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ORIGINAL ARTICLE
Cell-cell interactions in spheroids maintained in suspension

BOZIDAR DJORDJEVIC' & CHRISTOPHER S. LANGE'

' Department of Radiation Oncology, State University of New York, Downstate Medical Center, Brooklyn, New York, USA

Abstract

We have developed a system of mixed aggregates of cultured cells, to model iz situ cell interactions. This three-dimensional
(3D) system of floating cell aggregates, termed spheroids for their round shape, enables one to monitor their growth in both
size and number of constituent clonogens and to measure survival curves for cells having 3D cell-cell interactions. This
system was used to measure the three-dimensional cell-cell interactions on growth, and clonogenicity of either AG1522
fibroblasts, or HelLa cervical cancer cells (pure spheroids, or if both feeder and test cells are the same type, pseudohybrid
spheroids), and/or of mixtures of both (hybrid spheroids). By following the increase or decrease in size of, or number of
clonogens per, spheroid over time, one obtains growth or inhibition curves. By relating these clonogen numbers, one
obtains, after a suitable growth period, relative survival. The system allows one to score the effects of irradiation and of other
treatments, as well as the effect of interaction of the constituent cells on their survival. Floating pure, or pseudohybrid
(composed of 10% live fibroblasts and 90% supralethally irradiated fibroblast feeder cells) spheroids, shrank to about
10—-20% of their volume in three days and then remained at that size for up to six days. In contrast, pure spheroids
composed of live Hel.a cells increased their volume by an order of magnitude over the same period. Survival of cells in
spheroids was measured by the ability of individual spheroids to grow beyond a size implying a ten-fold increase. A caveat to
be observed is to correct survival for cellular multiplicity, i.e. reduce survival values to compensate for more than one colony
former at the time of irradiation. The system of spheroids floating and growing in nutrient medium provides a selective
system for evaluating growth of HelLa, and by implication, other neoplastic cells, without interference from (overgrowth by)
normal fibroblasts. Thus it is possible to discriminate between normal and neoplastic cells by virtue of whether or not cells
grow in suspension. Such a system seems ideal for testing novel strategies (radiation in combination with chemicals), in an in
vivo-like environment.

Tumor cells from surgical samples or biopsies have
exceedingly low plating efficiencies, such that only a
miniscule fraction, probably unrepresentative of the
tumor as a whole, will grow in culture. However,
knowledge of the sensitivity of each patient’s tumor
to various chemotherapies and radiation treatments
is essential to treating each patient as an individual
rather than the average of all clinical experience. The
heterogeneity of tumors and of patient responses to
therapy is well-known, so the ability to individualize
patient treatment plans, taking into account the
inherent sensitivities of their tumor(s) could be an
important advance in improving the cure rates of
various cancers.

The first attempt to measure the clonogenic
survival of tumors in culture as an assay system
was that of Salmon and Hamburger [1]. Their
system of tumor cell growth in soft agar produced

sufficient cells to perform an assay in only about
25% of their patient samples and for each cell to
form a colony, 100 000 had to be plated. This low
plating efficiency (PE =10""") made it difficult to
believe that the results were representative of the
tumor iz situ. An improvement on this system was
based on the Courtney et al. double layer soft-agar
method [2], used by West et al. [3] to measure the
sensitivity of cervical cancers to a single dose of 2 Gy.
This method obtained results from about three
quarters of patients and had a PE of about 0.1%
(107%). A major benefit of the soft-agar methods
was supposed to have been that they prevented the
growth of stromal fibroblasts, which would otherwise
take over the culture, so that only the tumor cells
were thought to grow in agar. Similarly, the cell
adhesive matrix assay (CAM) was thought to be
selective for fibroblasts. However, Lawton et al. [4]
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and Stausbol-Gron et al. [5] showed that this
assumption was incorrect; stromal fibroblasts also
proliferate on the matrix plates [4] and in agar [5], so
that the results were for fibroblasts (or possibly both
mixed fibroblasts and tumor cells), and not the
tumors. Moreover, like all single-cell plating assays,
there is a fundamental problem that soft-agar assays
lack physiological relevance to iz situ tumors,
because they lack the three-dimensional (3D) con-
tact seen in tumors. It may be for exactly this reason
that no one has yet correctly predicted individual
patient outcomes using these assays [3]. To alleviate
these problems, we have developed an in vivo-like
system, the hybrid spheroid assay [6—10], suitable
for testing primary tumor cells. Our system exhibits
a much higher PE ~1-10%, with almost all samples
producing sufficient colonies for assay [6]. Further-
more, in the hybrid spheroid system, cells are
enveloped in a 3D agglomerate of cells exhibiting
all the mutual influences on survival after treatment.
This is important, as it is becoming clear that the
survival of tumor cells and the functionality of
various tissues surrounding tumors are determined
not only by the direct impact of inactivating agents,
but also by the now well recognized Bystander Effect
(BE) (see review in [11]).

Hybrid spheroids were first shown to form from
mixtures of unirradiated Hel.a test cells and supra-
lethally irradiated HeLla feeder cells [6]. Using this
system with test cells directly from human tumor
surgical samples, it was shown that the PE was
considerably higher than that in other clonogenicity-
based putative predictive assays for patient tumor
radiosensitivity [7]. Unlike monolayer assays, this
system appeared to maintain the GO fraction in
chemosensitivity assays [8], and was the only one to
reliably provide radiation survival curves [6—10].
However, the radiosensitivity of HeLa test cells to
each daily dose fraction was shown to increase
exponentially with increasing number of fractions
[9], rather than remain constant, as previously
assumed. This was shown to be a form of BE [11].
Since test cell contact with supralethally irradiated
feeder cells produces an artifactually large BE effect
(rather than the much smaller one due to the feeder
cells receiving the same dose as the test cells),
this led us to examine the use of fibroblasts as feeder
cells in hybrid spheroids. This use of fibroblast
feeder cells also can block the growth of stromal
fibroblasts (which could otherwise overgrow the
culture). The results of some of the studies using
Hela test cells (as a repeatable standard) are
presented here.

Until recently, the effects of ionizing radiations on
cells were considered to be independent for each cell,
with no interaction between neighbors. The analysis
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of in vitro single cell survival curves was based on this
assumption, as were n wvirro models for tumor
radiosensitivity. However, there is a phenomenon
of collective response to irradiation known by the
term “Bystander Effect” (BE, [11-20]). It deals
with the fact that cells in culture (and in whole
animals) which had not been traversed by a photon
or ionizing radiation track, are able to be affected by
their traversed neighbors traversed neighbors via
either a direct contact [12,15-17,19,20] or a med-
ium-transmitted effect [14,18]. From all appear-
ances, this phenomenon may be of considerable
significance in clinical situations, notably during
protracted treatment regimens. The text below
briefly summarizes the phenomenon, and highlights
possibilities of modulating clinical practices, with a
view to obtain a therapeutic gain in tumor control.

We became aware that BE may be operating in our
system of PseudoHybrid Spheroids composed of
agglomerated supralethally irradiated Hel.a feeder
and live test HeLa cells, when we described expo-
nentially increased radiosensitivity in the course of
multifraction irradiation [8]. A much smaller radio-
sensitizing effect was seen when a similar combina-
tion of Hel.a cells in monolayer, with or without
feeder cells, was repeatedly irradiated [9]. Since such
findings indicated an effect of close cellular contact
in BE, it was reasoned that three-dimensional cell-
cell contact maintained for longer periods of time,
could be more revealing of the effect of cellular
contact and more like the situation iz situ. Conse-
quently, we have measured the importance of
cellular contact on test cell survival in long-term
spheroids composed of test and irradiated or uni-
rradiated feeder cells. This approach may provide a
better in vitro model for in vivo cellular radiation
responses.

Materials and methods
Types of spheroids

Three types of spheroids are used in this study: (1)
Pure spheroids, in which all the cells are of the same
type, as in pure fibroblast or pure Hel.a spheroids;
(2) Hybrid spheroids, in which two cell types are
mixed (e.g., HelLa and fibroblasts), one type being
the test cells whose growth and viability are being
measured (1% or 10% of the initial spheroid cells),
while the other type consists of nonclonogenic feeder
cells (99% or 90% of the initial spheroid cells;
rendered such by irradiation or culture condition);
and (3) Pseudohybrid spheroids, in which all the
cells are of the same type, but the feeder cells (99%
or 90%) are supralethally irradiated.
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Spheroid formation and maintenance

The method of spheroid formation has been de-
scribed previously [6—10]. Briefly, a mixed cell
suspension composed of cells to be tested (test cells)
and carrier cells (feeder cells) is co-incubated over-
night, in a bacteriological Petri dish, to which cells
do not adhere. Under these conditions, hybrid (or
pseudohybrid or pure, depending on the mixture of
cells used) spheroids are formed, the composition of
which closely corresponds to the input of the original
cell mixture [6].

In the present study, two cell lines were used:
AG1522 fibroblasts of human origin (early passage,
obtained from Coriell Cell Repositories, Camden,
NJ, and retrieved from liquid nitrogen storage
shortly before use), and Hela cells (maintained in
this laboratory for more than a decade; periodically
removed from cryogenic storage to minimize genetic
drift).

To form hybrid spheroids with AG1522 feeder
cells and HeLa test cells, a mixture of 3—5 x 10°
AG1522 fibroblasts and 1/10™ that of test cells for
cell growth assays, or 1/100™ that for cell radio-
sensitivity assays were incubated in a 100 mm
bacteriological Petri dish (hydrophobic surface)
with 10 ml of Eagle’s Minimal Essential Medium
with glutamine and non-essential amino acids,
supplemented with 15% fetal bovine serum, strep-
tomycin (100 pg/ml), and sodium bicarbonate
(0.22% w/v) (complete MEM) (all Invitrogen Life
Technologies Gibco Products, Carlsbad, CA; below
noted as Gibco). The reason for the different average
numbers of test cells used for the growth and
radiosensitivity assays is that for the former, the
time to see changes in spheroid volume and test cell
number is shorter (the larger number of test cells
providing a head start), while for the latter, having
an average of about one test cell per spheroid makes
it easier to perform multiplicity corrections and
determine surviving fractions of test cells (if there
is only one test cell in a spheroid, there will be no
growth if that cell is sterilized or there will be growth
if it survives).

For spheroids made with Hela feeder cells and
AG1522 test cells, the inverse of the above, the same
number of fibroblast test cells was used for both
viability and radiosensitivity assays. The test cell to
feeder cell ratio used was 1/10, because the fibro-
blasts have about a 10% plating efficiency (a 10
times higher concentration for growth curves would
mimic pure spheroids rather than pseudohybrid or
hybrid spheroids; see below). In a variant of this
procedure, spheroids made exclusively of fibroblasts,
or of HeLa cells (pure spheroids), were also used.
After agglomeration, spheroids of a desired size were

selected by passing the entire harvest of cell agglom-
erates through a system of nylon sieves, and spher-
oids were then eluted from a selected sieve. We have
found most satisfactory results with spheroids pas-
sing the 125 pm pore sieve, and arrested on the 88
pm pore sieve (with most of the harvested spheroids
falling in the range of 100—110 pum in diameter and
containing about 170 cells; this is almost twice the
number previously reported for Hel.a feeder cells
grown with bromodeoxyuridine [6], presumably due
to the larger size of the analog-containing cells. We
took the time of harvesting spheroids as zero time for
our subsequent growth and survival measurements.
Spheroids which were selected in the 250 pum
diameter size range contained about 2 700 cells.

Principal features of the modified hybrid spheroid assay

The principal feature of our modified, improved,
hybrid spheroid assay, as used in the present study,
was to monitor the capacity of spheroids to grow
beyond an arbitrary chosen size (equivalent to 10
divisions by the test cells), assumed to denote the
ability of unlimited proliferation. The improved
assay also prevents fibroblasts (potentially emanating
from surgical specimens) from being scored in
survival experiments. In order to obtain growth of
neoplastic cells, hybrid (i.e., containing both fibro-
blastic feeder cells, as well as neoplastic Hela test
cells) spheroids were incubated over a 10—12 day
period in bacteriological dishes, in which there is no
cell attachment. Under such conditions, unirra-
diated AG1522 fibroblastic feeder cells fail to grow
in floating spheroids; they could also be easily
distinguished from Hela cells on the basis of
morphological appearance upon dispersal and re-
plating. This feature enabled the system of floating
hybrid spheroids to be used to monitor the radiation
response of test HelLa cells, whereby growth beyond
a certain size signifies survival, in a manner analo-
gous to colony formation.

Dispersal of spheroids for cellular content studies

To determine the number of cells per spheroid,
either in order to follow the growth pattern of
spheroids, or for the purpose of measuring cellular
multiplicity (see below), we trypsinized a known
number of spheroids. This was accomplished by
spinning spheroids in a centrifuge tube, aspirating
supernatant medium, washing spheroids in 0.05%
trypsin in EDTA (Gibco), and incubating them in
0.05% trypsin in EDTA for 10 min to disperse
spheroids into individual cells. After dispersal of
spheroids, the trypsin in the resultant cell suspension
was inactivated by the addition of an equal volume of



complete MEM, the cells counted in a hemacyt-
ometer, and an appropriate dilution plated in tissue
culture Petri dishes or flasks for colony formation.
From these data (cell numbers, colonies formed per
spheroid) one obtains either the growth of spheroids
as a function of time, or the average colony forming
cell number per spheroid, at the time of irradiation,
the so called cellular multiplicity (M). One can
obtain the value of M in the original mixed cell
suspension by allowing a sufficient growth period for
constituent cells to form microcolonies. HeLa cells
in microcolonies are easily distinguished from
AG1522 cells in a culture dish in which both cell
types are attached and grow.

X-irradiation and measurement of survival of spheroids

For irradiation studies, spheroids eluted from the
selected sieve were distributed in equal aliquots into
a series of 60 mm bacteriological Petri dishes, and
irradiated with graded 2 Gy doses of 250 kVp X-rays
from a Philips RT 250 therapy machine (15 mA, 2
mm Al inherent filtration, HVL 0.475 mm Cu, 50
cm FSD, dose rate 2.7 Gy/min). At the end of the
incubation period allowed for scorable spheroid
formation (10—12 days), spheroids over 250 um in
diameter were counted under a dissecting micro-
scope, using an underlying transparent sheet with a
grid to facilitate counting in the dish. These spher-
oids are now composed chiefly of Hel.a test-cells;
reflect growth from one or a few clonogen cells to a
spheroid with a diameter more than double that of
the original. Since the 250 pm diameter spheroids
contained about 2 700 cells, the test cells in hybrid
or pseudohybrid spheroids which had grown from
100 pm to 250 pm from their test cells, must have
undergone about 10 to 11 doublings (divisions) per
original clonogen. Survival of whole spheroids was
determined by relating the number of such enlarged
spheroids in the treated (irradiated) dish, to that in
the control dish.

Survival curves were not measured for HeLa cells
in pure spheroids because, with about 170 clonogens
to start, very large doses ( ~ 14 Gy) would have been
required to reduce the surviving fraction to <1 cell/
spheroid and thus have no colony of surviving cells.
Thus, at doses comparable to those used for the
other spheroid conditions, almost all spheroids
would have produced colonies. If all 170 cells were
colongenic then only about 4 divisions would have
been necessary to produce spheroids of 250 pm
diameter, while the standard for survival of clono-
genicity is 10 divisions in 10 days. Spheroids much
larger than this could not be used since they have
hypoxic centers and no longer behave the same as
the 100—250 pum spheroids used in these studies.
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Cellular multiplicity corrections of spheroid survival

To obtain single cell survival curves, fractional
survival of whole spheroids was corrected for cellular
multiplicity [6,21,22] by using the equation

SF(s.c) =1-(1- SF(spher))l/M (1)

where SF.) is the surviving fraction of single
clonogens, SF spher) is the surviving fraction of whole
spheroids, and M is the average multiplicity of test
cells in the control (unirradiated) series at the
beginning of the irradiation procedure. In order to
obtain M, an aliquot of same size control spheroids
was dispersed by trypsinization at the time of
irradiation and plated for colony formation. The
cellular multiplicity, M, was determined as the ratio
of test-cell colony numbers obtained from dispersed
spheroids divided by the number of spheroids
counted in unirradiated Petri dishes at the end of
the time of trypsinization. Dispersal of spheroids
served only this limited purpose. It should be noted
that multiplicity denotes the clonogen content per
spheroid at the time of irradiation, and not at the
time of spheroid scoring at the end of the incubation
period for spheroid survival determination. It should
also be understood that the much smaller proportion
of test cells for survival studies was necessitated by
the method of multiplicity correction at the time of
irradiation, which would be impractical or impossi-
ble with the higher input hybrid spheroids.

X-Ray survival curves of monolayer cells and cells from
dispersed spheroids

Survival curves were obtained from dispersed cells
plated in the conventional manner, by relating
numbers of colonies formed 10—12 days following
irradiation (or Plating Efficiencies) in the treated
versus the control group; no multiplicity corrections
were needed in these cases, since M was near unity.

Spheroid growth measurements

This was achieved by measuring spheroid diameters
under a dissecting microscope using an ocular
reticle, with the individual spheroid volume calcu-
lated as a function of time. To assure the round state
of spheroids, we used conditions discouraging
attachment, such as growth in bacteriological dishes
or placing spheroids in 24 well plates coated with
0.5% agarose. In other situations, growth was
measured by dispersal of spheroids by trypsinization,
followed by counting cells in the dispersed cell
suspension.
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Statistical methods

The data points shown in all figures are the means
with standard errors of the mean of the results of
multiple flasks/dishes, normalized to unity within
each experiment, prior to combining the data of
replicate experiments. The standard error is the
standard deviation divided by the square root of
the number of observations, and is properly used
when comparing mean values with each other rather
than data points with the mean (for which the
standard deviation should be used). The standard
errors of ratios (as in plating efficiencies and surviv-
ing fractions) are determined using the chain rule for
equipartition of variance, which takes into account
the proper weight of the uncertainty contributions of
both the numerator and the denominator [23,24].

Results

Growth characteristics of spheroids composed of
fibroblasts and/or HeLa cells

In order to verify the utility of AG1522 fibroblasts as
(non-growing) feeder cells in hybrid spheroids,
spheroids composed entirely of either live fibro-
blasts, or of supralethally irradiated fibroblasts,
were incubated in suspension over a period of several
days, and the growth (change in volume of spher-
oids) measured. The results in Figure 1 show that

104 E

Spheroid Relative Volumes

0 2 4 6 8 10 12 14
Days After Spheroid Harvest

Figure 1. Effects of time held in suspension on spheroid volume.
Relative volumes of spheroids composed exclusively of live (black
squares), and supralethally irradiated (20 Gy, open squares)
AG1522 fibroblasts are plotted for successive days after spheroid
selection. Both types of spheroids shrank to about 10-20% of
their original size within three days (day four after creation), after
which, they remain the same reduced size for the rest of the period
of observation (up to two weeks). In contrast, pure spheroids of
HelLa cells (black circles) grow, increasing in size (volume) by an
order of magnitude over a 6-day period. Data obtained from four
experiments. Error bars in this and in other graphs are standard
errors of the mean.

both types of spheroids shrank to about 10-20% of
their original size within three days (day four after
creation), after which, they remain the same reduced
size for the rest of the period of observation (up to
two weeks). In contrast, pure spheroids of Hel.a cells
grow, increasing in size (volume) by an order of
magnitude over a six day period. The latter is
consistent with the previously reported Gompertzian
growth of these cells in spheroids [10].

Figure 2 shows the increases in the relative
number of clonogens with time in culture for HelLa
cells in either attached or floating pure spheroids;
i.e., spheroids composed of Hela cells only. For
comparison, a growth curve of Hela cells in mono-
layer is also shown. Their respective doubling times
are 15.7, 13.4, and 18.1 hours. In all three cases, the
growth rates are similar.

The next two sets of data (triangles and black
stars) represent the growth of HelLa cells in hybrid
spheroids (with irradiated AG1522 fibroblast feeder
cells) and of unirradiated AG1522 fibroblasts grown
in monolayer. Their common doubling time is 31.6
hours, about half the rate of the Hel.a cells in pure
spheroids or monolayer. For HeLa cells in hybrid
spheroids with unirradiated fibroblast feeder cells
(data not shown), we can deduce a Hela cell
doubling time of <24 hours. This is based on the
survival curve data in Figure 5 and the survival
criterion that the test cells undergo at least 10

Relative Clonogen Number

0 1 2 3 4 5
Days After Spheroid Harvest or Cell Plating

Figure 2. Increases in the relative number of clonogens with time
in culture. The top two curves with solid lines are for HeLa cells in
either attached (open squares) or floating (open circles) pure
spheroids. For comparison, a growth curve of Hela cells in
monolayer is also shown (open stars, dashed line). The next two
curves represent the growth of Hela cells in hybrid spheroids
(with irradiated AG1522 fibroblast feeder cells; open triangles)
and of unirradiated AG1522 fibroblasts grown in monolayer
(black stars). The bottom curve (black circles) shows the initial
stasis, and then growth, of AG1522 fibroblasts as test cells in
attached hybrid spheroids with irradiated Hela feeder cells; the
final growth seen between days 3 and 4 is similar to that of the
HelLa cells in floating or attached pure spheroids or in monolayer.



doublings (>1024 cells) in 10 days with a dose-
dependent delay in the start of growth. Such a
doubling time is consistent with that observed for
the other three conditions.

The bottom curve (black circles) represents the
initial stasis and then growth of AG1522 fibroblasts
as test cells in attached hybrid spheroids with
irradiated HeLa feeder cells. The final growth seen
between days three and four has a doubling time of
16.3 hours, similar to that of the Hel.a cells in
floating or attached pure spheroids or in monolayer.

Figure 3 shows the rapid loss of clonogenic
AG1522 fibroblasts in floating hybrid spheroids
with irradiated HelLa feeder cells. A similar curve is
seen for AG1522 fibroblasts in floating pure spher-
oids. Within three days after harvest, only about 1-2
per cent of fibroblasts remain clonogenic; within four
days, <3 per thousand remain clonogenic. In both
cases, the spheroids were trypsinized before plating
for colony formation.

The top curve shows the loss of clonogenicity with
time for AG1522 fibroblasts in pseudohybrid spher-
oids (unirradiated fibroblasts as test cells in a
spheroid composed predominantly of irradiated
fibroblast feeder cells) trypsinized prior to plating
for colonies. Thus, irradiated fibroblast feeder cells
in psuedohybrid spheroids are less effective in
shutting down the clonogenicity of unirradiated
test fibroblasts than are unirradiated fibroblasts in
pure spheroids.

0.14

0.014

Relative Clonogen Number

0.001

Days After Spheroid Harvest

Figure 3. The loss of clonogenic AG1522 fibroblasts maintained
in spheroids. The bottom two curves show the rapid loss of
clonogenic fibroblasts in: (1) floating hybrid spheroids with
irradiated HelLa feeder cells (black circles) and (2) in floating
pure spheroids (black squares). Within three days after harvest,
only about 1-2 percent of fibroblasts remain clonogenic; within
four days <3 per 1 000 remain clonogenic. In both cases, the
spheroids were trypsinized before plating for colony formation.
The top curve (black triangles) shows the loss of clonogenicity
with time for AG1522 fibroblasts in pseudohybrid spheroids
trypsinized prior to plating for colonies.
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Figure 4 shows the slow loss of clonogenicity of
AG1522 fibroblasts in pure and in pseudohybrid
spheroids left intact for plating for colonies to grow
out of each marked spheroid, i.e., NOT trypsinized.
The top two curves show the results for pure
spheroids. One curve is for attached spheroids, the
locations of which have been marked, and clono-
genicity was calculated from the fraction which did
not form a colony [6]. The other is for floating pure
spheroids, which were plated at the indicated time
and scored for how many colonies they had pro-
duced. There seems to be no difference between
these two conditions for the pure fibroblast spher-
oids.

The lower two curves (solid lines) are for pseu-
dohybrid fibroblast spheroids. The upper one of
these is for floating spheroids (measured as in the
paragraph above), while the lower one is for attached
spheroids (as above). Thus, the presence of irra-
diated cells in the pseudohybrid spheroids brings
clonogenicity down faster than in their absence (pure
spheroids). The curve for trypsinized floating pseu-
dohybrid fibroblast spheroids is shown for compar-
ison (from Figure 3, dashed line), and is essentially
the same as that for attached pseudohybrid spher-
oids.

Relative Clonogen Number

0.1

T T

0 1 2 3 4 5
Days After Spheroid Harvest

Figure 4. The slow loss of clonogenicity of AG1522 fibroblasts in
pure and in pseudohybrid spheroids left intact for plating for
colonies to grow out of each marked spheroid, i.e., NOT
trypsinized. The top two curves show the results for pure
spheroids. One curve is for attached spheroids, the positions of
which had been marked, and clonogenicity was calculated from
the fraction which did not form a colony (open square). The other
is for floating pure spheroids (black square), which were plated at
the indicated time and later scored for how many colonies they
had produced. The lower two curves (solid lines) are for
pseudohybrid fibroblast spheroids. The upper one (open circles)
is for floating spheroids (as above), while the lower one (black
circles) is for attached spheroids (as above). The curve for
trypsinized floating pseudohybrid fibroblast spheroids is shown
for comparison (from Figure 3, black triangles, dashed line), and
is essentially the same as that for attached pseudohybrid spher-
oids.
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Thus, several factors affect the survival of test cells
in spheroids (Figures 1-4): (1) the type of test cells
(fibroblast vs HelLa) and the prior treatment (irra-
diated os unirradiated) of the feeder cells in the
spheroids — where the proximity of different cells
may affect their survival differently, (2) the attach-
ment status of spheroids — floaters vs. attached, (3)
dispersal of spheroids — trypsinization diminished
survival of clonogens more in hybrid spheroids than
in pure spheroids, and (4) trypsinization diminished
clonogenicity much faster in floating spheroids than
it did in attached spheroids.

The negative growth characteristics (shrinkage) of
spheroids in suspension, composed of fibroblasts
(Figures 1-4), indicated that when hybrid spheroids
grew, it was due to the proliferation of HelLa test
cells, not of AG1522 fibroblast feeder cells. It follows
for hybrid spheroids, that fibroblasts did not make a
contribution to the growth of (hybrid) spheroids, as
further evidenced from the following experiment.
Upon termination of the spheroid growth experi-
ment (ten days), resulting spheroids were trypsi-
nized, plated in a tissue culture dish, and stained
after a suitable growth period (ten additional days),
as detailed in the Methods section. It was found that
the only colonies (>99.9%) to grow from these
dispersed hybrid spheroids were Hel.a cells, even
though the spheroids initially consisted predomi-
nantly of fibroblasts (data not shown).

Survival curves of X-irradiated hybrid spheroids
maintained in suspension

In the next experiment, two types of fibroblastic
feeder cells were used, unirradiated and supralethally
irradiated, encasing Hela test cells. In order to
obtain survival curves using the improved spheroid
assay, hybrid spheroids with the two types of feeder
cells were placed in 60 mm bacteriological Petri
dishes (in which spheroids remain floating), X-
irradiated in 2 Gy increments up to a dose of 6
Gy, and maintained over a period of 10—12 days.
Survival was determined as described in Methods,
scoring only spheroids >220 pm in diameter (which
corresponds to 10 divisions by a HeLa test cell in the
spheroid). The results of these measurements are
presented in Figure 5, after appropriate corrections
for cellular multiplicity as described in Methods.
Both survival curves were fitted to an exponential
equation, even when continuous bending of the
lower curve (with irradiated feeder cells) remained
a possibility [22,25]. The important observation is
that the radiosensitivities of the two series were
different, with the lower curve being steeper by a
factor of 1.54+0.13. Evidently, lethally irradiated
fibroblast feeder cells confer radiosensitivity to
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Figure 5. Survival curves of HeLa cells irradiated in hybrid
spheroids, corrected for clonogen multiplicity. Hybrid spheroids
were maintained in suspension over a period of 10—12 days before
scoring surviving spheroids. Data obtained from four experiments
in each series. Black circles: live fibroblast feeder cells, D, =
2.95+0.08 Gy (2 =0.339+0.009 Gy~ '). White circles: supra-
lethally (20 Gy) irradiated fibroblast feeder cells, D, =1.92+0.15
Gy (0.=0.52+0.04 Gy~ "). The ratio of D, values =1.54+0.13.

tumor test cells in spheroids, with the difference in
survival between the two conditions (live vs. dead
feeders) most pronounced at the highest dose used
(6 Gy). [Unfortunately, it is not practical to deliver
higher radiation doses in the system presented here
in order to detect larger differences in survival levels,
for reasons of both a diminishing statistical accuracy
with higher doses (i.e., fewer scorable spheroids),
and of problems associated with spheroids over-
loaded with test cells (when occasional breakup of
spheroids could produce spurious carriers of clono-
gens).] Thus, the use of irradiated feeder cells carries
with it the problem of a Bystander effect on the test
cells, while the use of unirradiated fibroblasts as
feeder cells, which will not proliferate when in 3-D
contact as in spheroids, avoids this problem.

Survival of monolayer HeLa cells and cells from
dispersed spheroids

Unlike Hela cells in floating spheroids, monolayer
Hel.a cells, obtained either from conventional stock
cultures, or from cultures from dispersed hybrid
spheroids, displayed identical radiation responses
when tested for their colony forming ability 12
days after irradiation, irrespective of the kind of
feeder cells present (Figure 6). It appears therefore,
that for the radiosensitizing effect by supralethally
irradiated AG1522 fibroblasts, and a close 3-dimen-
sional contact with test cells must take place during
and for prolonged periods of time following irradia-
tion.
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Figure 6. Fibroblast feeder cells (dead or alive) do not affect the
radiosensitivity of HeLa test cells in spheroids dispersed before
irradiation. Hela cell survival curves were obtained for cells
dispersed, irradiated and then incubated for 10—12 days before
scoring colonies and fitting the Linear-Quadratic equation to the
data. Dispersed monolayer cultures with (squares) and without
(circles) irradiated feeder cells, dispersed hybrid spheroids con-
taining live fibroblast feeders (triangles), or dispersed hybrid
spheroids containing supralethally irradiated fibroblast feeders
(inverted triangles). Parameters from common curve, oo =0.18 +
0.03 Gy~ !, p=0.030+0.008 Gy 2.

Discussion

We were able to use unirradiated normal (diploid)
AG1522 human fibroblasts as feeder cells after
demonstrating that fibroblasts do not grow in
spheroids suspended in nutrient medium (see Fig-
ures 1-4). This non-growth feature of normal
fibroblasts is essential for scoring the response of
neoplastic cells to cytocidal agents: only the latter
will grow and respond to various treatments in our
system in an easily detectable fashion. Undoubtedly,
a suitable model is important; recall that the failure
of a number of predictive tests for tumor control
could be traced to their inability to differentiate
between normal and neoplastic cells [4,5,26,27].
Our system of floating hybrid spheroids is ideally
suited for the measurement of radiation effects in
HeLa cells, in a three-dimensional, i vivo-like
environment. We applied the same principle of
measuring survival as in the conventional method,
relying on an appropriate increase in the size of
proliferating spheroids after a 10—12 day incubation
period (i.e., corresponding to ~ 10 divisions by an
initial HelLa clonogen). This was performed at a
higher stringency than in surface attached colonies
(10 ws. 5.5 divisions to form a 50 cell colony [25]).
As in conventional systems, cellular multiplicities
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were obtained for spheroids at the time of irradia-
tion.

One of the interesting findings in the present
report is seen in the series of floating spheroids
with supralethally irradiated fibroblasts (Figure 2).
The introduction of irradiated fibroblastic feeder
cells to Hel.a test cells significantly reduces growth,
when compared to Hela cells growing free of feeder
cells (Figure 3). In addition, there seems to be a
direct effect of irradiated feeders on survival, as seen
in Figure 5. This strongly indicates a kind of
Bystander Effect, hinted at previously in conjunction
with incremental doses in a fractionated radiation
regimen [9]. Apparently, not all incremental doses
have the same effect; this effect increases with
the accumulation of irradiated neighbors. Since a
post-irradiation, possibly long term, cell contact is
required for this type of radiation response modifica-
tion; a Bystander Effect (BE) appears to be involved.

The mechanism of the BE remains to be deter-
mined, but several different mechanisms have been
proposed [12—20]. Some involve plasma-membrane
gap-junctional phenomena [15-17,19,20], and
others act through diffuse vectors [14,18]. Not all
radiation doses during a multi-fraction treatment
have the same efficacy: as we have shown previously
[9], the BE may critically increase with accumulated
dose and fraction number, with increased duration
of cell contact, and with increasing numbers of
sterilized neighbors. Thus, the mechanism of action
of genotoxic agents may not be as clear-cut as is
generally assumed, and survival may be modified at
several time-points after the initial damage.

One may speculate that the plating efficiency (PE)
may be influenced by autocrine and/or paracrine
mechanisms, as found in tumors  situ [28—30].
The same interactions may occur in spheroids too. It
is our hope that before long we may be able to solve
this problem. It is tempting to contemplate that
beneficial modifications of clinical practices may be
achieved through the predictive power of our Hybrid
Spheroid assay, after necessary modifications are
made to make the system compatible with fractio-
nated schedules extending over longer periods of
time. In this fashion, protocols which presently are
either difficult to compare, or were otherwise in-
compatible, could be tested in parallel and the best
variant selected for patient treatment. It is envisaged,
that when the system becomes fully operational, it
will be applied to surgical or biopsy tumor samples
and the best protocol selected in a clinical setting.
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