 
in vivo (Sutherland 1988, Miiller-Klieser 1987). MS 
possess radial p 0 2  - as well as radial extracellular 
pH - gradients with low values in the center and 
proliferation gradients with cells in the S or G? phase 
in the periphery and cells in the G I  phase in deeper 
cell layers followed by quiescent cells or necrotic 
cells in the centre (Gorlach et ul. 1995, Giirlach and 
Acker 19494). 

This heterogeneity in cell vitality can be studied 
and visualized by confocal laser scanning micoscopy 
(CLSM) of fluorescence dyes indicating cell vital- 
ity or cell death in MS (Wartenberg and Acker 
1996). This non-invasive technique determines the 
fluorescence distribution of cells stained with vital 
(calceinIAM, FDA) or lethal (LYVS) dyes in radial 
recordings of the fluorescence intensity at distinct 
depth of the MS as shown in Figure 1 for human 
malign glioma cells U 343 MG. Vital cell stains 

were loaded as acetoxymethylesters (AM-esters) 
which are lipophilic and passively permeate cell 
membranes. In the cell they are converted by intra- 
cellular esterases to polar fluorescent molecules and 
trapped in the cytoplasmic compartment. LYVS as 
a highly charged tracer binds to sulhydryl groups 
of proteins in dead cells. MS up to a diameter of 
250 yrn were homogeneously stained with vital flu- 
orescence dyes giving a rim thickness of viabel cells 
between 64 ym and 125 ym. Figure 1 shows fur- 
thermore that necrosis develops with increasing MS 
diameter as visualized by LYVS. The critical diame- 
ter at which central necrosis occurred first was about 
700 ym for glioma U 118 MG and about 500 ym for 
glioma U 25 1 MG (Haji-Karim and Carlsson 1978). 
In glioma 343 MG spheroids we observed first signs 
of central cell death at a diameter of 400 ym i 25. 
The thickness of the vital stained rim reached the 
lowest level with 64 p m i 7  in MS of a size class of 
550 y m f  25. At the maximum thickness of the vital 
stained rim no unstained cell area was observed. In 
contrast MS of the size class 550 ym f 25 showed 
a 150 ym rim of unstained cells. These unstained 
cells with a rirn thickness between 50 ym- 150 ym 
might be comparable with subpopulations of quies- 
cent cells in MS as described by Sutherland (1988) 
and Bauer et al. (1982). The lack of staining might 
be related to a P-glycoprotein mediated multi-drug 
resistance (Neyfakh 1988, Liminga et al. 1994). The 
whole shell of vital cells in MS U 343 MG (FDA 
and CalceinIAM stained and unstained cells) varied 
between 126 ym and 214 ym. These results are in 
good agreement with the work of Haji-Karim and 
Carlsson (1978) on U 251 MG glioma MS and sup- 
plement the study of Durand (1990) by observing a 
reincrease of the thickness of the rim of vital stained 
cells in MS bigger than 500 ym. 

As MS are avascular tissue nodules oxygen and 
Ht diffkion gradients develop due to oxygen 
consumption and glycolytic breakdown of glucose 
to lactate leading to relatively symmetric pOz and 
pH gradients inside the spheroids. Microelectrode 
measurements of those gradients in MS are now 
well established techniques giving reliable and 
reproducible values (see for review Acker et al. 
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FIGURE 1 Quantitative vitalllethal assay after radial fluorescence recording by confocal laser microscopy in MS of different size 
groups. (A.B): Thickness of the rim of peripheral vital dye fluorescence due to the diameter of MS. MS were incubated for 120 min 
at 8 "C with CalceinIAM or with FDA and were examined after 10 min at 37 "C. n = 10 for every mean value. (C): Radius of the 
central lethal dye fluorescence after staining with LYVS due to the diameter of the glioma MS (holow circles). n = 6 for every mean 
value. The thickness of the nonfluorescent shell (filled circle) was calculated from the thickness of the vital dye fluorescence. the 
radius of the central dye fluorescence and the radius of MS (Wartenberg and Acker 1996). 

1984, Bjerkvig 1992). The relation of p 0 2  - and 600 and 800 ym (Gorlach et al. 1995). pO2 
pH-gradients to cellular metabolism has been measurements in HT29 spheroids revealed steep 
investigated intensively in HT29 human colon p 0 2  gradients with pOz decreases between spheroid 
carcinoma tumor cells and U118MG human malign surface and center (ApO,) of 107 mmHg f 9(n = 

glioma cells grown as MS with diameter between 17) leading to central values of 6 mmHg f 5. In 
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U118MG spheroids with well oxygenated centers 
exhibiting central pOz values of 47 mmHg f 21 
flatter pOz gradients with surface-center differences 
(Ap02) of 78 mm Hg i 24(n = 10) were recorded. 
pH gradients, however, were significantly steeper 

( y  < 0.005) in U118MG spheroids with central 
pH values of 6.93 i 0.09(n = 15) and A pH 
values of 0.36 f 0.09 than in HT29 spheroids with 
central pH values of 7.07 f 0.06(n = 17) and 
pH decreases of 0.28 i 0.06. Figure 2 demonstrates 
the frequence distribution of p 0 2  and pH values 
of HT29 and U 118 MG MS with the significant 
differences in the mean p 0 2  and pH. High lactate 
production in Ull8MG spheroids in contrast to 
HT29 spheroids with a high oxygen consumption 
has been described by Carlsson and Acker (1988) 

confirming the measured pOa - and pH-gradients. 
The findings of Figure 2 are in also in agreement 
with higher oxidative metabolic activity monitored 
in HT29 cells and high LDH activity measured in 
U118MG spheroid homogenates as estimated by 
the incorporation rates of 1 - and 2-14C pyruvate 
(Gorlach et al. 1995). Thus the complex p 0 2  versus 
pH relationship as measured in HT29 spheroids 
indicates high oxygen consumption whereas the p 0 2  
versus pH relationship as measured in U118MG 
spheroids indicates high lactate production. High 
glycolysis under well oxygenated conditions as 
represented by the glycolytic type probably due to an 
impaired Pasteur effect has been described in several 
tumor tissues (Murray 1987) and was first indicated 
by Warburg (1956) as one of the major steps in 

FIGURE 2 Frequence distribution of p 0 2  (c.d) and pH values (a,b) in HT29 ( a s )  as well as in U118MG (b,d) spheroids with a 
diameter between 600 ym and 800 ym. The lines in the histograms indicate the mean values. N = number of MS, n = number of 
data points. 
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carcinogenesis. The initiation of glycolysis has been 
shown to be a major event during the Go/G1 - S 
progression indicating that the division cycle not 
only depends on mitogen mediated signals but also 
on conhtions that maintain cellular metabolism and 
cell growth (Miiller et al. 1993). 

I1 Radiation Sensitivity (Human Cancer Cells, 
Oxidative and Glycolytic Metabolism, 
Oxamate, pOz, pH, Resistance, DNA 
Repair, Reactive Oxygen Species, 
Cell Cycle, Oncogenes) 

Radiobiological studies suggest a major influence 
of oxygen on radiosensitivity. In rodent tumors 
and probably also in human tumors hypoxic cells 
have been suggested to be responsible for decreased 
radiosensitivity. Radiobiologically significant hypo- 
xia occurs at p 0 2  values below 10 mmHg whereas 
the oxygen sensitizing effect is described as 
half maximal at about 3-4 mmHg. p 0 2  values 
below 10 mmHg have been shown to correlate 
to increased radioresistance and radiobiological 
hypoxia is thought to be a major factor responsible 
for radioresistance of tumor cells (Sutherland 
1988). Radiation resistant hypoxic cells have been 
demonstrated in most rodent tumors and there 
is evidence for their existence in human tumors. 
p 0 2  levels below 10 mmHg have been measured 
in many rodent and human tumors (Vaupel et al. 
1989). Different rates and extents of reoxygenation 
due to changes in blood flow, reduced oxygen 
utilisation by radiation-damaged cells or rapid 
cell loss with subsequent enhanced sensitization 
may occur during multifraction radiation treatment 
(Schwachhofer 1990). 

Previous publications of Gorlach et al. (1995), 
Nylen et al. (1989), Schwachhofer et al. (1 991, 
1992) however, could not reveal any clear 
relationship between p02 gradients and radiation 
sensitivity of different human tumor cells in 
MS culture. HT29 spheroids with central oxygen 
tensions below 10 mmHg were more radiosensitive 
than U118MG spheroids of comparable size with 
central oxygen tensions far above 10 mmHg (Nylen 

et al. 1989). In NB- 100 spheroids (neuroblastoma) 
oxygen tensions evidently showed that hypoxic 
cells exist, but no radiobiological hypoxia was 
observed. In NB-100 as well as BRO (melanoma) 
spheroids radiosensitivity improved to the same 
amount with increasing spheroid diameter in spite of 
completely different p 0 2  gradients (Schwachhofer 
et al. 1992). Although no hypoxia could be 
detected in HN-I (squamous cell carcinoma) as 
well as in NB-100 spheroids with diameters of 
200 ym,-300 ym, the experiments performed with 
spheroids of this diameter range indicate a slower 
repair rate of sublethal damage in the HN-1 than in 
the NB-spheroids (Schwachhofer et al. 1991). This 
indicates that beside oxygen availability an array 
of other factors might be involved in determing 
the degree of radiosensitivity. Reoxygenation after 
irradiation of hypoxic human tumor cells grown 
in multicellular spheroid culture (malign glioma 
:U118MG, U138MG, U25 lMG, thyroid cancer 
cells: Hth7, NB-100, HT29) could not be seen 
as pOz - gradients measured by microelectrodes 
immediately after irradiation did not change in spite 
of a significant suppression of the number of S- 
phase cells as observed in U118MG spheroids. 
Reoxygenation occured only after disintegration of 
spheroids several days after irradiation as observed 
in HT29 spheroids (Nylen et al. 1989, Schwachhofer 
er al. 1991). 

Spheroids are thought to be models for tumor cells 
located around blood vessels growing as cords in 
tumors. As radiation had no immediate effect on 
the oxygen tension in the spheroids these exper- 
iments may indicate that no dramatic changes in 
oxygen tension due to decreased oxygen utilisation 
of damaged tumor cells is to be expected shortly 
after high single dose irradiation, or early in a 
fractionation scheme. However, when comparisons 
are made with tumors in vivo, changes in oxy- 
gen tension caused by radiation-induced increase in 
blood flow or radiation-induced clearance of con- 
stricted blood vessels or interstitial fluid pressure 
(Znati et a/ .  1996) have to be considered, which 
may give rise to an increased oxygen availability. 
In view of the clinical significance of hypoxia in 
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predicting the effectiveness of radiation treatment of 
tumors, the above mentioned experiments may indi- 
cate further that rather the influence of metabolic 
activities in tumor tissues on radioresponsiveness 
should be taken into account as a predictive factor 
for radiotherapy, than hypoxia alone. 

According to a method described by Papa- 
constantinou and Colowick (1961), the pyruvate 
analogue oxamate was used in a concentration 
of 40 mM to change metabolism and herewith 
p 0 2  - and pH-gradients (Gorlach et al. 1995). 
Oxamate is a structural pyruvate analogue and 
known as (competitive) inhibitor of the Lactate 
dehydrogenase (LDH) (Nisselbaum 1964). 24 h pre- 
treatment with the pyruvate analogue oxamate in a 
concentration of 40 mM led to flatter pOz gradients 
in HT29 spheroids with significantly diminished p 0 2  
differences of 64 mmHg k 13 ( p  < 0.01, 11 = 10) 
and increased central PO? values of 40 mmHg f 16. 
In Ull8MG spheroids no significant changes in 
pOz profiles could be recorded after oxamate treat- 
ment. However, pH gradients were significantly 
flatter in these spheroids with pH differences of 
0.12 i 0.01 and central pH values of 7.24 f 0.05 
(p < 0.01. rz = 6) whereas pH gradients in HT29 
spheroids were not significantly changed by oxam- 
ate. In the presence of oxamate pyruvate oxidation 
rates were significantly decreased in HT29 cells 
whereas U118MG cells showed a decreased LDH 
activity (Gorlach et al. 1995). As oxamate is inhibit- 
ing 1 - as well as 2 - ''c pyruvate oxidation PDH 
activity and/or pyruvate transport into the mitochon- 
dria might be affected by this substance. This seems 
to be reasonable as oxamate being a structural ana- 
logue of pyruvate might occupate other binding sites 
of pyruvate beside LDH. In rat hepatocytes oxam- 
ate inhibited pyruvate transport into the mitochon- 
dria (Martin-Requero 1986). Whether oxamate is 
inhibiting pyruvate transport into the mitochondria 
or PDH activity in HT29 cells is not distinguish- 
able with the methods used because decreased pym- 
vate transport into the mitochondria might lead to 
lower PDH activity as a result of impaired substrate 
concentration. However, both possible binding sites 
would impair oxidative metabolism. Thus oxamate 

inhibited glycolytic metabolism probably at the 
LDH level in U118MG spheroids and the oxidative 
pathway probably at the PDH or mitochondria1 pyru- 
vate transport level in HT29 spheroids. 

Combining the measurements on changes of the 
metabolism induced by oxamate and subsequent 
changes of PO2 and pH-gradients in HT29 and 
U118MG spheroids with studies on related varia- 
tions in the radiation response one might get better 
indications whether radiation sensitivity is mainly 
determined by intrinsic factors or exhibits a rela- 
tionship to the PO2 and pH gradients in mul- 
ticellular spheroids in an unknown fashion. Vol- 
ume growth curves revealed an initial doubling 
time of 74.1 hrs f 6.2 for HT29 spheroids and 
133.8 hrs f 2.3 for Ul 18MG spheroids (Carlsson 
and Acker 1988, Gorlach and Acker 1994, Gorlach 
et L I ~ .  1995). In the presence of 40 mM oxamate a 
growth retardation of U118MG spheroids could be 
observed whereas HT29 spheroids were not affected. 
The relative volume changes after 12 days incu- 
bation decreased significantly (p < 0.00001) in 
U118MG spheroids from 3.4 f 0.56 under con- 
trol conditions (rz = 17) to 1.27 f 0.55 (n = 

14) in the presence of 40 mM oxamate. Radiation 
was carried out with a daily dose rate of 5 Gy 
on'8 consecutive days starting on day 0. HT29 
spheroids with a low median p 0 2  were very sen- 
sitive to such experimental radiation therapy lead- 
ing to complete growth inhibition and disintegra- 
tion starting after 6 days. U118MG spheroids with 
a higher median pOz showed no size reduction 
and growth was only slightly retarded with a rel- 
ative volume change of 2.72 f 0.89 on day 12. 
Carrying out the same irradiation experiments in 
the presence of oxamate, however, led to com- 
plete growth inhibtion of U 11 8MG spheroids. HT29 
spheroids showed improved growth under combined 
therapy in comparison to irradiation under control 
conditions. The relative volume change on day 12 
increased significantly (p  < 0.001) from 1 .08 3t0.17 
(n = 9) to 1.63 f 0.29 (n = 10). These results 
were confirmed by outgrowth tests indicating the 
spheroid surviving capacity as described by Carls- 
son and Nederman (1983). Volume growth of HT29 
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spheroids was almost not affected by oxamate and 
outgrowth tests showed no difference to control 
values. Correspondingly outgrowth tests showed a 
decreased spheroid growth capacity by 40 mM oxa- 
mate treatment in U 1 18MG spheroids. Fraction- 
ated irradiation did not reduce the outgrowth in 
these spheroids but completely inhibited outgrowth 
in HT29 spheroids. Irradiations in the presence of 
40 mM oxamate, however, improved the growth 
capacity of HT29 spheroids to 30% whereas it 
was completely inhibited in the case of U1 18MG 
spheroids. 

Obviously inhibition of the oxidative pathway 
by oxamate was not high enough to impair the 
growth capacity in these spheroids. In contrast, 
U118MG spheroids showing inhibition of the gly- 
colytic pathway by oxamate were strongly inhibited 
in their proliferative capacity by oxamate as seen in 
both tests. However, the question remains whether 
growth was affected by LDH inhibition or by the 
concomitant pH shift as was described by Gillies 
(1981). 20% of the pOz values have been measured 
below 10 mmHg in HT29 spheroids whereas the 
p 0 2  gradients in U118MG spheroids did not show 
0, values below 10 mmHg. In contrast to these 
values HT29 spheroids exhibited a high radiosensi- 
tivity leading to volume degeneration and outgrowth 
inhibition whereas U118MG spheroids were growth 
retarded after fractionated radiation without impair- 
ment of the proliferative capacity as measured in 
the outgrowth test. Tissue oxygenation as result of 
the balance between oxygen consumption and oxy- 
gen diffusion did not correlate with the radiore- 
sponsiveness in these spheroids. Additionally, frac- 
tionated radiotherapy in thc presence of oxarnate 
improved the radiosensitivity in UI 18MG spheroids 
drastically whereas the growth inhibitory effect in 
HT29 spheroids was less than with experimental 
radiotherapy alone. Again these findings did not 
correlate with the oxygenation state measured by 
microelectrodes. 

These results let suggest that neither p 0 2  nor 
pH gradients are correlated to variations in radi- 
ation sensitivity of HT29 or U118MG cells in 
multicellular spheroid culture. Determinations of 

the ratio ApO,/A pH of these spheroids. however, 
established a relationship to the radiation response 
as indicated by the relative volume change of the 
spheroids (Gorlach et 1995). In HT29 spheroids a 
ratio of 381 is combined with a high radiation sen- 
sitivity whereas an oxamate induced change of the 
ratio to a value of 219 is related to a diminished 
radiation sensitivity. In U118MG spheroids a ratio 
of 216 corresponds to radioresistance whereas an 
oxamate induced change of the ratio to a value 
of 569 is combined with increased radiosensitivity. 
There seems to be the tendency that high radiation 
sensitivity is combined with a metabolism of the 
oxidative type, i.e. high values of the ApO,/A pH 
ratio, whereas radiation resistance is linked to a 
metabolism of the glycolytic type. i.e. low values 
of the ApO,/A PH ratio. 

Radiation induced double-stranded DNA damage 
followed by different repair mechanisms. cell mem- 
brane damage with activation of tyrosine kinase 
signal pathways and ion channels or changes in 
the functional level of transcriptionfactors like c- 
jun and c-fos (APl), p53, NFkB or the ras-encoded 
protein p21 with possible consequences for radi- 
ation resistance or radiation sensitivity have been 
shown to be mediated by oxygen - or hydroxyl 
radicals and therefore the cellular redox state (Mcll- 
wrath et 01. 1994, Miller and Samid 1995. Powell 
and Abraham 1993, Schieven and Ledbetter 1994, 
Schultze-Osthoff et al. 1995). The amount of radi- 
cals induced by irradiation depends mainly on the 
oxygen level present in the tissue. However the basic 
level of radicals in the tissue is determined by the 
activity of the respiratory chain, since 5% of the 
mitochondria1 oxygen consumption can be attributed 
to radical formation. We hypothezise therefore, that 
irradiation leads to an overload with radicals and 
probably to irreparable DNA damages in tumors 
with an oxidative p 0 2  - pH relationship or high 
ApO,/A pH ratio as indicated in Figure 2 whereas 
tumor cells with a glycolytic relationship do not 
reach a critical level in the radical concentration due 
to their low level of basic radical formation. Since 
scavenging of hydroxyl radicals, the most hann- 
ful oxidative species, can be mediated by glucose 
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oxidation only (Yu 1994), glycolytic metabolising 
tumor cells with a higher glucose turnover might 
be better protected against radiation induced DNA 
lesions. Clarifying the theoretical base of our model 
further experiments might prove the idea as the ratio 
of ApO,/A pH ratio being an useful parameter for 
predicting radiosensitivity of human tumor cells. 

I11 Interferon (Human Malign Melanoma 
Cells, Human Squamous Carcinoma Cells, 
Interferon /3, Interferon y, Extracellular 
Matrix, Hypoxia, PML) 

The anti-proliferative effects of natural interferon 
1B (nIFNB) and recombinant interferon y (rIFNy) 
on 2 human melanoma cell lines, IGR I and SK- 
Me128, grown in monolayer and in MS culture was 
measured by Gorlach et al. (1994a) In monolayer 
culture, growth of both lines was inhibited in dose- 
dependent manner by 5-day treatments with IFN in 
concentrations ranging between 1 and 5,000 IUIml. 
Incubations with 120 IUIml n1FNB or 25 IUIml 
rIFNy led to a 50% growth inhibition of IGRI 
cells. A 50% growth inhibition of SK-Me128 cells 
was obtained with 60 IUIml nIFNB, whereas even 
5,000 IUIml rIFNy inhibited the growth of this line 
by only 30%. These results are in accordance with 
previous studies showing a better anti-proliferative 
effect of IFNB than of IFNy (Johns et al., 1992; 
Graham et al., 1991; Garbe et al., 1990). However, 
SK-Me128 cells were more resistant to rIFNy than 
in the study of Garbe et al. (1990). As the anti- 
proliferative effects of nIFN#? and rIFNy were 
compared on the basis of their anti-viral activity in 
IUIml however, it is important to keep in mind that 
each IFN has a different anti-viral specific activity 
which may be independent of the anti-proliferative 
activity (Johns et al., 1992). Studies on the anti- 
proliferative effects of IFNB and IFN y on melanoma 
cells in terms of their protein concentrations, 
however, confirmed the higher potency of IFNB as 
compared to IFNy (Johns et al., 1992). Removing 
interferon after 5 days of treatment and further 
cultivation with control medium resulted in a 
restored growth rate comparable to that of control 

cells after 12 or 18 days indicating a cytostatic, 
not cytotoxic effect of IFN and the necessity for 
the presence of IFN to exert growth inhibition, 
as also shown by others (reviewed in Clernens 
and McNurlan, 1985). However, cytotoxic effects 
after prolonged incubation with high doses of 
IFNB have been described in other tumor cells 
after prolonged treatment (Clemens and McNurlan, 
1985) despite the cytostatic nature of IFNs. This 
effect could only be demonstrated in tumor cells 
and its molecular basis is not known. Studies on 
solid tumors in patients often failed to achieve 
the high anti-proliferative effect seen in monolayer 
culture (Schiller et al., 1988; Abdi et al., 1988). 
Growing these melanoma cell lines in MS culture 
for 5 days reduced their sensitivity to interferon. 
Growth inhibition values of 50% were achieved 
with 3,000 IUIml rIFNy or 9,000 IUIml nIFNB 
for IGRI spheroids and 10,000 IUIml nIFN/3 for 
SK-Me128 spheroids, while 10,000 IUIml rIFNy 
reduced the growth of SK-Me128 spheroids by only 
25%. Outgrowth tests indicated that the proliferative 
capacity of these melanoma spheroids could only 
be reduced by high doses of nIFNB in the cell 
line IGRl whereas, even in the presence of IFN 
during the outgrowth period, almost no reduction 
in proliferative capacity could be observed in SK- 
Me128 spheroids or in IGRl spheroids treated with 
rIFNy. Interferon treated MS imposed as dense 
nodules in tissue culture and histology demonstrated 
as shown in Figure 3 that. in the presence of IFN, 
the intercellular spaces were reduced, indicating a 
higher packing density. This finding suggests not 
only that the reduced anti-proliferative effect of 
nIFNB in MS as compared to monolayer cells is 
due to difficulties in penetration of interferon into 
the tissue, but also that interferon treatment led 
to changes in spheroid structure not observed in 
control spheroids. The interferon-induced reductions 
in volume might be at least partly due to an 
increased packing density rather than to direct anti- 
proliferative effects in these melanoma spheroids. 
This is supported by the good survival capacity 
observed in the outgrowth tests as well as by the 
presence of mitotic figures in interferon-treated MS 
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FIGURE 3 Histology of nIFN-C-treated human in melanoma cells (IGRl, SK-Me128) in MS culture. IGRl MS (a,b) and SK-Me128 
MS (c,d) incubated for 3 days with 1000 IUIml nIFNB (b,d) exhibited a denser viable rim with reduced intercellular space. Thus, the 
volume reductions observed in these MS by nIFNB treatments might be, at least in part, due to an increased packing density rather to 
direct growth inhibition (Bar = 100 pm). (Gorlach et al. 1994). 

(Gorlach et al. 1994a). Thus the volume reductions hinting at a possible involvement of extracellular 
of melanoma MS observed after IFN treatment matrix substances in the reaction to interferons. 
might be due rather to the increased packing density These findings show that the high anti-proliferative 
than to direct anti-proliferative effects. Scanning sensitivity of the melanoma cell lines in monolayer 
elecron microscopy furthermore showed variations culture could not be achieved in MS mirroring 
on the surface IFN-treated spheroids as well as in the situations in patients (Gorlach et al. 1994a). 
cellular organization and structures between cells, The same observation has been published by Sacks 
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et al. (1994) with a higher resistance of squamous 
carcinoma cells in MS culture than in monolayer 
culture to IFNB and y induced growth inhibition. 
This phenomenon could be explained for example 
by a decreased antiproliferative effect of IFN due 
to hypoxic regions in MS (Naldini et al. 1995) or 
abnormalities in structure, localisation or expression 
of the nuclear matrix PML protein (Pro-Myelocytic 
Leukaemia) which is a primary target gene of IFNs 
and suited to mediate some of their antiproliferative 
effects (Stadler et al. 1995). 

I11 Doxorubicin (Human Malign Prostate Cells, 
Diffusion, Storage, Reactive Oxygen Species, 
Oncogenes) 

Different tumor cell lines vary in their sensitivity 
and resistance to particular chemotherapeutic agents 
(Liminga et al. 1994). On the other hand tumor cells 
may exhibit different sensitivities to chemotherapy 
depending on their location within the three dimen- 
sional tumor tissue (Olive and Durand 1994). Many 
investigators have described patterns of drug resis- 
tance in MS (Kobayashi et al. 1993, Erlichmann and 
Vidgen 1984, Kwok and Twentymann 1985, Erlan- 
son et al.  1992, Inoue et al.  1987, Wept and Strat- 
ford 1987). Any occurrance of tumor cell resistance 
during drug application results in a failure of can- 
cer chemotherapy due to surviving cells. Therefore 
finding a way to circumvent multi-drug resistance 
is a major challenge in oncology. The reason for 
the patterns of drug sensitivity in different cell lay- 
ers of MS is not yet clear. Two problems are still 
in the focus of discussion: a) The limited diffusion 
capacity of the drug in the MS and b) Uptake and 
accumulation in the cells, versus outward diffusion 
and transport by membrane transport systems (Olive 
and Durand 1994). Wartenberg and Acker (1996a) 
studied the effects of the quinone containing and 
reactive oxygen species producing anticancer drug 
Doxorubicin (Dox) on necrosis development and 
cell lethality of the human malign prostate cancer 
cell line DU-145 in MS culture. After the applica- 
tion of Dox for different time periods dead areas 
and single dead cells in MS of different size classes 
were identified using a set of lethal fluorescence 

dyes (LYVS, Ethidium homodimer 1) and CLSM. 
The distribution of within MS was examined by 
determining Dox fluorescence in single cells and cell 
areas. The application of low (400 nM) concentra- 
tions of Dox over a time period of 2 hrs resulted 
in distinct Dox fluorescence staining of the most 
peripheral cell layers of the MS. After long term 
incubation (48 hrs) cell lethality was most promi- 
nent in large spheroids (diameter between 350 ym 
and 800 ym) which possess a dead cell core and sin- 
gle dead cells at the periphery. These MS showed an 
approximately 120 y m f  30 increased dead cell core 
as compared to control MS. The cytotoxic effect of 
Dox on cell growth was lower in MS of a diameter 
between 150-350 ym than in MS with a diame- 
ter >350 ym and nearly no cytotoxic effects were 
found in spheroids smaller than 150 ym in diameter 
(Figure 4). Dox fluorescence persisted in dead cells 
of larger MS at least three days. During this time the 
cytotoxic agent leaked slowly from dead cells and 
penetrated into the layers of quiescent cells and pro- 
liferating cells mediating a prolonged cytotoxity as 
shown in Figure 4. It has been described by Miller 
and Samid (1995) that the amount of ras-encoded 
protein 21 produced and its membrane localization 
appeared to be critical for maintenance of cellular 
resistance to Dox mediated production of reactive 
oxygen species. This effect might be additionally 
involved in the varying resistance of DU-145 MS 
of different diameter as shown in Figure 4. 

IV Oxygen Dependent Gene Expression (Oxygen 
Sensing, NADPH Oxidase, Reactive Oxygen 
Species, Angiogenesis, Cell Growth, Cell 
Death, Transcription Factors, Oncogenes, 
Gene Therapy) 

MS have been shown to be a good model for study- 
ing hypoxic upregulation of vascular endothelial 
growth factor gene expression (Waleh et al. 1995, 
Schweiki et al.  1995). The knowledge of the molec- 
ular mechanism involved in this oxygen dependent 
gene expression might be important to design new 
strategies for suppressing tumor angiogenesis. An 
appropriate strategy might be gene therapy which 
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FIGURE 4 Outgrowth area of DU 145 control MS (filled circles) and Dox treated MS (400 nM, 48 hrs) (hollow triangles) due to 
MS diameter. The outgrowth area was calculated after DiOCf, staining of the outgrowing cells using the software facilities of the 
confocal laser scanning microscope (Wartenberg and Acker 1996a). 

was already successfully applied on human lung 
cancer MS to induce apoptosis by transduction of 
cells by a wild type p53 retroviral vector (Fujiwara 
et al. 1993). 

To assert a constant oxygen supply to differ- 
ent organs and herewith a constant energy supply 
maintaining highly specialized organ functions, cells 
able to sense oxygen levels in the tissue are situ- 
ated at different locations in the body stimulating 
various reflex pathways. This oxygen sensing pro- 
cess comprises a sensor protein which undergoes 
conformational changes in dependence on oxygen 
and a signal cascade, which transfers the mes- 
sage stimulated by the sensor to metabolic path- 
ways or specific gene regions (for review see Acker 
1994). For the last pathway numerous example 
are given in the literature like the CoC12 imped- 
ible induction of phosphoenolpyruvate carboxyki- 
nase (PCK) by glucagon in hepatocytes (Kietzmann 
et al. 1992), the regulation of the glutathion per- 
oxidase content in cardiomyocytes (Cowan e ta l .  
1993), the gene expression for tyrosin hydroxy- 
lase in carotid body type I - and PC12 - cells 
(Czykzyk-Krzeska et al. 1994), the regulation of the 

bovine endothelial constitutive nitric oxide synthase 
(Liao et al. 1995) or the production of erythropoi- 
etin, vascular endothelial growth factor, platelet- 
derived growth factor A and B chains, placental 
growth factor and transforming growth factor in var- 
ious cell lines (Gleadle et al. 1995, Goldberg et al. 
1994). Metabolic pathways comprise the lactate 
dehydrogenase activity (Marti et a / .  1994), the mito- 
chondrial manganese-containing superoxide dismu- 
tase activity (MnSOD) of the lung (Russel et al. 
1995) or the pregnenolone and aldosterone synthe- 
sis (Raff and Jankowski 1995). The oxygen level in 
the tissue of different organs is determined by the 
oxygen partial pressure and the 0 2  transport capac- 
ity of the blood as well as by the vascular structure, 
blood flow, oxygen consumption and diffusion con- 
ditions of each particular organ. Characteristically 
the different organs have a frequency distribution of 
oxygen partial pressure values ranging from about 
0 mmHg to 100 mmHg with mean values between 
20 mmHg and 50 inmHg (Acker 1994). While in 
former times the meaning of this p 0 2  distribution 
was mainly discussed for its importance for energy 
supply under normoxic and hypoxic conditions, it 
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is obvious now that the p 0 2  distribution expresses 
the different oxygen sensitivities of the above men- 
tioned ion channels, metabolic pathway activities 
and gene regions. Low as well as high pO? val- 
ues have distinct influences. Low p 0 2  is accompa- 
nied by an enhanced production of erythropoietin. 
vascular endothelial growth factor platelet-derived 
growth factor A and B chains, placental growth fac- 
tor and transforming growth factor (Gleadle et al. 
1995, Goldberg et al. 1994), or tyrosine hydrox- 
ylase (TH) (Czykzyk-Krezeska et al. 1994) peak- 
ing between 1% and 3% O2 whereas high PO2 
incites a higher production of glutathione peroxidase 
(Cowan et al. 1993) or of phosphoenolpyruvate car- 
boxikinase (Kietzmann et ul. 1992) and an enhanced 
activity of the endothelial constitutive nitric oxide 
synthase (Lioa et al. 1995). Lactate dehydrogenase 
activity is increased (Marti et al. 1994) whereas 
MnSOD activity is decreased under low oxygen lev- 
els (Russels et al. 1995). In contrast pregnenolone 
and aldosterone synthesis is enhanced under high 
oxygen levels (Raff and Jankowski 1995). Whereas 
the oxygen responsive elements of the genes encod- 
ing the different proteins have been partly identified 
(Cowan et al. 1993, Gleadle et al. 1995. Goldberg 
et al. 1994) the nature of the oxygen sensing pro- 
tein influencing metabolic pathway activities and 
gene expression is still unclear in mammalian cells. 
However studies on bacteria could described signal 
cascades influencing gene expression under hypoxic 
as well as hyperoxic conditions. Activation of the 
nitrogen fixation gene in Rhizobium meliloti under 
hypoxia is mediated by a cell membrane located 
heme-based sensor which phosphorylates a tran- 
scription factor for facilitating its DNA binding 
(Gilles-Gonzalez and Gonzalez 1993). Escherichia 
coli contains the SoxR protein, which activated by 
oxidative stress like hyperoxia through a variable 
redox state of its FeS cluster induces transcription 
of the SoxS gene, which in turn increases expression 
of defensive genes such as Mn-containing super- 
oxide dismutase (Hildago and Demple 1994). It 
has been shown by Gorlach et al. (1994) using 
spectrophotometry and western blot analysis that 
hypoxia induced Epo production of human liver 

cancer HepG2 cells in MS culture is mediated by 
a non respiratory heme protein as an oxygen sen- 
sor. This heme protein is capable of H202  forma- 
tion and seems to possess similarities with flavocy- 
tochrome bsss of the NADPH oxidase in neutrophils 

with p22,ho.l gp9 lPhox3 p47,hox and ~ 6 7 ~ h o x  as typ- 
ical components (Bokoch 1993). The oxidase has 
a declining H202  formation in HepG2 cells under 
hypoxia which might due to a changed redox state 
of the cells promoting the binding of transcription 
factors like HIF to the oxygen responsive element 
of the Epo gene (Fandrey et al. 1994). Gleadle et al. 
(1995a) underlined the importance of a flavoprotein 
oxidoreductase as an oxygen sensor by inhibiting the 
hypoxia induced gene expression of five genes by 
means of diphenylene iodonium an inhibitor of the 
neutrophile NAD(P)H oxidase. This oxidase might 
be termed according to Bastian and Hibbs (1994) 
as low output form with respect to the rate of 
H202  production. This is in contrast to the stimulus- 
dependent respiratory burst-like activity of the high 
out put oxidase in leucocyte defense mechanisms 
having an about 95% higher production rate than the 
low output form (Jones et al. 1995). In case of the 
hyperoxia induced aldosterone production the oxy- 
gen sensitive side is likely to be located in the mito- 
chondria] aldosterone synthase enzyme complex 
(Raff and Jankowski 1995). A heme-protein seems 
to be not involved in this oxygen sensing process. 

The meaning of oxygen sensors for tumor cells 
might be seen in their influence on the cellular redox 
state and herewith folding of proteins, receptor 
assembly and transcription factor activity by produc- 
ing reactive oxygen species in dependence on PO2 
which are scanvenged by systems like glutathion, 
thioredoxin or catalase (Powell and Abraham 1993). 
Transcription factor like HIF, p53, WaflICipl, AP- 
I ,  NFkB or the stability of rasmRNA which have 
been shown to be involved in the regulation of 
angiogenesis, cell growth and death or drug and 
radiation sensitivity are controlled in their activ- 
ity by this mechanism (Gleadle et al. 1995, Gold- 
berg et al. 1994, Miller et al. 1993, Graeber et al. 
1996, Powis et al. 1995, Russo et al. 1995). Oxy- 
gen sensors with different rates of reactive oxygen 
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species production at different spots in the p02  field 
of a tumor might be therefore a possible target for 
future cancer therapies. 

CONCLUSION 

The aim of the article was to show with the aid 
of the multicellular spheroid model recent findings 
on the heterogeneous interaction between microen- 
vironment and therapy in tumors which might be 
stirnulatory for clinicians, biologists and mathemati- 
cians to design and improve, in a concerted action, 
therapeutic strategies for tumor patients. Two new 
technical developments might improve the impact 
of the proposed action: 1. cultivation of individual 
tumor biopsy material in multicellular spheroid cul- 
ture (Fjellbirkeland et al. 1995) and 2. the detection 
of fluorescent probes specific for various tumor cells 
activities non invasively in different depths of the 
spheroids by confocal laser microscopy combined 
with multiphoton excitation for mapping with a sub- 
sequent threedimensional reconstruction the hetero- 
geneity of the tumor cell response to the various 
therapeutic modalities (Porwol et al. 1996). 
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