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MODULATION OF MULTICELLULAR AGéREGATES BY SOLID STRESS

Statement as to Federally Sponsored Research

This invention was made, at least in part, with
funds from the Federal Government, awarded through the
National Cancer Institute under contract R35-CA-56591.
The government therefore has certain rights in the
invention.

Background of the Invention

This invention relates to modulating the growth of
multicellular aggregates (e.g., tumors).

In tissue engineering, the successful development
of a cell-based implant for restoring or improving body
function through the production and/or secretion of
bioactive substances is dependent upon the growth state
and spatial organization of cells within the implant.
For example, hepatocytes that are cultured in vitro in a
three-dimensional configuration retain a more
differentiated state and display more liver-specific
functions than do cells grown in a two dimensional
system. Similarly, the control of growth rates is of
importance in biochemical engineering processes and
bioreactor applications.

Summary of the Invention

The invention derives from the discovery that the
macroscopic growth of multicellular aggregates, such as
tumors, is modulated by solid stress (i.e., pressure
exerted by solids, rather than fluids). Although solid
stress inhibits the growth of such aggregates on a
macroscopic level, continued cell proliferation and a
decrease in apoptosis results in compaction of cells
within the multicellular aggregate.

The invention thus features a method for
controlling the growth of a multicellular aggregate in

vitro. The method entails: (i) embedding a plurality of
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cells in a growth matrix, (ii) measuring the level of
solid stress on the cells, (iii) modulating the level of
solid stress on cells within the growth matrix, and
allowing the cells to grow within the growth matrix,
thereby forming a multicellular aggregate, and thereby
controlling the growth of the multicellular aggregate in
vitro.

The invention also provides a method for producing
a multicellular aggregate having a pre-selected size; the
method entails: embedding a plurality of cells in a
growth matrix, and allowing the cells to grow within the
matrix, wherein the growth matrix exerts a degree of
solid stress on the cells adequate to achieve a
multicellular aggregate of the pre-selected size. 1In a
variation of the method, one can produce a multicellular
aggregate having a pre-selected size and shape.
Typically, this method is carried out by embedding a
plurality of cells in a growth matrix, and allowing the
cells to grow within the matrix, wherein the growth
matrix is contained within a vessel (e.g., a vessel that
is non-uniform in shape), and the growth matrix together
with the vessel exert a degree of solid stress (e.g.,
non-isotropic stress) on the cells adequate to achieve a
multicellular aggregate of the pre-selected size and
shape. These methods can be used to produce artificial
tissues such as livers, skin, muscle, bone, and various
other organs.

The cells may be tumor cells (e.g., from muscle,
liver, colon, or mammary tumors) or non-tumor cells, such
as healthy, wild-type cells. The cells can be derived
from an established cell line, or they can be primary
cells. Examples of preferred cell types include, without
limitation, liver cells, pancreatic cells, brain cells,

skin cells, muscle cells, mammary cells, and bone cells.
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A variety of growth matrices having differing
mechanical strengths may be used in the invention. For
example, the cells can be grown in a matrix containing
agarose, for example at a concentration of 0.3% to
2.0% (w/v). Alternatively, the cells may be grown in a
matrix containing collagen, with or without a
glycosaminoglycan such as hyaluronic acid. In another
variation of this method, the growth matrix may contain
alginate. In addition to containing a compound for
producing a growth matrix having stiffness (e.g.,
agarose), the growth matrix contains nutrients for
growing the cells. For convenience, conventional cell
culture media can be used to dissolve the matrix-forming
compound (e.g., agarose) and provide nutrients to the
cells.

As shown by the examples provided below,
multicellular aggregates that are grown in a non-
isotropic stress field preferentially grow in the
direction of the least stress. Thus, the invention also
provides a method for modulating the growth pattern of a
multicellular aggregate. This method entails embedding a
plurality of cells in a growth matrix in which solid
stress exerted by the matrix is non-isotropic and thereby
defines a template which modulates the growth pattern of
the multicellular aggregate. By allowing the cells to
grow within the matrix, a multicellular aggregate is
formed, having a shape that is dictated by the non-
isotropic stress field. Such a method therefore can be
used to produce multicellular aggregates of virtually any
desired shape (e.g., physiologically relevant shapes,
such as those of organs, or portions thereof, or shapes
convenient for grafting or implantation).

In a variation of the methods described above, the
invention provides a method for identifying a therapeutic

compound for treating a multicellular aggregate. As



10

15

20

25

30

35

WO 99/05502 PCT/US98/15061 -

- 4 -

described below, compounds that decrease solid stress
exerted by multicellular aggregates are expected to
provide a beneficial therapeutic effect by inhibiting
collapse of vascular and lymphatic vessels within the
multicellular aggregate, thereby facilitating blood flow
and delivery of therapeutics throughout aggregates, and
facilitating lymphatic drainage of tumors. This method
for identifying therapeutic compounds entails:

embedding a plurality of cells in a growth matrix,

allowing the cells to grow within the growth
matrix, thereby forming a multicellular aggregate,

treating the multicellular aggregate with a test
compound, and

measuring a decrease in the level of solid stress
on the multicellular aggregate following treatment with
the test compound, relative to the level of solid stress
prior to treatment, as an indication that the test
compound is a therapeutic compound for treating the
multicellular aggregate (i.e., as a reliever of solid
sStress) .

In related aspect, the invention provides a method
for treating a multicellular aggregate in a mammal. In
this method, a mammal (e.g., a human or a rodent, such as
a mouse, in an animal model of a human disorder) is
identified as being afflicted with a multicellular
aggregate (e.g., a tumor), and solid stress exerted by
the aggregate is relieved. Relief of solid stress can be
accomplished, for example, by administering to the mammal
an antibody that specifically binds an integrin, or an
enzyme that dissolves the extracellular matrix (e.g., a
collagenase, hyaluronidase, or protease). Alternatively,
the extracellular matrix can be dissolved (and solid
stress relieved) by topical treatment of the
extracellular matrix with heat, ultrasound, microwaves,

radiation, or the like.
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By "solid stress" is meant pressure exerted on a
solid by another solid, for example stress exerted on a
multicellular aggregate by a growth matrix. Solid
stress, therefore, is distinct from interstitial fluid
pressure.

By "multicellular aggregate" is meant a plurality
of connected cells (e.g., as in a mass of tissue). The
cells of such an aggregate may be tumorigenic or non-
tumorigenic. They need not be, but can be, homogenous.
Included are primary cells, as well as cells of
established cell lines. 1If desired, the cells may be
wild-type, mutated (naturally or intentionally), or
genetically engineered to produce a recombinant gene
product (e.g., a secreted protein).

The invention offers several advantages. The
level of solid stress imposed on cells can readily be
modulated by embedding and growing the cells in a growth
matrix of a defined stiffness (i.e., gel strength). By
controlling stress exerted on the multicellular
aggregate, one can control the proliferation and
apoptotic rates of cells (e.g., tumor cells) within the
aggregate. By applying stress in a non-isotropic manner
on the growing multicellular aggregate, one can shape the
multicellular aggregate into nearly any shape. Other
features and advantages of the invention will be apparent
from the following detailed description, and from the
claims.

Brief Description of the Drawings

Fig. 1 is a schematic representation of an
exemplary apparatus for growing multicellular aggregates
in a growth matrix such as an agarose gel.

Fig. 2A is a graph depicting the growth kinetics
of LS174T spheroids in free suspension and in 0.3, 0.5,
0.7, 0.8, 0.9 and 1.0% agarose gels. The mean diameter +
the standard error (SE) of the spheroid population is
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shown for 5 separate experimentsw(with 50 to 80 spheroids
at each time point for each culture condition). Fig. 2B
is a graph depicting the growth kinetics before and after
(arrow) release of spheroids from the gel (from 0.5, 0.7
and 1.0% agarose). The mean diameter + SE of the
spheroid population is shown; the results are
representative of 5 separate experiments.

Figs. 3A-3C are graphs depicting the growth of
1.S174T in free suspension and gels confined in 1.0-mm ID
glass capillary tubes (orthotopic stress experiments).
The longitudinal (b) versus radial dimensions (a) of
tumor aggregates are shown for spheroids in free
suspension after 25-day culture in glass tubes (Fig. 34,
fit: y=0.99x+0.70, r’=0.99); in 0.7% gels after 25 days
(Fig. 3B, fit: y=2.23x-43.5, r’=0.86); or in 0.7% gels, 15
days after releasing the gels from the tubes (Fig. 3C,
fit: y=1.05x+55.3, r’=0.88). Dotted lines indicate y=x
axis. Results are representative of three separate
experiments, with 6 tubes per experiment for each
condition.

Figs. 4A-E are histograms depicting the cellular
characteristics of 28-day-old spheroids. Fig. 4A and 4D
depict cell proliferation, with dependence on spheroid
diameter depicted in Fig. 4D. The range was 180-520 pum
for 0.7% gel spheroids. The size distributions of the
two samples were comparable. Fig. 4B and 4E depict cell
apoptosis, with Fig. 4E depicting dependence on spheroid
diameter. The range was 180-520 um for free suspension
spheroids, 240-440 um for 0.7% gel spheroids (comparable
size distributions). Fig. 4C depicts cell density. The
mean + SE of the spheroid population is shown. Bold bars
in Figs. 4D and 4E schematically depict proliferation and
apoptotic rates.
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Detailed Descfiption
The invention derives from the discovery that

solid stress exerted on a multicellular aggregate alters
the growth pattern of the multicellular aggregate. More
specifically, solid stress inhibits growth of the
aggregate on a macroscopic level and decreases the
apoptotic rate of cells within the aggregate, without
affecting the cell proliferation rate. Consequently,
solid stress causes compaction of cells within the
aggregate. Thus, the invention provides in vitro methods
for modulating the growth of multicellular aggregates
which entail measuring the solid stress exerted by the
multicellular aggregate (e.g., for identifying compounds
that may relieve solid stress imposed upon vessels within
tumors and enhance delivery of therapeutics to the
aggregate) .

As exemplified by the working examples that
follow, the invention provides a method for controlling
the growth of a multicellular aggregate in vitro. In
this method, cells are embedded in a growth matrix, and
allowed to grow within the matrix and thereby form a
multicellular aggregate. Growth of the multicellular
aggregate within the growth matrix is controlled by
measuring and modulating the level of solid stress on the
aggregate within the matrix.

The multicellular aggregate can be formed from any
of a variety of cell types, with mammalian cells being
preferred. Such cells can be primary cells, or they can
be obtained from an established cell line. Numerous cell
types are publicly available from sources such as the
American Type Culture Collection, for example. In
practicing the invention in vitro, cells typically are
embedded in the growth matrix at a concentration of about
1,000 to 5,000 cells/ml, and allowed to form

multicellular aggregates by maintaining the cells within
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the matrix for about 10 to 100 déys (typically, 20-60 or
20-40 days). Conventional cell culture media can be used
to provide nutrients to the cells, and the cell culture
media typically is replaced daily.

A variety of growth matrices are suitable for use
in the invention. Growth matrices such as agarose,
alginate, collagen, and collagen supplemented with
glycosaminoglycans, can readily be prepared by one of
ordinary skill in the art. Typically, such growth
matrices are prepared by dissolving the matrix-forming
compound (e.g., agarose) in a conventional cell-culture
medium known to be suitable for growing the cells of
choice (e.g., Dulbecco’s Modified Eagle’s Medium) .
Agarose generally will be used at a concentration of 0.3
to 2.0% (w/v); concentrations of about 0.9% agarose or
higher substantially inhibit growth of the multicellular
aggregate. Alginate generally is used at a concentration
of about 0.5% to 35% (typically, 0.5% to 4%), and
collagen typically is used at a concentration of about
0.05% to 0.3% (e.g., 0.1% to 0.3%). If desired, collagen
growth matrices can be supplemented with
glycosaminoglycans (e.g., hyaluronic acid) typically at a
concentration of about 0.1 pug/ml to 10 ug/ml.

When multicellular aggregates grow in in vitro
growth matrices, such as agarose gels, stress gradually
accumulates around the aggregate due to the progressive
displacement of the matrix by the growing cellular mass.
The pressure exerted by the stress field can be
calculated based on the size of the growing aggregates
and the mechanical properties of the growth matrix. A
detailed description of an exemplary method for
determining the level of stress exerted is provided
below. Other methods for measuring solid stress also may
be used. For example, the stress can be measured

directly using optical methods, such as polarized light
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microscopy to assess the strain blaced upon the growth
matrix surrounding the multicellular aggregates.

By measuring and modulating the level of solid
stress initially placed on cells that form a
multicellular aggregate, one can control the growth of
the aggregate within a growth matrix. The initial levels
of solid stress can be increased by increasing the
stiffness of the growth matrix (e.g., concentration of
agarose) . As described below, increasing the initial
level of solid stress in a growth matrix inhibits the
macroscopic growth of the multicellular aggregate and
decreases the apoptotic rate of the cells within the
aggregate, without affecting the proliferation rate.
Thus, 1increasing the initial solid stress on the
aggregate leads to compaction of cells within the
aggregate.

The effects of solid stress on the growth patterns
of multicellular aggregates can be reversed by
alleviating the solid stress. For example, in vitro,
aggregates can be released from growth matrices by
dissolving the growth matrix. Agarose, for example, can
be dissolved by treating the agarose gel with agarase at
a concentration of 1 to 10 U/ml (typically, 5 U/ml) until
the gel is dissolved (e.g., for 2 days). Growth matrices
that contain collagen can be dissolved by treating the
matrix with collagenase at a concentration of about 1 to
5% in PBS (e.g., 3%). Growth matrices containing
alginate can be dissolved by changing the ionic strength
of the matrix, e.g., by infusing manganese into the
matrix. Once the extracellular matrix is dissolved, the
released multicellular aggregates can be grown in culture
medium as free suspensions.

In an in vivo setting (e.g., in a mammal afflicted
with a tumor or a benign multicellular aggregate), solid

stress exerted by the multicellular aggregate is
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sufficient to cause the collapse'of blood and lymphatic
vessels. The solid-stress-induced pressure on blood
vessels, resulting in collapse of vessels, can inhibit
delivery of therapeutic agents throughout the
multicellular aggregate. Similarly, solid-stress-induced
pressure on lymphatic vessels can impair lymphatic
draining in cancer patients. Thus, compounds and methods
for relieving solid stress are useful in therapeutic
regimens for treating patients afflicted with tumors.

In vivo, solid stress imposed by multicellular
aggregates (e.g., tumors) can be relieved by modulating
the mechanical properties of the interstitial
environment. For example, solid stress can be relieved
by treating the mammal with an anti-integrin antibody,
such as antibodies that specifically bind « and B
integrins. Such antibodies can be obtained commercially
or produced according to art-known immunization methods.
Solid stress also can be relieved by treating the mammal
with collagenase and/or hyaluronidase to dissolve
collagen and/or hyaluronic acid in the extracellular
matrix surrounding the multicellular aggregate.
Alternatively, proteases, such as metalloproteases, can
be used to break up the extracellular matrix and relieve
solid stress imposed on the multicellular aggregate.

Although such antibodies and enzymes can be
delivered to the multicellular aggregate by systemic
administration to the mammal systemically, these
therapeutics typically will be administered topically or
regionally to an area containing the multicellular
aggregate. Generally, antibodies are administered at a
dosage of 5 to 30 mg/kg of body weight, while enzymes are
administered at a dosage of 1 to 10 mg/kg body weight.

As an alternative to using antibodies or enzymes to alter
the interstitial environment, non-biological means can be

used. For example, solid stress can be relieved by
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dissolving the extracellular matrix surrounding the
aggregate with heat, microwave radiation, ultrasound, and
the like.

The in vitro methods described above can readily
be adapted for identifying new compounds that relieve
solid stress. In an exemplary method, cells (e.g., tumor
cells) are embedded in a growth matrix, such as 0.3 to
1.0% agarose. The cells are allowed to grow until the
resulting multicellular aggregates reach plateau phase
(i.e., their final size), at which point the
multicellular aggregate is treated with a test compound.
Solid stress exerted by the multicellular aggregate is
determined both before and after treatment with the test
compound, and a decrease in the stress levels indicates
that the compound is useful for treating the
multicellular aggregate. Virtually any compound (e.g.,
polypeptides or small organic molecules) can be used as
the test compound, provided it can diffuse through the
growth matrix. In an alternative method, the cells are
treated with the test compound prior to reaching plateau
phase, or even before embedding the cells in the growth
matrix.

Because growing multicellular aggregates are
responsive to solid stress imposed by the growth matrix,
the growth pattern of a multicellular aggregate can be
modulated by growing the aggregate in a non-isotropic
stress field. The multicellular aggregate preferentially
grows in the direction of the least stress. In a growth
matrix in which the stress field is essentially uniform,
cells grow into spheroid multicellular aggregates. The
stress field can be made non-isotropic (e.g.,
orthotropic) by containing the growth matrix within a
rigid container, such as a glass tube, a cylindrical
hollow fiber having porous walls for nutrient access, or

a container of another desired shape. Solid stress



10

15

20

25

30

WO 99/05502 PCT/US98/15061

- 12 -

exerted by the growth matrix, rather than the rigid
container itself, constrains growth of the multicellular
aggregate. By growing the cells in a growth matrix in a
confined configuration and having a non-isotropic stress
field, the non-isotropic stress field defines a template
for growth of multicellular aggregate. As shown by the
example provided below, the non-isotropic stress field
exerted on the aggregate can be used to modulate the
growth pattern of the aggregate and affect the final
shape of the aggregate (e.g., to produce an ellipsoid,
rather than spheroid, aggregate). By modulating the
growth pattern of the multicellular aggregates, one can
produce aggregates in a variety of physiologically
relevant shapes (e.g., liver-shaped or pancreas-shaped
aggregates as models of liver or pancreas). These shaped
multicellular aggregates have many applications in tissue
engineering, e.g., as implants or bioreactors.
EXAMPLES

Before describing the results of several working
examples, various parameters of the methods employed, and
of the invention in general, are described in detail.
These examples are provided to illustrate, not limit, the
invention, the metes and bounds of which are defined by

the following claims.

METHODS

Culture of tumor spheroids in free suspension and

agarogse gels. The growth kinetics of three tumor cell

lines were studied. Human colon adenocarcinoma cells
(LS174T) were obtained from the American Type Culture
Collection - (ATCC; Rockville, MD). Murine mammary
carcinoma cells (MCalV) were isolated from a spontaneous
tumor (Department of Radiation Oncology, Massachusetts
General Hospital, Boston, MA); other suitable murine

mammary carcinoma cells are available from the ATCC. BA-
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HAN-1 rat rhabdomyosarcoma cellsw(clones A, B, C; from
least to most differentiated) were provided by Drs. C.-D.
Gerharz and H. Gabbert (Institute of Pathology,
University of DuUsseldorf, Germany). Other suitable
rhabdomyosarcoma cells can be obtained from the ATCC or
from commercial suppliers.

Cells were cultured in Dulbecco’s Modified Eagle'’s
Medium containing 3.7 g/l NaHCO,, 10% fetal calf serum,
1% glutamine, and glucose (at 1.0 g/l for LS174T and
MCalV, and at 4.5 g/l for BA-HAN-1). Tumor cells were
grown as multicellular spheroids in free suspension or in
agarose gels of varying agarose concentrations (0.3% to
2.0%). The cells were grown in agarose gels in "well
inserts" that were suspended between upper and lower
compartments containing medium. Gels seeded with single-
cell suspensions were prepared in l-inch (outer
diameter), sterile well inserts (Collaborative Biomedical
Products, Bedford, MA) with porous, 1 um filter
membranes. This configuration resulted in two separate
medium compartments, an upper one and a lower one (see
Fig. 1).

Agarose (type VII, low gelling temperature) was
obtained from Sigma (St. Louis, MO), and stock solutions
of 2.0% (w/v) agarose dissolved in double-distilled water
were prepared. Final agarose concentrations (ranging
from 0.3% to 2.0%) were obtained by adding the
appropriate amounts of double-strength medium (Gibco/BRL)
and cell culture medium (described above) to the 2.0%
agarose stock solution (Iscove et al., Academic Press,
1979, in Immunological Methods, pgs. 379-385). The
bottom of each well insert was first coated with a
supportive layer of 1% agarose (in a volume of
approximately 0.5 ml), which was allowed to gel at room
temperature for 10 minutes. The next layer of agarose

was formed by adding a 2-ml liquid solution of agarose
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(at the appropriate concentratidh, as described above)
inoculated with single tumor cells at a controlled cell
seeding density. The pH of the liguid agarose was

7.3 + 0.1. During the inoculation process, the cell
suspension was added at a time when the agarose solution
was still liquid (>37°C), yet cool enough to prevent cell
damage (<40°C). The cell-containing agarose medium was
then allowed to gel at room temperature for 20 minutes.
Finally, 3 ml of culture medium were added to the upper
and lower compartments. The medium in each compartment
was changed daily, and the spheroid cultures remained
viable for at least 60 days.

Spheroids of cells grown in free suspension served
as controls. The plastic surface of the lower
compartment was first coated with a thin film of 1.0%
agarose to prevent cell attachment. A single-cell
suspension mixed with 3 ml culture medium was then
introduced into the lower compartment. The initial cell
seeding density matched the one used for the cultures
grown in agarose gels. For the controls, the well insert
was filled with a cell-free 1.0% agarose gel. Culture
medium (3 ml) was then added to the upper compartment.
The culture medium in the upper compartment, but not the
lower compartment, was changed daily. With this
configuration, the nutrients for feeding the cells must
travel through the cell-free agarose gel before reaching
the cells in the bottom compartment. Thus, the free
suspension spheroids faced a less favorable nutrient
environment that did the cells embedded in agarose.

In selected experiments, tumor spheroids grown in
agarose gels were released from the gel by enzymatic
digestion of the agarose gel with 5 U/ml agarase (Sigma) .
The conditioned culture medium was collected from the
lower and upper compartments prior to treatment of the

gel with agarase, and the released spheroids were
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cultured in the conditioned medium for 72 hours.
Subsequent culturing in free suspension was carried out
as described above. As controls, free cell suspension
controls were also treated with 5 U/ml agarase, to
confirm that the agarase used to dissolve the agarose
gels had no significant effect on spheroid growth.

To investigate the effect of a non-isotropic
stress field on tumor growth, cells were grown in 0.7%
and 1.0% agarose gels embedded in glass capillary tubes
(1-mm ID, 1-cm length, Vitro Dynamics, Rockaway, NJ).
Free suspension controls were grown in the central
section (0.4 cm length) of capillary tubes, the
extremities of which (0.3 cm on each side) were filled
with cell-free, 1.0% agarose. All tubes were floated in
a Petri dish containing 10 ml culture medium. The
initial cell seeding density for the controls was the
same as the density used for the isotropic stress
experiments. After 25 days, the cell-containing gels
were expelled from the glass tubes by pressure and
resuspended in culture medium. Growth was monitored for
15 additional days.

Spheroid volumetric growth was assessed every 2 to
4 days (for up to 60 days) by measuring spheroid diameter
using high-resolution videomicroscopy. At least
50 spheroids were measured at each time point in each
well. Only spheroids that were more than two spheroid
diameters apart from each other were considered to ensure
that their stress fields did not overlap. Clonal
efficiency was measured and defined as the ratio
(expressed in %) of the number of spheroids (aggregates
with >10 cells) present in the well at time t divided by
the number of cells seeded at time t=0.
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Mechanical properties of agarose gels and stress
field computation. The growth process of tumor spheroids
in agarose gels is characterized by an equilibrium

between the thrust of growing tumor cells and the elastic
constraint of the agarose chains. To be able to divide,
cells (spheroids) must stretch the polymer network (i.e.,
matrix) surrounding the cells; cells cannot digest the
matrix or migrate through it. The network, in turn,
exerts an elastic stress on the spheroid surface. As
growth proceeds, an elastic stress field builds around
the spheroid, the magnitude of which depends on the
mechanical properties of the agarose gel. 1In addition,
during growth, fluid will be squeezed out from the gel
regions proximal to the spheroid surface, leading to
compaction of the gel around the spheroids. Therefore,
to calculate the stress around a spheroid growing in a
gel, one defines a constitutive equation of the gel,
which relates the strain to the stress, and determines
the mechanical parameters with appropriately designed
experiments. The agarose gel is assumed to be a
poroelastic material, i.e., a hyperplastic polymer
network filled with a fluid. Thus, the gel can be
described with an exponential-hyperbolic strain energy

function with four constitutive parameters

W:C(ep(z—s)_I) +y (I711-1)
(III—(bO)n

where I and III are the first and third strain

invariants, and C, B, vy and n are empirical parameters.
The chosen strain energy function adequately described
the traction and compression states of agarose gels, as

determined in confined and unconfined compression tests.
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In these tests, a fixed quantity of agarose was cast in a
stainless steel container of 38 mm diameter and gelled at
4°C for 1 hour. The system was then transferred to a
dynamometer (Inston Machine Mod. 4204) to determine the
constitutive relation between stretch and applied load.
For confined compression tests, the agarose sample was
kept in the metallic mold to prevent radial displacement.
The sample was compressed by the upper surface with a
porous stainless steel disc (37.5 mm in diameter)
directly connected to the load cell. For unconfined
compression test, the agarose sample was removed from the
metallic mold and compressed by a non-porous disc. A
cross-head speed of 0.06 mm/min was used to obtain guasi-
static tests. All tests were performed at a controlled
temperature of 37°C. The mechanical parameters (C,8,Yy
and n) of agarose gels at 0.5, 0.7, 0.8, 0.9 and 1% were
then obtained by fitting the experimental data. The
stress field around the spheroid was calculated by
integrating the equilibrium equations, assuming that the
spheroids were not interacting mechanically, i.e., the
stress field around a given spheroid did not overlap with
that of a neighboring spheroid. The local gel
concentration around the growing spheroid also was
calculated.

Proliferation and apoptosis assavs. A monoclonal

antibody specific the proliferating cell nuclear antigen
(PCNA) , TDT-mediated dUTP-biotin nick end-labeling
(TUNEL) , and propidium iodide assays (PI) were used to
quantify proliferating cells, apoptotic cells, and total
cell number, respectively, in frozen sections of tumor
spheroids. Spheroids were isolated manually, directly
(from free suspensions) or after partial digestion (using
5 U/ml agarase) of the agarose gel. The spheroids then
were frozen in OCT medium in a dry ice/methanol bath.

Using a cryostat, thin sections (8 to 10 um) of the
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spheroids were cut. The thin séétions, on slides, were
fixed for 30 minutes in 0.2% paraformaldehyde, followed
by 10 minutes in 100% ethanol, then rinsed three times in
phosphate-buffered saline (PBS). Slides were then used
either for the PCNA or the TUNEL assay. PCNA sections
were incubated for 60 minutes with monoclonal mouse anti-
PCNA (DAKO, Santa Barbara, CA; diluted 1:50 in PBS
containing 0.5% BSA), then for 30 minutes with
streptavidin-conjugated FITC (BioSource International,
Camarillo, CA; 1:50 in PBS containing 0.5% BSA). Each
step was followed by a three-step wash in PBS. Apoptosis
was measured using the MEBSTAIN™ apoptosis kit, which
employs the TUNEL assay (#8440, MBL, Nagoya, Japan). To
determine the total cell number, all slides were
incubated for 30 minutes with 1 mg/ml PI (Sigma), rinsed
three times in PBS, and mounted in PBS-glycerol.
Sections were imaged using an epi-fluorescence microscope
(Zeiss Axioplan, Oberkochen, Germany) and high-resolution
digital imaging. The percentage of proliferating cells
was obtained by dividing the number of PCNA-positive
cells by the total number of cells (PI-stained cells). A
similar procedure was used to determine the percentage of
apoptotic cells.

The results of several experiments, carried out as
examples, now follow.

Example I: Solid Stress Inhibits Tumor Spheroid Growth

This example demonstrates that the growth kinetics
of multicellular aggregates are modulated by solid
stress. The initial stiffness of the growth matrix
accelerates the response to growth-induced stress. To
demonstrate the effects of solid stress on growth, tumor
spheroids were cultured in gels of increasing agarose
concentrations (as described above), thereby increasing
the initial stiffness of the growth matrix in which the

cells were embedded. As described below, solid stress
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inhibited tumor growth of cells from each of the species
tested (human, mouse, and rat), tissues of tumor origin
(colon, mammary, and muscle), and differentiation state
(claims A, B, and C, of the BA-HAN-1 cell line). While
the examples set forth below utilized agarose gels,
similar results were obtained when a collagen gel was
used (at 2.5 mg/ml).

Human Colon Adenocarcinomas: For spheroids of

human colon adenocarcinoma cells (LS174T cells), similar
growth rates and final spheroid sizes were obtained at
gel concentrations of 0.3, 0.5, 0.7, and 0.8% agarose.
The mean diameter + the standard error (SE) was 363+37.2
to 450+37.9 um. The diameters obtained by growing the
cells in spheroids were significantly lower than the
diameters obtained by growing cells as free suspensions
(897+40.0 um, p<0.001), indicating the low levels of
agarose in the growth matrix significantly inhibit cell
growth. At higher agarose concentrations of 0.9% and
1.0%, growth of the tumor spheroids was further
inhibited, with mean diameters of 200+37.7 and 85+9.3 pum,
respectively (Figs. 2A-2B). These data indicate that a
threshold for significant growth inhibition is reached at
an agarose concentration of 0.9% to 1.0% (Figs. 2A-2B).

Although the growth kinetics varied among the
culture conditions, the clonal efficiencies (i.e., a
measure of spheroid formation, as described above) were
similar (>90%) at all of the culture conditions (i.e.,
for free cell suspensions or at agarose concentrations
ranging from 0.3% to 1.0%). Clonal efficiencies were
significantly reduced only at higher agarose
concentrations. For example, at 1.4% agarose, the clonal
efficiency was reduced to 12%, and at 1.8% agarose, the
clonal efficiency was reduced to 5%.

Rat Rhabdomyosarcomas: While the results

described above were obtained with human colon
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adenocarcinoma cells, similar results also were obtained
with three rat rhabdomyosarcoma clones. Three BA-HAN-1
rat rhabdomyosarcoma clones, at varying states of
differentiation, were used. The resulting spheroids of
the three clones displayed similar growth rates and final
sizes when cultured in 0.7, 0.8, 0.9, and 1.0% gels. The
spheroid diameters ranged from 218+16.6 to 273+18.3 um,
which was significantly smaller than the diameters
produced with the same cells in free suspension
{(1050+87.0 um; p<0.002). For all of the culture
conditions, the clonal efficiency was greater than 90%.
At a higher agarose concentration (1.4%),
rhabdomyosarcoma spheroid growth was further reduced
(102+410.7 pum) and the clonal efficiency was decreased to
20%. Thus, solid stress inhibits growth of
rhabdomyosarcoma spheroids.

Murine mammary carcinomas: An inhibition of tumor

growth also was observed with MCalV murine mammary
carcinoma spheroids. At agarose gel concentrations of
0.3, 0.5, and 0.7%, the mean diameter of the murine
mammary tumor spheroids ranged from 135+1.40 to 141+19.8
pum. At a higher agarose concentration (1.0%), tumor
growth was significantly inhibited; the mean diameter was
55+10; p<0.002. At all of the agarose concentrations
(0.3 to 1.0%), the clonal efficiency was greater than
87%.

Threshold Levelg of Solid Stress: As shown

herein, the growth of tumor spheroids in gels is
responsive to a threshold level of stress, with the
stress accumulating locally due to a gradual displacement
of the gel by the growing spheroids. Although the final
size of spheroids is dependent upon the initial stiffness
of the growth matrix (e.g., agarose concentration), solid
stress accumulates around spheroids to a threshold level

that is comparable for all spheroids which have reached
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their final size (i.e., plateaurbhase), regardless of
initial stiffness of the growth matrix. In other words,
the multicellular aggregates grow in the growth matrix
until a threshold (i.e., growth-inhibitory) level of
solid stress is reached. As shown in Table 1, the cells
in the multicellular aggregates reach a threshold level
of solid stress of approximately 45 to 120 mm Hg. The
calculations of accumulated stress also showed that the
stress field surrounding a plateau-phase spheroid drops
to its initial, pre-growth value within a distance of one
spheroid radius. 1In other words, the calculations of
stress fields in the gel are not due to spheroids within
the gel exerting stress on each other, since spheroids
that were closer than one diameter apart were excluded

from the calculations.

TABLE 1 Solid stress calculations around spheroids cultured in gels of
varying initial concentrations of agarose. Spheroid size refers to the
average size of the population of spheroids. The interfacial gel
concentration is the effective gel concentration faced by an average-
sized spheroid in its growth plateau phase.

Gel Initial spheroid Final spheroid Final Stress
concentration size [um] size [um] around spheroid
{from Fig. 2A) [mm Hg]

6]
oe

20 414 45

~J
oe

24 370 105

24 360 100

O
o°

23 200 120

O (e} o (@}
®©
o

(]
oe

24 85 50

Example IT: Tumor Spheroid Growth Resumes Following

Stress Alleviation

To provide further evidence that solid stress
modulates growth of multicellular aggregates, stress was
alleviated, and the effects of stress alleviation were
ascertained. In this experiment, human colon

adenocarcinoma cells (LS174T cells) were grown to plateau
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phase spheroids in agarose gels; To alleviate the stress
placed on the spheroids, the agarose gels were
enzymatically digested with agarase, as described above.
The released tumor spheroids then were placed in an
equivalent volume of "used" cell culture medium for an
additional 72 hours and grown as free suspensions. As
shown in Fig. 2B, the spheroids resumed growth within 2
to 4 days. The growth rates of spheroids released from
agarose gels were comparable to those obtained for
control cells in free suspension. The diameters of the
released spheroids increased until they eventually were
comparable to those obtained for spheroids that had been
grown as free suspensions. Similar results were obtained
for BA-HAN-1 rat rhabdomyosarcoma spheroids released from
gels. Thus, this example shows that the inhibitory
effect of stress on growth is reversible, and relaxation
of stress allows growth-inhibited spheroids to resume

normal growth kinetics.

Example III: Use of Non-uniform Stress to Modulate the

Shape of Growing Multicellular Aggregates

This example demonstrates that the shape of a
growing multicellular aggregate can be controlled by
modulating the stress field in which the aggregate grows.
More specifically, multicellular aggregates
preferentially grow in the direction of least stress. 1In
this example, LS174T cells were grown in cylindrical
glass capillary tubes with an inner diameter comparable
to the final size of free suspension spheroids (1 mm).
With this configuration, radial stress on the growing
spheroid increases faster than does axial stress, thereby
resulting in a non-isotropic stress field.

The growth patterns of cells in this confined
geometry and in free suspension were compared with cells

in this confined geometry and in 0.7% agarose gels (Figs.
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3A-3C). To characterize the shabes of the resulting
multicellular aggregates, the following calculations were
used. For each culture condition, the dimension of the
aggregate along the tubes’s longitudinal axis (b) versus
the dimension along the tubes’s radial axis (a) was
plotted, as shown in Figs. 3A-3C. At 25 days after
seeding the cells in the tubes, cells in free suspension
grew to nearly perfect spheroids, as indicated by a slope
(b/a) of 0.99 (Fig. 3A; r* = 0.99). By contrast, the
multicellular aggregates in the 0.7% agarose gels grew to
ellipsoid shapes, with the longer axis parallel to the
longitudinal axis of the capillary tube. This difference
in the shape of cells grown in agarose can be appreciated
quantitatively, as the slope (b/a) for these cells was
2.23 (Fig. 3B; r?=0.86). To confirm that the differences
in shape were due to the solid stress exerted upon the
multicellular aggregates, the tumor aggregates were
released by treating the gels with agarase (as described
above). Upon release, the aggregates continued to grow
into nearly spheroid shapes; at 15 days after release,
the aggregates had a slope (b/a) of 1.05 (Fig. 3C; r? =
0.88). Similar results also were obtained after growing
cells in 1.0% agarose gels. Thus, this example
demonstrates that the growth pattern of multicellular
aggregates can be modulated by growing cells in a non-
isotropic stress field, with the cell aggregates
preferentially growing in the direction of the least
stress.

Example IV: Solid Stress Inhibitg Cell Growth Without
Inhibiting Cell Proliferation Rates

The stress-dependent control of tumor growth, seen
at the macroscopic level, is sensed at the microscopic
levels by stress-induced changes in cellular growth
patterns. While the size of a multicellular aggregate is

influenced by solid stress, the proliferation rate of
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cells within the aggregate is not affected by solid
stress. Thus, the solid stress exerted upon a
multicellular aggregate results in compaction of cells
within the aggregate. Two approaches were taken to
elucidate the effects of solid stress on cell
proliferation rates:

The growth kinetics of spheroids generally follow

Gompertz law, an empirical relationship for volume growth

where V is a measure of spheroid size, V, is the initial
gsize, and V,, is the final spheroid size. Parameter o is
the proliferation rate of cells in the proliferative pool
when one uses a simple, two-compartment model
(proliferating vs. non-proliferating cells). In the
first approach, the growth curves for the spheroids, as
shown in Figs. 1A-1B, were re-plotted as In(1In(V/V,)) vs.
time t. The data were best approximated by single linear
fits (r? >0.93), yielding values of parameter «, which is
the cell proliferation rate. For LS174T spheroids,
values of a were nearly identical for cells grown as free
suspensions, or in 0.3-1.0% agarose gels. The value of «
(i.e., the proliferation rate) did not change
significantly after releasing the spheroids from the
gels, even though an increase in tumor growth is seen on
a macroscopic level after releasing spheroids from
agarose gels (as described above). Similar results were
obtained with spheroids formed by BA-HAN-1 rat
rhabdomyosarcoma cells and MCalV murine mammary tumor
cells. This example thus indicates that, although solid

stress inhibits the growth of the multicellular



10

15

20

25

30

35

WO 99/05502 PCT/US98/15061

- 25 -

aggregates on the macroscopic 1e§el, the proliferation
rate is not affected by solid stress.

In a second approach, PCNA and TUNEL assays were
used to quantify cell proliferation and apoptosis,
respectively, in plateau-phase spheroids of LS174T cells.
The cells were cultured either as free suspensions or in
0.7% or 1.0% agarose gels. With increasing gel
concentrations (i.e., with increasing levels of solid
stress), the percentage of proliferating and apoptopic
cells decreased, and cellular density increased (Figs.
4A-4C). Positive PCNA staining was limited to the
outermost layers of cells in the multicellular
aggregates, while apoptosis was detected exclusively in
the central parts. The inner regions of spheroids grown
as free suspensions contained large voids that were
attributed to necrosis. Few of these types of voids were
seen in spheroids grown in gels.

In analyzing the PCNA and TUNEL data, the data
were divided into two categories, based on the size of
the spheroid: small spheroids (having a diameter <300
pm) versus large spheroids (having a diameter > 300 um).
For cells grown as free suspensions or in 0.7% gels,
there was no significant correlation between the size of
the spheroid and the number of proliferating cells
measured with PCNA, as shown in Fig. 4D (linear curve
fit: r*=0.02 and 0.05, respectively). Thus, the
proliferation rate is not significantly affected by solid
stress.

Although solid stress does not significantly
affect cell proliferation rates, stress decreases the
apoptotic rate. 1In spheroids in free suspensions, the
percentage of apoptotic cells increased with an increase
in spheroid size (Fig. 4E; r®=0.72). 1In contrast, the
percentage of apoptotic cells was not increased with size

in cells grown in 0.7% agarose (Figs. 4D-4E).
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The data presented in this example show that,
while accumulation of solid stress does not significantly
affect the proliferation rate of cells in multicellular
aggregates, accumulation of solid stress decreases the
apoptotic rate of cells in multicellular aggregates.
Consequently, one can infer that the growth of
multicellular aggregates under solid stress is

accompanied by compaction of cells within the aggregate.

Therapeutic Applications

The experiments summarized above demonstrate that
multicellular aggregates grow, macroscopically, until a
threshold level of solid stress (approximately 45-120 mm
Hg) is accumulated at the surface of the spheroid.
Additional cell proliferation results in compaction of
the cells within the multicellular aggregate.
Consequently, such multicellular aggregates can exert as
much as 45-120 mm Hg of solid stress in vivo. This
amount of pressure is sufficient to induce a local
collapse of blood vesseis within tumors or other
multicellular aggregates in vivo, since tumor
microvascular pressures average only 6-17 mm Hg. Thus,
solid pressure exerted by growing tumors is sufficient to
restrict blood flow throughout tumors. Similarly, the
high levels of pressure generated by tumor growth, as
shown by the above experiments, are sufficient to induce
the collapse of lymphatic vessels. Accordingly, the
relief of solid stress within tumors or other
multicellular aggregates can now be expected to increase
blood flow and lymphatic drainage in such multicellular
aggregates. In addition, the above examples show that
increased levels of solid stress inhibit the rate at
which cells in the multicellular aggregate undergo
apoptosis. Thus, relief of solid stress in multicellular

aggregates, such as tumors, now can be expected to
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increase the rate of apoptosis and thereby facilitate
elimination of tumor cells or other undesirable cells of
multicellular aggregates. Alleviation of solid stress
can be accomplished by any of several suitable methods,
as described above.

What is claimed 1is:
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1. A method for controliing growth of a
multicellular aggregate in vitro, the method comprising:

embedding a plurality of cells in a growth matrix,

measuring the level of solid stress on the cells,

modulating the level of solid stress on cells
within the growth matrix, and

allowing the cells to grow within the growth
matrix, thereby forming a multicellular aggregate, and

thereby controlling the growth of the

multicellular aggregate in vitro.

2. The method of claim 1, wherein the

multicellular aggregate comprises tumor cells.

3. The method of claim 1, wherein the

multicellular aggregate comprises primary cells.

4. The method of claim 1, wherein the
multicellular aggregate comprises cells selected from the
group consisting of liver cells, pancreatic cells, brain

cells, skin cells, bone cells, and muscle cells.

5. The method of claim 1, wherein the growth

matrix comprises agarose.

6. The method of claim 1, wherein the
concentration of agarose in the growth matrix is 0.3% to
2.0%.

7. The method of claim 1, wherein the growth

matrix comprises collagen.

8. The method of claim 7, wherein the collagen

further comprises a glycosaminoglycan.

9. The method of claim 1, wherein the growth

matrix comprises alginate.
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10. A method for modulating the growth pattern of
a multicellular aggregate, the method comprising:

embedding a plurality of cells in a growth matrix,
and

allowing the cells to grow within the matrix and
thereby form a multicellular aggregate, wherein solid
stress exerted by the matrix is non-isotropic and thereby
defines a template that modulates the growth pattern of
the multicellular aggregate.

11. The method of claim 10, wherein the growth
matrix comprises a compound selected from the group

consisting of agarose, collagen, and alginate.

12. The method of claim 10, wherein the

multicellular aggregate comprises tumor cells.

13. The method of claim 10, wherein the

multicellular aggregate comprises primary cells.

14. The method of claim 10, wherein the
multicellular aggregate comprises cells selected from the
group consisting of liver cells, pancreatic cells, brain

cells, skin cells, bone cells, and muscle cells.

15. A method for identifying a therapeutic
compound for treating a multicellular aggregate, the
method comprising:

embedding a plurality of cells in a growth matrix,

allowing the cells to grow within the growth
matrix, thereby forming a multicellular aggregate,

treating the multicellular aggregate with a test
compound, and

measuring a decrease in the level of solid stress

on the multicellular aggregate following treatment with
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the test compound, relative to the level of solid stress
prior to treatment, as an indication that the test
compound is a therapeutic compound for treating the

multicellular aggregate.

16. The method of claim 15, wherein the growth
matrix comprises a compound selected from the group

consisting of agarose, collagen, and alginate.

17. The method of claim 15, wherein the

multicellular aggregate comprises tumor cells.

18. A method for treating a multicellular
aggregate in a mammal, the method comprising identifying
the mammal as being afflicted with a multicellular
aggregate and relieving solid stress on the multicellular
aggregate, thereby treating the multicellular aggregate

in the mammal.

19. The method of claim 18, wherein the

multicellular aggregate comprises tumor cells.

20. The method of claim 18, wherein the solid
stress is relieved by administering to the mammal an

antibody that specifically binds an integrin.

21. The method of claim 18, wherein the solid
stress is relieved by treating the mammal with an

extracellular matrix-dissolving enzyme.

22. The method of claim 18, wherein the
extracellular matrix-dissolving enzyme is selected from
the group consisting of collagenases, hyaluronidases, and

proteases.
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23. The method of claimwls, wherein the solid
stress is relieved by dissolving the extracellular matrix

with heat, radiation, ultrasound, or microwaves.

24. A method for producing a multicellular
aggregate having a pre-selected size, the method
comprising:

embedding a plurality of cells in a growth matrix,
and

allowing the cells to grow within the matrix,
wherein the growth matrix exerts a degree of solid stress
on the cells adequate to achieve a multicellular

aggregate of the pre-selected size.

25. A method for producing a multicellular
aggregate having a pre-selected size and shape, the
method comprising:

embedding a plurality of cells in a growth matrix,
and

allowing the cells to grow within the matrix,
wherein the growth matrix is contained within a vessel,
and the growth matrix together with the vessel exert a
degree of solid stress on the cells adequate to achieve a
multicellular aggregate of the pre-selected size and
shape.

26. The method of claim 25, wherein the

multicellular aggregate is an artificial tissue.

27. The method of claim 25, wherein the solid

stress exerted on the cells is non-isotropic.

76369.W11
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