
Cell and Environment Interactions in Tumor 
Microregions: The Multicell Spheroid Model 

Abnormal vascularization of malignant tumors is associ- 
ated with the development of microregions of heteroge- 
neous cells and environments. Experimental models such 
as multicell spheroids and a variety of new techniques are 
being used to determine the characteristics of these mi- 
croregions and to study the interactions of the cells and 
microenvironments. The special cellular microecology of 
tumors influences responsiveness to therapeutic agents 
and has implications for future directions in cancer re- 
search. 

B Y THE TIME A TUMOR HAS GROWN TO A DETECTABLE SIZE 

the cancer cells and their local environments have often 
become heterogeneous. Subpopulations of cells may have 

developed with a variety of growth and functional properties as well 
as diverse responses to therapeutic modalities. Malignant progres- 
sion, traditionally considered to be due to genetic changes and the 
instability of the transformed phenotype, may also be influenced by 
the abnormal microenvironments that can develop even at very early 
stages of tumor growth. 

Many microenvironmental changes occur as a result of inefficient 
vascular function within a tumor. Small (< 1 mm) tumor nodules as 
well as microregions of larger tumors can be considered as microeco- 
logical niches in which there may be major gradients of critical 
metabolites such as oxygen (02), glucose, lactate, and H f  ions, and 
probably of other nutrients, hormones, and growth factors (Fig. 1) 
(1). Because of the selective pressure of the heterogeneous environ- 

The author is professor of oncology in biophysics and of radiation oncology and 
associate director of the Cancer Center for Experimental Therapeutics at the University 
of Rochester School of Medicine and Dentistry, Rochester, NY 14642. 

Fig. 1. Diagram of tumor microregion showing 
some of the factors that contribute to the develop- 
ment of heterogeneous microenvironments and 
cells. Abbreviations: P, proliferating; Q, quies- 
cent; N, necrotic; D, differentiation; I, invading; 
M, mitotic; HC, host cells (lymphocytes, macro- 
phages, and fibroblasts); EF, environmental fac- 
tors; CF, cell factors; AF, angiogenic factors; and 
BM, extracellular biomatrix. 

ments and the instability of the malignant genome, new and diverse 
cell phenotypes emerge that show altered responses to therapeutic 
agents. However, it may be possible to exploit these abnormal 
environments in order to enhance sensitivity to certain therapies or 
to develop new diagnostic and therapeutic strategies. In this article, 
I discuss the use of the multicell spheroid model in the study of 
tumor microregions and the application of the results to tumors in 
vivo. 

Vascular Pathophysiology 
Angiogenesis generally occurs in tumors that have reached 1 to 2 

mrn in diameter (Fig. 2, A and B), and details of the process and its 
regulation are gradually being elucidated (2). The endothelial cells 
of the blood vessels degrade basement membrane (extracellular 
matrix), migrate, proliferate, and produce new basement membrane. 
The endothelial cells in tumors have a much higher mitotic activity 
than endothelial cells in normal tissues (2). Several agents that 
stimulate endothelial cell migration and proliferation in vitro and in 
vivo have been identified (2). Morphometric analyses of xenografted 
human melanomas implanted at the same site indicate that angio- 
genic stimulation by tumors of similar histopathology can differ 
substantially (3) .  Furthermore, the same tumor cell line implanted in 
different tissues shows a variety of oxygenation states, indicating a 
significant influence of the tissue environment on the efficiency of 
the vascular supply that develops (4). There is evidence that 
macrophages found in tumors also stimulate angiogenesis (2). 

Deficiency of vascularization may be evident as areas of necrosis in 
metastatic tumors of 0.1 to 1.0 cm in well-vascularized tissues such 
as lung (Fig. 2, B and C). Vascular density varies in both human and 
xenograft tumors (5). Such abnormal patterns of tumor blood vessel 
growth and variable blood flow can account for deficiencies in 
oxygenation and nutrient supply in some tumor microregions. 
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Fig. 2 (A) Early angiogenesis in a small tumor (approximately 1 mm) 
growing in a hamster cheek pouch "window" preparation (78). (B) Human 
adenocarcinoma of colon micrometastasis (1.5 mm) in lung. Central necrosis 
is evident at this small size even in this well-vaxularizcd site. (C) Human 
epidermoid carcinoma memsmses in lung. Sigdicant necrosis can be seen. 

Oxygen tension (Po2) and pH have been measured in rodent and 
human tumors (6,7). These data are characterized by a large degree 
of inter- and intratumor heterogeneity. Generally, the frequency 
distributions of Po2 values are shifted toward hypoxia, with at least 
50% of the measurements often being less than 10 mrnHg. ThepH 
may range from 5.8 to 7.6, and most often acidic median values (pH 
6.8 to 7.0) are observed. Direct evidence for vascular inefficiency in 
tumors of the human head and neck as well as of the recnun has been 
obmined by using a cryospectrophotometric technique to measure 
oxyhemoglobin saturation in tumor microvessels (8). These data 
suggest that the intratumor distributions of important substrates 
such as glucose or other nutrients as well as growth factors or 
hormones may also be deficient and heterogeneous. 

Tumor Cell Heterogeneity 
Tumor growth is characterized by a phase of exponential cell 

proliferation followed by a phase of dechmg growth rate associated 
with an increase in nonproliferating (quiescent) cells and necrotic 
cells. Proliferating cells are usually located within a few cell layers of 
functional blood vessels. Quiescent and necrotic cells are located at 
progressively greater radial distances from the vessels. The radii 
measured between the vessels and necrotic areas in a variety of 
rodent and human tumors range from approximately 50 to 250 pm. 

In addition to the quiescent cells that presumably develop as a 
result of 0 2 ,  nutrient, or growth factor deprivation, another class of 
quiescent cell phenotype, the differentiated quiescent cell, may be 
present. Although differentiation is genetically based, the process is 
also influenced by the cellular environment, particularly the three- 
dimensional relation of cells to each other and to extracellular 
matrix. Various chemical mediator signals and cell receptors control- 
ling growth and differentiation are known. Some of these natural 
signaling factors, also known as biological response m d e r s ,  have 
the capacity to induce proliferation or quiescence, and some quies- 
cent cells may at a later stage of tumor progression act as stem cells 
to cause regrowth of the tumor. 

The fkaction of stem cells in human tumors is variable, but usually 
small ( 4 % ) .  Stem cells are the targets for therapy, and it is fkom 
these cells that resistant variants can emerge. Cloned stem cell lines 
from the same tumor or fkom different tumors of the same 
histological type express a range of sensitivities to drugs and to 
radiation (9) but are generally considered as relatively stable pheno- 
types. Similarly, relatively stable but highly metastatic subpopula- 
tions of cells have been cloned from tumors (10). However, 
phenotype stability may depend on the stability of the selective 
pressures of the environment. A dynamic heterogeneity model 

incorporating forward and backward rates of phenotypic variance 
has been applied to explain the behavior of growing tumor cell 
populations with different metastatic propensities and drug resis- 
tances (1 1 ) . 

This cellular heterogeneity of tumors is also reflected by variations 
in the expression of cellular antigens, which can complicate the use 
of antibodies conjugated with cytotoxic agents (12), and by varia- 
tions in specific chromosomal abnormalities (13). Multiple clones 
with differences in DNA content have been found in specimens of 
some human malignancies (14). The products of one or more 
oncogenes may be overexpressed in some tumor cells (IS), and such 
overexpression may be correlated with malignant progression in 
several types of human cancer (16). The expression of certain 
growth factors and growth factor receptors is critical to cellular 
interactions in a growing tumor (17). The responsiveness to some 
growth factors in v im can depend on whether the cells are 
anchorage-independent or grown as monolayers on glass or plastic 
(18) or attached to extracellular matrix (19). In a progressing 
malignancy, normal structural associations (cell-cell and cell-matrix) 
are disrupted, thereby creating an environment where the normal 
processing of these intercellular signals may be altered (Fig. 1). 

The Multicell Spheroid Model 
One approach to studying the biology of tumor microregions is 

to culture cancer cells in the form of three-dimensional multicell 
spheroids that simulate micrometastases or i n t e r v d a r  microre- 
gions of larger tumors (1, 20-28) (Fig. 3). This tumor model is 
intermediate in complexity between standad two-dimensional 
monolayer cultures in v im and tumors in vivo. The spheroidal 
geometry and spatial resolution possible with various microtech- 
niques facilitate studies of the relation of tumorlike microenviron- 
ments to the development of specific cellular subpopulations (23- 
25). Methods have been developed for optimal growth and utiliza- 
tion of spheroids of a variety of different histological types of rodent 
and human tumors (2&28). 

Spheroids grown from established tumor cell lines or, less fre- 
quently, directly from primary tumor specimens, show growth 
kinetics similar to those of tumors in vivo. As growth progresses, the 
number of cells that are proliferating decreases, and the proportion 
of nonproliferating (quiescent) cells increases. When the cells be- 
come deprived of 0 2 ,  glucose, and other substrates, and when toxic 
metabolic waste products accumulate, there are steep gradients in 
these metabolites, and cell death and necrosis will occur in the 
centers of the spheroids. The distance from the periphery of the 
spheroid at which necrosis occurs may vary from 50 to 300 (~m, 

depending on the cell types and their substrate consumption rates, 
the cell packing densities, and the concentrations of substrates in the 
growth media. For most types of human tumor cells grown under 
optimal nument and oxygen conditions the thickness of the viable 
rims of cells surrounding the necrotic centers of spheroids ranges 
from 100 to 220 pm with cell padring densities producing extracel- 
lular volumes of 35 to 55%, generally similar to the values for 
tumors in vivo (Fig. 3, B, C, and D). 

It is over these very small distances, approximately 10 to 20 cell 
diameters (simulating the radial distance fkom small blood vessels in 
tumors), that significant differences in cell microenvironments may 
develop. Generally, most of the proliferating cells in spheroids are 
located in the outer three to five cell layers (75 pm). The quiescent 
cells are located more centrally and include a significant proportion 
of cells that are reproductively viable when removed from these 
environments (23-25,29). These cells can be recruited to repopulate 
the proliferating wmpamnent. 
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Subpopulations of cells from peripheral or central regions of 
spheroi& can be isolated in order s&dy their biological pbperties 
and responses to therapeutic agents. The methods used for such 
isolation include selective dissociation with low concentrations of 
proteolytic enzymes (30), cennifUgal elumation (23-25, 29), and 
fluorescence-activated cell sorting based on gradients of intracellular 
fluorescent probes for viable cells (31) fiom the peripheries to the 
centers of spheroids. 

spheroids have been used to study the relative importance for 
tumor cell growth of the supply of O2 and glucose (20-25,32-34). 
Direct measurements of the Po2 within spheroids were performed 
with microelectrodes (Fig. 4 4 .  Gradient profiles of Po2 across the 
viable rims and necrotic centers of many different types of cancer cell 
spheroids have been obtained (21,22,32). These gradients can often 
be very steep, in agreement with theoretical calculations based on 
known O2 concentrations, diffusion constants, and consumption 
rates. However, some cells may adapt to changes in 0 2  supply by 
modifjrlng consumption rates and consequently decreasing the 
steepness of the 0 2  gradients. The relative concentrations of O2 and 
glucose may affect pathways of energy metabolism and thereby 
change oxygenation and may also influence the fraction of quiescent 
cells and viable rim thickness. Glucose concentration affkcts the 
development of central necrosis even when O2 levels are sigdcant. 
Although initial spheroid growth rates are similar in different O2 
and glucose environmenG, the spheroid size at which growth 
saturation occurs depends on O2 and glucose concentrations and is 
associated with the onset of necrosis. Necrotic or prenecrotic 
materials can produce growth inhibitory feedback eff& on the 
proliferating population of cells. These data have been incorporated 
into a theoretical model of growth regulation in relation to supply of 
critical metabolites (34). 

Fig. 3. (A) Scanning electron micrograph of human cervical squamous cell 
carcinoma (Cask) spheroid (approximately 300 )~m in diameter) containing 
3900 cdls (bar, 100 pm). (6) Histologic section through the center of Cask 
spheroid similar to that shown in (A). Viable rim of cells of approximately 
120 )~m surrounds the necrotic center. (C) Viable rim of spheroid of a 1 1 2  
human colon adenacardnoma demonstrating differentiation of pseudoglan- 
dular structures. (D) Scanning electron micrograph of viable rim (top) and 
necrotic center (bottom) of C0112 spheroid. The pseudoglandular struc- 
tures are predominantly in the more quiescent deeper regions of the viable 
rim. The spheroid was dried under critical point conditions, cleaved, and 
then coated with gold (bar, 10 pm) (79). 

An unarpectedly large decrease (factor of 3 to 4) in both O2 and 
glucose consumption occurred during the growth of intact spher- 
oids (33). It has been hypothesized that a significant part of this 
decreased metabolism results from the increased fiaction of quies- 
cent cells and cooperative cellular biochemical interactions that 
modulate energy metabolism during spheroid growth. 

Another biochemical event associated with hypoxia and glucose 
deprivation is the increased rate of synthesis of a specific class of 
oxygen-regulated proteins (ORPs) (35). The synthesis of these 
ORPs, most ofwhich are present at low concentrations constitutive- 
ly, begins after about 1 hour of hypoxia and increases for periods of 
up to about 12 hours of hypoxia. The kinetics and extent of 
induction of the five major ORPs (33,80,100,150, and 260 kD) 
that have been identified vary among the rodent and human normal 
and malignant cell lines that have been studied. The proteins are 
synthesized at increased rates in the cell layers surrounding the 
necrotic centers of spheroids. 

The ORPs are induced in the presence of normal glucose 
concentrations. However, low glucose (in well-oxygenated environ- 
ments) can induce synthesis of several of these proteins. Combined 
stress of hypoxia and low glucose concentrations shortens the 
exposure time required for induction but not the synthesis rates. The 
induction of these proteins does not appear to vary at different 
phases of the cell cycle. The possible significance of these proteins 
for determining sensitivity to therapy or as diagnostic markers has 
yet to be determined. 

Differentiation in Spheroids 
The growth of cells in three-dimensional aggregates has been 

widely used for studies of regulation of embryological development 
(36). Evidence for enhanced differentiation has been obtained in 
studies of characteristics of malignant cell subpopulations when 
grown as spheroids. Spheroids of human colon adenocarcinoma 
differentiate to develop pseudoglandular structures that possess the 
features of tumors in vivo (Fig. 3, C and D) (27). These spheroids 
express large amounts of carcinoembryonic antigen in association 
with these structures, eight times more than when cultured as two- 
dimensional monolayers. Studies of these and less differentiated 
human colon carcinoma spheroids with microelecaodes showed 
considerable differences in oxygenation (27). 

Differentiation as determined by morphological, biochemical, and 
immunological criteria has also been demonstrated in spheroids of 
other malignant and normal cell lines. Of special interest are the 
responses to hormones and growth factors that have been observed 
in spheroids of different cell types from tissues such as thyroid, liver, 
and pituitary (37). Functional differentiation can be maintained for 
many weeks. The sensitivity to epidermal growth factor is modulat- 
ed markedly when human squamous carcinoma cells are grown in 
close cell-cell contact even as small spheroids (groups of five to ten 
cells). In spheroids, reactions with some antibodies to differentiation 
antigens of fetal tissues are qualitatively and quantitatively different 
than in monolayers, and the reactions change as spheroids grow. An 
important environmental factor involved in stimulating differentia- 
tion within some types of spheroids is probably the production of 
emcellular biomatrix in close association with the cells during 
growth (38)- 

Cell-Cell Contact in Spheroids 
Spheroids are held together by surface membrane microprojec- 

tions, extracellular ma&, and a variety of cell-cell junctions (desmo- 
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Distance from the center ( ~ m )  Distance from the surface (urn) 

Fig. 4. (A) Microelectrode profiles of Po2 in HT29 human colon spheroids 
(in Dulbecco's minimum essential medium and 10% fetal bovine serum), 
demonstrating steep gradients across the viable rim and low values in the 
central regions. (B) Gralents ofpH in human U-118 MG glioma spheroids 
(650 wm) under different buffer and p H  conditions [symbols: e, initial 
conditions with a buffer capacity of 11.3 mM per pH unit and a medium pH 
of about 7.4; the buffer capacity was changed to 4 mM per pH unit with a 
medium pH of 7.3 (A) and then 7.6 (0). The buffer capacity was then 
shifted back to 11.3 mM per pH unit with a medium pH of 7.4 (A).  The 
medium pH under this last buffer condition was finally changed to 7.7 (.)I. 
[Reprinted from (65) with permission, copyright Cancer Research, Inc.] 

somes, tight junctions, junctional complexes, and gap junctions). In 
some spheroids specialized junctions are rare, but when they are 
present, the most common junction is the desmosome. Gap junc- 
tions are of special interest because they are thought to play a 
regulatory role in embryogenesis. Although it is possible that loss of 
coupling between cells is a critical element in the uncontrolled 
proliferation in cancer (39), this field of research is controversial. 
Abnormalities of cell-cell communication are probably involved in 
some but not all cancers. Whether through gap junctions or by other 
structures, intercellular permeability may not be constant between 
cells at different stages of spheroid growth (40). 

There is a positive correlation between lines of cancer cells that are 
highly electrically coupled and their resistance to ionizing radiation 
as small spheroids (41). This "contact effect" was first demonstrated 
in small spheroids of Chinese hamster V79 lung cells after 1 or 2 
days of growth (5 to 15 cells) (Fig. 5A) (42) and was subsequently 
shown for other cytotoxic agents (43, 44) such as heat, ultrasound, 
and the drug Adriamycin (ADR) . This increased resistance usually 
takes the form of an increased threshold shoulder on the dose- 
response survival curves of cells from dissociated spheroids after 
exposure of the intact spheroids to the cytotoxic agents. Resistance 
to radiation in V79 cells is not lost until approximately the duration 
of one cell cycle after dissociation of the spheroids, indicating that 
direct cell-cell communication at the time of irradiation is not critical 
for the contact effect. A history of growth in close cell-cell contact 
appears to be the most important factor for most cell lines that 
express this phenomenon. Thus, although there appears to be a 
correlation between the ability to express this contact effect and cell- 
cell electrical coupling, the evidence does not conclusively support a 
direct relation. Other factors appear to be involved in the mecha- 
nism of this altered sensitivity. 

Another covariant with cell-cell contact is altered cell shape when 
the cells are grown in small spheroids rather than monolayer 
cultures. There is evidence that the altered cell shape, in association 
with the development of intercellular membrane contacts and 
junctions, may stimulate mechanochemical transductions from cell 
membrane through cytoskeleton and nuclear matrix to the chroma- 
tin, thereby affecting DNA packaging and DNA-enzyme interac- 
tions (45). This concept, along with a specific hypothesis of altered 
DNA loop sizes in cells in small spheroids compared with cells in 
monolayer cultures, has been proposed to explain the decreased 
DNA damage in irradiated spheroids (46). 

This increased resistance to radiation attributable directly or 
indirectly to cell-cell interactions has now been demonstrated in 
other rodent and human tumor xenograft models in vivo (41, 47). 
In experiments with human melanoma spheroids a contact effect was 
found in one offive established cell lines at early passage and two of 
four primary cultures from fresh surgical specimens (48). It is 
important to determine the frequency and magnitude of this effect 
among and within different histological classifications of human 
tumors since radiation therapy is usually given in many small dose 
fractions in which the sensitivity of the threshold shoulder region of 
the cell survival curve will have a major influence on the outcome of 
the total course of therapy. Currently this is of special interest 
because of the suggestion that the low dose response of cells in 
culture, the so-called intrinsic sensitivity to radiation, may predict 
the general clinical responsiveness of different classifications of 
tumors (9). Refinement of such potentially predictive assays may be 
possible with the use of small spheroids to assess cell-cell contact 
effects and large spheroids to determine influences of the develop- 
ment of heterogeneous cell subpopulations and microenvironments 
during growth. 

Microregions and Resistance to Therapy 
Radiation-resistant hypoxic cells have been demonstrated in most 

rodent tumors, and there is evidence for their existence in human 
tumors (49). Decreased radiation sensitivity begins to occur at a Po2 
of less than 10 mmHg; the equivalent partial pressure of 0 2  that 
produces one-half the maximum sensitivity is approximately 3 to 5 
mmHg. Such levels (and even lower) have been measured in many 
rodent and human tumors. Different rates and extents of reoxygena- 
tion, and therefore enhanced sensitization, may occur during multi- 
fraction radiation therapy. The relation of reoxygenation to changes 
induced in tumor vascularization, inhibition of tumor cell O2 
consumption, possible migration of hypoxic cells, or other charac- 
teristics of tumor microregions is not clear. 

More detailed information on the interrelation of some of these 
factors in response to therapeutic agents has been obtained with 
spheroids. This model is particularly appropriate for simulating 
chronically hypoxic and quiescent cells as they may occur in a 
dynamic equilibrium between proliferating and necrotic compart- 
ments in vivo. A radiation-resistant hypoxic fraction is present in 
spheroids of both rodent (24, 50) and human origin (Fig. 5C) (51). 
Tumors that contain radiation-resistant hypoxic cells when grown as 
spheroids also usually show a resistant hypoxic fraction of cells when 
grown in mice. In one study relative differences in radiation 
responsiveness of xenografts of five human melanoma cell lines were 
predicted from studies of the sensitivity of corresponding spheroids 
(52). When spfieroids are subjected to fractionated doses of radia- 
tion, simulating radiotherapy, reoxygenation occurs that, because of 
the absence of a vascular network, demonstrates the importance of 
decreased cellular respiration (53). Other research has shown that 
agents that inhibit O2 consumption by the outer proliferating 
compartment of spheroids can reoxygenate the more central com- 
partment and thereby increase radiation sensitivity (53). 

Major differences in sensitivity to drugs attributable to effects on 
accessibility and uptake as well as local microenvironments have 
been demonstrated in tumor cells grown as spheroids (44, 54-56). 
One example of this is the resistance to @R where, in several 
tumor spheroid systems, a gradient in drug distribution develops 
with the greatest concentrations in the outer cells (Fig. 6A) (44, 55, 
56). A similar gradient occurs in vivo where the greatest concentra- 
tions of ADR are found in cells near blood vessels. As a result, at 
drug concentrations achievable in the serum in vivo, cells in 



spheroids exhibit increased resistance (several logs) in the surviving 
fraction of clonogenic cells (Fig. 5D). Studies of penetration of 
other drugs have shown that some, such as 5-fluorouracil and 
vincristine, penetrate readily. 

The ability of' antibodies with attached cytotoxic agents to 
penetrate into tumor microregions may be poor because of the high 
molecular weights involved. Heterogeneous distributions of anti- 
gens and their accessibility even within volumes as small as 1 to 2 
mrn3 are beginning to be regarded as critical for the therapeutic use 
of such agents. Recently, we showed that F(abf)2 and Fab fragments 
of antibodies labeled with radioisotopes can penetrate about six to 
eight cell layers in spheroids of human colon adenocarcinoma 
compared with only one to three cell layers for intact antibody (57). 
Radiation dosimetry studies of antibody distributions in animal 
tumors, as well as theoretical modeling of expected doses for tumors 
of different geometries, including spheroids, have pointed out the 
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Fig. 5. (A) Radiation sensitivity of small spheroids (five to ten cells per 
spheroid) of Chinese hamster V79-171b lung cells. Symbols: 0, spheroids 
irradiated and immediately dissociated for colony formation assay of separat- 
ed cells; e ,  monolayer cultures irradiated in suspension and assayed for 
colony formation (42). (B) Sunriving fraction of hypoxic EMT6IRo mouse 
mammary tumor cells incubated in suspension with different concentrations 
of glucose and MISO. Changes in the redox state of the cells affect the 
cytotoxicity of this drug. [Reprinted from (63) with permission, copyright 
Macmillan Press] (C) Radiation response of multicell spheroids of WiDr 
human colon adenocarcinoma cells. Spheroids were irradiated in air at 4°C 
( 0 )  to inhibit cellular O2 consumption and reoxygenate the hypoxic, 
resistant cells present when spheroids are irradiated under normal growth 
conditions in air at 37°C (0). Spheroids irradiated in N2 at 37°C (M) show a 
resistant survival cunre that parallels the cunre for irradiation in air at 37"C, 
also indicating the presence of a fraction (about 8%) of hypoxic, radiation- 
resistant cells. Spheroid diameter, 1239 i 32 wm. All colony formation 
assays were performed on the cells after completely dissociating the spheroids 
immediately after irradiation. [Reprinted from (51) with permission, copy- 
right Academic Press] (D) Relative sensitivities of EMT6IRo spheroids and 
monolayer cultures in exponential growth phase to different exposure doses 
of ADR for 1 hour. The cells were exposed to the drug as spheroids ( e )  
(various sizes between 400 and 900 wm in diameter) or as monolayers ( 0 )  
and were then dissociated with trypsin to produce single cell suspensions that 
were than assayed for colony formation. [Reprinted from (55) with permis- 
sion, copyright Pergamon Journals] 

advantages of using combinations of antibodies or antibody frag- 
ments and different isotopes with a range of energies and effective 
radiation distances in order to maximize the therapeutic potential of 
this approach. 

Therapy Sensitization 
A major area of research on radiation-resistant hypoxic cells has 

been the development and application of radiation-sensitizing 
drugs. The early demonstration that certain nitro-containing chemi- 
cals could penetrate to hypoxic zones within spheroids and tumors 
and enhance radiation sensitivity through fixation of reactive free- 
radical-induced damage (58) helped stimulate the search for other 
active agents. Analogs of nitroimidazoles with a range of electron 
affinities and lipid solubilities have been compared, and some 
effective hypoxic-cell sensitizers have been identified. Misonidazole 
(MISO), for example, has received extensive clinical evaluation, but 
its clinical use may be limited because of its neurotoxic side effects. 
The binding of MIS0  is much greater in hypoxic than in normoxic 
cells (Fig. 6B), and the extent of binding can be calibrated by means 
of autoradiography in spheroids equilibrated in different 0 2  envi- 
ronments. Thus MIS0  can be used in experimental tumor systems 
to detect those tumors that contain resistant hypoxic cells at the 
initiation of therapy (59). Relatively noninvasive techniques, includ- 
ing positron emission tomography (PET), magnetic resonance 
spectroscopy (MRS), and magnetic resonance imaging (MRI) may 
be used to measure appropriately labeled agents that preferentially 
bind to hypoxic cells in vivo. Similar techniques may also be useful 
in other forms of ischemic disease. 

The finding that certain nitroimidazoles also preferentially kill 
hypoxic quiescent cells in spheroids (60) led to a search for other 
drugs with similar reactivities. A number of nitroimidazoles and 
related nitro-containing compounds have been identified and com- 
pared for their chemotherapeutic activity with the use of monolayer 
cultures, spheroids, and tumor models in vivo. Drugs that are many 
times as effective as hypoxic cytotoxic agents have now been 
identified. Some combinations of drugs that are more effective 
against the proliferating cell subpopulations and drugs such as 
MIS0 that kill the hypoxic, quiescent cells show not only the 
expected additive effect but also a synergistic (chemosensitization) 
effect (61). 

Since interactions of the 0 2  and glucose supply affect spheroid 
oxygenation, the consequences for radiation response of different 
concentrations of glucose have been investigated (24). When mouse 
mammary tumor spheroids were grown in glucose concentrations 
greater (4.5X) than normal, the fraction of radiation-resistant 
hypoxic cells decreased and the cells were more sensitive. The 
change in the hypoxic fraction can be explained by decreases in O2 
consumption leading to higher concentrations of O2 within the 
spheroid. The change in the inherent sensitivity in this cell subpop- 
ulation may reflect changes in intracellular levels of known modula- 
tors of radiation response, such as glutathione, or in the fraction of 
quiescent cells. It has been possible recently to isolate enriched 
populations of quiescent cells from spheroids and plateau-phase 
monolayer cultures and to measure directly their radiation sensitivity 
(29). These cells are more radiosensitive when they are isolated and 
then irradiated. However, many of these cells would be hypoxic in 
spheroids and tumors in vivo and may also efficiently repair 
radiation damage. Therefore, they may be more resistant than the 
normoxic proliferating cells, and their ability to survive and to be 
recruited into the proliferating compartment is an important consid- 
eration for assessing their contribution to the overall responsiveness 
of tumors. 
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ng. 13. (A) ADR e a t  (yellow BW-EC) 
in viable rim of EMT6/Ro mouse mammary 
nunor spheroid. N d c  center is at the Mi. 
Population of cdls (grecn) with little uptake of 
the drug is shown. Rim thickness, appmximatdy 
200 pm (55). (B) Prelkntial activation and 
binding of radiolabclcd MIS0 (white zone) in the 
hypoxic region of cdls surroun@ the necrotic 
center of EMT61Ro mouse mammary tumor 
spheroids (80). 

In addition to affkcting the 0 2  environment and cell viability and 
quiescence, the glucose supply also influences the intracellular redox 
state in ways that are important for det- the cellular response 
to cytotoxic agents. For example, the ability of MIS0 to bind and to 
kill hypoxic tumor cells is highly dependent on the concentration of 
glucose (Fig. 5B) (62, 63). As glucose is inmased, activation and 
binding are increased so that the cells become sensitive. This is partly 
because the supply of pyridine nudeotide-reducing eq,Iivalents 
increases, mainly by way of the hex- monophosphate pathway. 
The elfectiveness of other bioreductively activated drugs could be 
similarly altered. For many such drugs, critical interactions among 
environmental factors such as 0 2 ,  glucose, pH, and drug concen- 
tration would be expected to influence the sensitivity of cWerent 
subpopulations of cells, even in tumor microregions less than 0.5 
mrn in diameter, as in spheroids. 

The ability of low 0 2  and glucose supply to induce specific 
proteins (ORPs) has stimulated research to assess the possible 
relation of these proteins to therapeutic sensitivity. A strong correla- 
tion has been established between the induction and decay kinetics 
of ORPs and the sensitivity of cells to ADR (64). After periods of 
arposure to hypoxic conditions the cells are more resistant to a range 
of concentrations of ADR administered for 1 hour under nonnoxic 
conditions. Reoxygenation of the cells after exposure to these 
hypoxic conditions causes the ADR resistance and the protein 
synthesis rates to return to nonnal. Longer periods of glucose 
deprivation, which induce most of these same proteins, also result in 
ADR resistance. Similar effects can be produced by the glucose 
analog glutmarnine or by methods that alter intracellular calcium 
levels such as treatment with calcium ionophores or calcium chelat- 
ing agents. The mechanism of this resistance is not known, although 
it may partly account for the greatly increased resistance of intact 
spheroids to ADR (Fig. 5D) (44, 55, 56). 

The difference inpH between tumors and normal tissues may also 
be therapeutically exploitable. Spheroids have been used to measure 
gradients in pH that might be expected in tumors at distances of up 
to 200 pan (10 to 15 cell diameters) from vessels (65). The results 
obtained with microel- show that gradients of 0.1 to 0.5 pH 
unit can occur depending on the metabolism of the particular cell 
type, the concentrations of 02, glucose, and other substrates in the 
macroenvironment, and the convection and buffering properties of 
the surrounding fluid medium (Fig. 4B). Such pH difkences 
enhana the sensitivity of tumor cells to hyperthermic therapy, and 
cells in the inner regions of the viable rims of spheroids are 
preferentially kdkd by hyperthermia (66, 67). Methods are being 
developed to increase the acid milieu in tumors as opposed to 
normal tissue and thereby obtain an even greater therapeutic 
advantage. These methods may also be applicable to treatment 
with drugs. A variety of mechanisms related to inherent differences 
in cell sensitivity to certain drugs caused by pH effects on metabo- 
lism, or dated to eEects ofpH on drug structure and degradation 
products, or to uptake and disaibution within c&, are being 
considered. 

Cellular Immune Reactions in Spheroids 
Among the host cells in a tumor that can play significant roles in 

tumor growth or response to treatment are cytotoxic T lymphocytes 
and macrophages. These cells, which may constitute a large percent- 
age (up to 50%) of the total tumor cell population (64, may be 
direaly cytotoxic and may modulate, that is help or suppress, 
cytotoxic or other immune functions. Many of these functions of 
host cells are mediated by &rent cytokines released into the tumor 
microenvironment (Fig. 1). 

The reactions between host immune cells and tumor cells in 
environments simulatine tumors in vivo have been studied bv 

Y 

implanting spheroids into the peritoneal cavities of nonnal or 
immunologically sensitized or deficient mice and recovering the 
spheroids at &ent times (69). Kinetics of host cell infilaation, 
functional capacity of host cells recovered from spheroids, and 
destruction of the tumor cells by the host cells within the spheroids 
have been determined. In studies with syngeneic systems the 
primary cytotoxic cell was the T lymphocyte, and a factor produced 
by certain tumor cells was discovered that inhibits the generation of 
cytotoxic immunological reactions (69, 70). Spheroid-associated 
macrophages have been shown to produce tumor necrosis factor 
(71). 

By using the spheroid model in v im and in vivo, it is possible to 
separate direct effects of therapeutic manipulations on tumors from 
indirect cffcrrs mediated through the host. For example, mature 
immune cffcctor cell cytotoxic activity is relatively radiation resistant 
as demmined from studies of spheroids that were recovered from 
mice after infiltration with host cells and then irradiated (72). By 
comparison, irradiation of the host mice before spheroid implanta- 
tion, early in the immune response to the tumor cells, produced a 
much greater impairment of cytotoxic immune activity. Treatment 
of spheroids with moderate hyperthermia before implantation into 
mice did not enhance their immunogenicity (67). Peritoneal implan- 
tation of spheroids has also been used to study the e l k s  of drugs 
that require activation in vivo (73). 

Implications and Future Research 
A variety of technologies are becoming available for studying the 

characteristics of tumor microregions. These include cryobiological 
techniques used in conjunction with microspectrophotometry for 
quantitative analysis of oxyhemoglobin saturations in individual 
tumor vessels or the use of bioluminescence (Fig. 7B) for determin- 
ing the dismbution of metabolites and substrates such as adenosine 
mphosphatc (ATP) and glucose in tumors and spheroids. These 
data can be evaluated in conjunction with other quantitative infor- 
mation obtained by using computer-interFaced microscopy imaging 
techniques to determine cellular heterogeneity with antibodies and 
immunocytochemistry methods, biochemical markers, and molecu- 
lar probes for gene expression. 
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Fig. 7. (A) TI-weighted (TR 450 msec, TE 16 mscc) proton image of 
human HT29 colon carcinoma spheroid (2000 pm in diameter). Discrimi- 
nation of the viable rim of the spheroid of approximatdy 200 pm thickness 
and other differences in the central necrotic region can be seen. Image 
obtained with a GE CSI 2 T spectrometer operating at 85.56 MHz for 
protons. Image slice thickness is 160 pm with a spatial resolution of 156 by 
78 pm (81). (B) B~olumincscence image of ATP disnibution in HT29 colon 
carcinoma sphero~d (800 pm in diameter). The color coding indicates 
rclPiveaonmmarions: red>oange>ycllow>gnen>blue>blaclr.ATP 

t in greatest concentrations in the actively prolifkrating outer regions 7 the spheroid viable rim, it is lower in the inner region of the rim and 
lowest in the necrotic center (82). 

Rdativdy noninvasive techniques such as MRI, MRS, and PET 
may provide insight into the metabolism and physiology of tumor 
tissue, although the resolution of these methods is inadequate to 
examine in daail the small mimregional volumes described in this 
article. However, MRI of spheroids can currently dkangu& ne- 
crotic centers h m  the layers of surrounding viable cells of about 
160 ) ~ m  in thickness (Fig. 7A); similar results have been obtained 
recently with ultrasound microscopy (74). Specnoscopy methods 
with the use of "P, for example, can provide information on 
metabolites related to phosphate&ntaining metabolic pathways to 
indicate energy status of tumors. Estimates of tumor pH can also be 
obtained fiom the shifi in inorganic phosphate peaks. Studies with 
PET can provide details of glucose and O2 metabolism in tissues, 
especially brain, and the mcthods arc being refined for application in 
tumor tissue to study other metabolic pathways and speafic recep- 
tors. Results h m  these methods can be interpreted relative to 
mimregional heterogeneities measured in the same tumors with the 
use of c'yospectroph&omeay and bioluminescence. 

The concept of dynamic and transient changes in genetic expres- 
sion is emerging as an important area for investigation. Miaaenvi- 
ronmental h r s ,  including metabolic substrates, growth famrs 
and hormones, and pH may influence genetic expression. Recently, 
hypoxia was shown to be an efFective inducer of gene amplification, 
which can lead to the production of drug-resistant cells (75). Cell- 
cdl interactions, directly or indkedy, may also be important 
modulators of malignant cdl phenotype as indicated by changes of 
drug and radiation mistance in mixed-cell expechnts (76) and by 
alterations in the potential of malignant cells to invade and mix with 
normal cells (77). 

Eventually it may be possible to exploit and manipulate tumor 
environments to produce preferential effbas of therapeutic agents 
on tumors. It may also be possible to treat tumors with combined 
therapy modalities that arc efEctive against specifically characterized 
subpopulations and heterogeneous enviroments, and to control or 
stabilize the heterogeneity in favorable directions, for example, 
&rentiation or expression of antigens or receptors that can then 
be treated with speufic agents. 
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