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1
METHODS FOR INTRODUCING
HETEROLOGOUS CELLS INTO FISH TO
DETERMINE IF THE HETEROLOGOUS
CELLS CONTAIN CANCER CELLS OR A
PATHOGEN

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a divisional of U.S. application Ser. No.
09/451,489, filed Nov. 30, 1999 and issued as U.S. Pat. No.
6,761,876, which claims of the benefit of U.S. Provisional
Application No. 60/110,464, filed Dec. 1, 1998. Commonly
owned U.S. Provisional Application No. 60/100,950 filed
Sep. 18, 1998, and U.S. application Ser. No. 60/075,783, filed
Feb. 22,1998, are directed to related subject matter. Each of
the above applications are incorporated by reference in its
entirety for all purposes.

BACKGROUND

Currently, the mouse is the model system of choice for cell
transplantation assays (Greiner, et al., 1998). Cells are
injected into adolescent or adult mice followed by injection of
compounds and examination for viability and tumor size
(Yang, et al., 1997; Katsanis et al., 1998). To prevent cell
rejection, transplantation of human cells must be performed
using immunosuppressed mice from either Nude or SCID
mouse lines (Yang, etal., 1997; Greiner, et al., 1998; Katsanis
et al., 1998). However, because these mice do not exhibit an
immune response, they are less hardy than normal mice and
more susceptible to toxic effects of the compounds. In addi-
tion, these animals are expensive to develop and maintain.
Furthermore, because mice develop en utero, itis not possible
to assay mouse embryos, greatly complicating assessment of
the effect of compounds on developmental processes. A hol-
low fiber model, in which tiny tubes filled with tumor cells are
implanted into mice in a variety of sites is also used for drug
screening. By monitoring the tumor cell killing effects of
drugs on the implants, researchers can test which drugs actu-
ally make it to the tumor sites when the drugs are adminis-
tered in different ways: intravenously versus orally, for
example.

Limitations of animal models have spurred the NCI and
others to also test drug candidates in cultures of human cells
and the Institute now relies on a panel of 60 human tumor cell
lines, including samples of all the major human malignancies.
Drugs to be tested are fed to subsets of the panel, based on
tumor cell type and their cell killing activity is monitored.

Clonogenic assays are also performed. In this method, cell
lines or a patient’s tumor cells are grown in petri dishes or
culture flasks and the cell’s responses to various anticancer
treatments are monitored. However, these assays are also
problematic. Sometimes they do not work because the cells
simply fail to divide in culture. Furthermore, results do not
predict how an anticancer drug will perform in the body.

In a continuing search for faithful models of human car-
cinogenesis, NCI has recently begun reclassifying the cells
based on tissue type-breast cancer versus colon cancer, for
example, according to the types of genetic defects the cells
carry. To enable drugs that counteract specific defects to be
prescribed most effectively, researchers are also developing
technologies for analyzing the gene defects in each patients’
tumors in order to determine if drugs that correct specific
defects can be identified, since they could then be matched to
each individual tumor cell makeup.
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To create better models of cancer development in humans,
investigators are now drawing on the growing knowledge of
human cancer related gene mutations. They are genetically
altering mice so that they carry the same kinds of changes
either abnormal activation of cancer promoting oncogenes or
loss of tumor suppressor genes that lead to cancer in humans.
The hope is that the mice will develop tumors that behave the
same way the human tumors do. One mutant mouse strain, for
example lacks a working APC gene, a tumor suppressor that
lead to colon cancer when lost or inactivated. So far the results
have been mixed.

SUMMARY OF THE CLAIMED INVENTION

The invention provides methods of cellular analysis using
fish. Such methods entail introducing one or more heterolo-
gous cells into a fish, and analyzing a property of the cells or
the fish. The methods are particularly suited for introduction
of'heterologous cells into fish embryos, particularly zebrafish
embryos. Introduced cells remain viable at least until the
analyzing step is performed. Some cell types undergo prolif-
eration in the recipient fish. In some methods, the fish is
contacted with an agent, and the analyzing determines
whether the property is responsive to administration of the
agent. Properties of heterologous cells or fish that can be
analyzed include differentiation markers, survival of the fish,
proliferation of the heterologous cells, movement of the het-
erologous cells relative to an initial site of introduction, death
of heterologous cells or cells of the fish, or proliferation of
heterologous cells. In some methods, the heterologous cells
are cancer cells. In some methods, the heterologous cells are
stem cells. In some methods, the heterologous cells are dif-
ferentiated cells. In some methods, the heterologous cells are
human cells. In some methods, the heterologous cells are
bacterial or fungal cells. In some methods, the cells are virally
infected cells. Some methods further comprising recovering
heterologous cells from recipient fish.

The invention further provides methods of screening an
agent for activity against cancerous cells. Such methods
entail introducing one or more cancerous cells into a popula-
tion of fish, administering the agent to the population of fish,
and monitoring an effect of the agent on development of the
cancerous cells in the population of fish. In some methods, the
monitoring step comprises determining an EC50 for the
effect of the agent on development of the cancerous cells in
the fish. In some methods, the monitoring step comprises
detecting an LD50 of the agent on the population of fish.
Optionally, the method is repeated for a plurality of agents,
and an agent with a low EC50ILD50 ratio is formulated with
a carrier as a pharmaceutical composition.

The invention further provides methods of propagating
cells. Such methods entail introducing one or more heterolo-
gous cells into a fish, culturing the fish under conditions in
which the cells proliferate; and recovering the proliferated
cells. In some methods, the cells differentiate in the course of
proliferation, and the cells are recovered as a differentiated
tissue. In some methods, recovered cells are transplanted into
a patient, optionally the same patient from whom the heter-
ologous cells were obtained.

The invention further provides methods of diagnosing a
sample for a cancerous cell or pathogen. Such methods entail
obtaining a sample from a patient containing a population of
cells; introducing the population of cells into a fish; and
detecting a property of the population of cells to indicate
whether the population comprises a cancerous cell or patho-
gen.
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BRIEF DESCRIPTIONS OF THE FIGURES

FIG. 1: Twenty-four hours after transplantation, embryos
in which the HepG2 cells were visible as cell masses (arrows)
in the yolk (Y). Except for the cell mass, embryos look quite
normal. The eye (E) and the otic vesicle (OT)) are labeled for
orientation.

FIG. 2: Forty-eight hours after transplantation, embryos in
which the HepG2 cells were visible as individual cells(ar-
rows)in the body. The dorsal fin (DF), ventral fin (VF) and
yolk (Y) are labeled for orientation.

FIG. 3: Twenty-four hours after transplantation, embryos
in which the HepG2 cells were visible as a large mass of cells
associated with morphological defects (arrow). The tail (T)
and the yolk are labeled for orientation.

FIG. 4: Forty-eight hours after transplantation, HepG2
cells can be seen as a large mass in the pericardium of the
embryo (long arrow). The presence of the HepG2 cells
appears to have had a teratogenic effect on the developing
heart (short arrow) which is reduced in size and was observed
to beat irregularly, most likely cause by the secretion of VEGF
from the HepG?2 cells. The atrium (A), ventricle (V) and yolk
are labeled (Y).

FIG. 5: Forty-eight hours after transplantation, the HepG2
cells are visible as a mass of cells on the dorsal portion of the
tail. Zebrafish cells incorporated into the cell mass (arrow).
The notochord (No), dorsal fin (DF), ventral fin (VF) and yolk
(Y) are labeled for orientation.

FIG. 6: Transplantations were carried out in three different
regions of the high stage embryo: Into the animal portion of
the embryo (Em) without a priori knowledge of the position
of the transplanted cells in the hosts (long arrow); Into ran-
dom positions in the yolk cell (Y; arrowhead) and; Into the
margin (short arrow) between the embryo and the yolk ball.

FIG. 7 panels A-C depict BrdU and cK-18 Antibody Stain-
ing of HepG2 cells in xenograph embryos 48 hr after trans-
plantation. FIG. 7, panel A: Darkfield image showing the yolk
and HepG2 cell mass location; FIG. 7, panel B: Epifluores-
cence image of the same embryo using a rhodamine filter set
indicates localization of CK18 to the cell mass. No CK18
staining was observed in the host tissue or in control embryos.
FIG. 7, panel C: Epifluorescence image of the same embryo
using a fluorescein filter shows BrdU labelling in the HepG2
cell mass. Because the yolk is spherical most of the Brdu-
labelled cells of the yolk syncytial layer are out of focus. The
white arrow indicates host cells labelled with BrdU.

FIG. 8, panels A-C show that transplanted HepG2 cells
have tumor cell morphology. FIG. 8, panel A: Brightfield
image of a oblique sagittal section though a xenograft
embryo. The notochord (NC) and anterior central nervous
system (ANT.CNS) are labelled or orientation. FIG. 8, panels
B and C: Higher magnification image of the cell mass and the
anterior CAN. The nucleic of HepG2 cells are larger and
lighter

FIG. 9: Satellite cell mass formation in xenograft embryos.
Phase and fluorescence images of the same xenograft embryo
72 hr and 144 hr after transplantation. At 72 hr, the cells of the
primary mass (P) appeared to disperse. By 144 hours, satellite
cells masses (s) visible in both phase and fluorescence, were
present throughout the tail of the embryo. For orientation, the
anus is labelled.

DEFINITIONS

Stem cells are non-terminally differentiated, can divide
without limit, and give rise to progeny, which can continue to
divide or can differentiate. Stem cells can be totipotent, pluri-
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potent or unipotent. Totipotent stem cells (e.g., embryonic
stem cells) can give rise to every cell type in an adult organ-
ism. Pluripotent stem cells can give rise to more than one
differentiated cell type. A unipotent stem cell can give rise to
a single differentiated cell type. Stem cells are generally
characterized by small size, low granularity, low cytoplasmic
to nuclear ratio and no expression of osteopontin, collagens
and alkaline phosphatase. Stem cells are known for epider-
mis, intestinal, epithelial and hematopoietic systems. Stem
cells for cells of bone, cartilage, fat and three types of muscle
(smooth, skeletal and cardiocyte) are thought to a common
mesenchymal stem cell precursor (Owen et al., Ciba Fdn.
Symp. 136,42-46,1988); Owen et al., J. Cell Sci.87,731-738
(1987)).

A set of differentiation markers means one or more phe-
notypic properties that can be identified and are specific to a
particular cell type. Differentiation markers can be transiently
exhibited at various stages of cell lineage. Pluripotent stem
cells that can regenerate without commitment to a lineage
express a set of markers that may be lost when commitment to
a cell lineage is made. Precursor cells express a set of differ-
entiation markers that may or may not continue to be
expressed as the cells progress down the cell lineage pathway
toward maturation. Differentiation markers that are expressed
exclusively by mature cells are usually functional properties
such as cell products, enzymes to produce cell products and
receptors.

Some examples of differentiation markers for specific cell
types are as follows. Cardiac myosin isozyme expression and
the cardiac specific pattern of creatine kinase isozyme expres-
sion when identified together on the same cell or a clonal
population of cells are markers for cardiac muscles cells.
Cardiocytes can also be recognized by their bifurcated
appearance by light microscopy and capacity to form gap
junctions. Such cells can be recognized by forming an electric
potential across confluent cells and detecting transfer of sig-
nal across the cells. Muscle a-actin mRNA, and smooth
muscle cell actin are differentiation markers of myocytes.
Myosin isozyme expression and a muscle-specific pattern of
creatine kinase isozyme expression when identified in a cell
or clonal population are markers for skeletal muscle cells.
Osteoblast cells secrete bone matrix material. ALP, osteocal-
cin expression, PTH-induced cAMP expression and bone
mineralization capacity identified together in a cell or clonal
population of cells are markers of differentiation for osteo-
blasts. Chondrocytes secrete cartilage. Aggrecan and col-
lagen Type I1B identified in a cell or clonal population of cells
are markers for chondrocytes. Keratinocytes secrete keratin
and can be recognized using commercially available stains.
Adipocytes produce lipids and can be recognized by Oil Red
0 staining.

Cells are heterologous to an individual fish if obtained from
a different individual. Typically, the different individual is
from a species other than fish, for example, from a mammal.

DETAILED DESCRIPTION

1. General

The invention provides methods for introducing heterolo-
gous cells into fish for subsequent analysis or recovery. The
fish provide an in vivo incubator in which heterologous cells
can undergo a number of physiological processes including
proliferation, differentiation, expression, secretion, and
metastasis. The methods have a number of applications
including screening potential drugs for effects on cellular
process, propagation of cells for subsequent use in cell
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therapy or tissue engineering, and diagnosis of patient biop-
sies for presence of proliferating and/or metastasizing cells.
The methods are premised, in part, on the insight that cells
from other species, particularly humans, can proliferate in
fish notwithstanding differences in body temperature
between different species. For example, the human body tem-
perature is ~36° C. while zebrafish normally develop at 27° C.
and cannot be raised at temperatures above 32° C. The present
application provides evidence that heterologous cells, can
nevertheless survive and/or proliferate in fish.

There are several advantages of using fish for transplanta-
tion assays relative to laboratory animals such as mice. First,
early fish embryos have not yet developed an immune system
and are isolated from any effects of the maternal immune
system so that heterologous cells are not subject to immune
rejection. Second, due to the small size of fish embryos, it is
possible to analyze and/or recover a relatively small number
of transplanted cells (e.g., 1, 10, or 1000 cells per embryo).
Third, some types of fish embryo are relatively transparent
facilitating direct microscopic observation of a number of
physiological processes with the cells. Fourth, fish embryos
can be cultured in solution facilitating contacting heterolo-
gous cells with potential drugs.

In general, cells that proliferate in their native environment
(e.g., JK cells) also proliferate when transplanted into fish.
Cells that are incapable of proliferation in their native envi-
ronment (e.g., CCL37 lymphoma cells) usually do not pro-
liferate in fish, although in some instances can be induced to
proliferate by treatment with appropriate growth factors or
other agents. Introduced cells typically remain viable for a
period sufficient to conduct various analyses described below
(for example, at least an hour and typically at least a day, and
sometimes up to three days, a week or longer). Cells that
undergo proliferation preferably undergo at least 1, 5 or 10
rounds of doubling as components of the recipient fish. In
general, undifferentiated cells undergo differentiation on
introduction into fish, whereas terminally differentiated cells
remain in that state. Heterologous cells can be obtained from
a different species than the recipient fish and are typically
obtained from mammals, such as cats, dogs, horses, bovines,
mice, rats, rabbits, guinea pigs, primates, and particularly
humans; bacteria, plants and birds.

Any type of fish can be used as the recipient for heterolo-
gous cells. Examples of suitable fish include teleosts particu-
larly zebrafish, medaka, Giant rerio or puffer fish. Procedures
for culturing different types of fish are similar and are
described by e.g., Medaka (killifish): Biology and Strains
(Keigaku Pub. Co., Tokyo, Yamamoto T. ed., 1975) Cells are
typically introduced into an embryonic form of the fish. Pre-
ferred stages of embryonic development for introduction of
cells are the 128 cells stage, the 256 cell stage, the 1 k cell
stages, the high stages, characterized by blastodisc perches
high on the yolk cells, the oblong cells, at which the animal-
vegetal axis of the blastula shortens, with the blastodisc com-
pressing doun on the yolk cell, and the sphere stage, at which
continued shortening along the animal-vegetal axis generates
a late blastula of smooth an approximately spherical shape.
Typically, at least 1, 10, 100, 1000, 10,000, 100,000, 1,000,
000 cells are introduced into a recipient fish.

Zebrafish, and particularly zebrafish embryos are a pre-
ferred recipient for heterologous cell transplantation. The
molecular basis of patterning and development in zebrafish is
either identical or similar to man (Chen & Fishman, 1996;
Granto and Nusselien-Volhard, 1996, ed Wylie, 1996). Fur-
ther, because the thymus forms at around 72 hr, by which time
the immune system has not yet developed, early zebrafish
embryos show good tolerance to heterografts (or xenografts).
The tolerance is shown by the fact that homografts are
extremely well tolerated in zebrafish, and have been used in
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transplantation experiments for a number of years. In addi-
tion, because the embryo is transparent, internal morphogenic
changes, including organ development, metastasis and
growth of tumors, and effects of drugs can easily be exam-
ined. Since a single mating produces 100-200 externally fer-
tilized eggs, large numbers of embryos can be injected with
cells. Chemicals can be added directly to the solution in
which the fish swims, permeating the intact embryo, making
drug exposure and subsequent examination comparatively
straightforward. The zebrafish also offers advantages over
other animal models because zebrafish embryos develop
more rapidly than do other animal embryos. In general, the
body plan, organs, tissues, and other systems of zebrafish
develop much more rapidly than do similar components in
other vertebrate models (e.g., The mouse). The entire verte-
brate body plan of the zebrafish is typically established within
24 hours. A fully functioning cardiovascular system is evident
within the first 24 hours of development (Stainier & Fishman,
1994). The remaining organs of the zebrafish, including the
gut, liver, kidney, and vasculature, are established within 48
hours. The hatched zebrafish embryo nearly completes mor-
phogenesis within 120 hours, thereby making it highly acces-
sible to manipulation and observation and amendable to high-
throughput automated observation and detection procedures.

The zebrafish embryo can survive by diffusion of oxygen
from the water and nutrients from the yolk and thus even the
absence of the entire circulatory system is well tolerated
during early development (Weinstein et al., 1995). Single
zebrafish embryos can be maintained in fluid volumes as
small as 100 microliters for the first six days of development;
consequently, embryos can be kept in culture in individual
microtiter wells or multi-well plates. Test compounds can be
added directly to the solution in which the fish is immersed.
Test compounds added to the zebrafish embryo permeate the
intact embryo directly, making this multi-well format particu-
larly attractive for high through-put and automated com-
pound screening.

Since zebrafish are externally fertilized, manipulation of
the embryos is comparatively easy. Cell transplantation is
carried out by micro-injection, a technique that is well estab-
lished in the zebrafish (Ho & Kane, 1990; Hammerschmidt et
al.,, 1996). Since a single mating can produce 100-300
embryos, generation of large numbers of heterograft host
embryos is relatively straightforward. Furthermore, inbred
strains are available and thousands of fish can be raised inex-
pensively in a small room of aquaria. An important advantage
of the potential of zebrafish assays is cost. Currently, the
average mouse assay costs about $1630 when performed by
the government and $2900 when done commercially. The
high costis due to the high cost of generating and maintaining
mice as well as the lack of automation for the highly manual
injections and subsequent analysis. In contrast, zebrafish are
comparatively cheap to maintain and because the embryos
can be placed in individual microtiter wells, automated analy-
sis with standard liquid handling equipment is possible. A
comparison of key features of vertebrate model systems fol-
lows.

Comparison Of Vertebrate Model Systems

monkey mouse frog z-fish
In utero gestation yes yes yes no
Embryogenesis 9 months 21 days1 10 hrs 72 hrs
Embryos per mating 1 8-16 100-200 100-200
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-continued

Comparison Of Vertebrate Model Systems

monkey mouse frog z-fish
Transparent no no no yes
Microplate analysis no no yes yes
Drug delivery inject inject inj/solution  inj/solution

II. Agents for Treatment of Cancer

The present methods provide a means for screening agents
for toxicity to cancerous cells and/or capacity to inhibit the
proliferation and/or metastasis of cancer cells. The methods
work by transplanting cancerous cells into one or more fish
and administering an agent to be screened. Typically, the
cancerous cells are also transplanted into one or more control
fish that do not receive agent for purposes of comparison,
although historical controls can also be used. The fate of the
cancer cells is then monitored in the fish compared with
contemporaneous or historical control animals. In the control
animals, cancerous cells persist, proliferate and/or metasta-
size. In treated animals, desirable activity of an agent is mani-
fested by an inhibition of proliferation of cancerous cells,
and/or an inhibition of metastasis, and/or complete elimina-
tion of cells.

In some methods, the effect of agent on fish cells is also
monitored as a measure of side-effects of an agent. The trans-
parent nature of the fish, such as zebrafish, facilities visual-
ization of any perturbations of the agent on development of
fish tissues and organs. In addition, the composition and
distribution of mRNA and proteins within fish embryos can
be monitored by in situ hybridization. Effects of the agent on
treated fish can be compared with contemporaneous or his-
torical controls as a measure of side effects of the agent. Ideal
agents shows a high ratio of activity against cancerous cells to
side effects against fish cells.

1. Agents to be Screened

Agents to be screened for activity against cancer cells orin
other types of assay described below, can be from combina-
torial libraries of peptides or small molecules, hormones,
growth factors, and cytokines, or can be naturally occurring
molecules or can be from existing repertoires of chemical
compounds synthesized by the pharmaceutical industry.
Combinatorial libraries can be produced for many types of
compound that can be synthesized in a step-by-step fashion.
Such compounds include polypeptides, beta-turn mimetics,
polysaccharides, phospholipids, hormones, prostaglandins,
steroids, aromatic compounds, heterocyclic compounds, ben-
zodiazepines, oligomeric N-substituted glycines and oligo-
carbamates. Large combinatorial libraries of the compounds
can be constructed by the encoded synthetic libraries (ESL)
method described in Affymax, WO 95/12608, Affymax, WO
93/06121, Columbia University, WO 94/08051, Pharma-
copeia, WO 95/35503 and Scripps, WO 95/30642 (each of
which is incorporated by reference for all purposes). Peptide
libraries can also be generated by phage display methods.
See, e.g., Devlin, WO 91/18980. Compounds to be screened
can also be obtained from the National Cancer Institute’s
Natural Product Repository, Bethesda, Md. Existing com-
pounds or drugs with known antineoplastic activity can also
be screened to determined an activity to side effects profile.

2. Cancerous Cells

Cancerous cells include primary cells obtained from can-
cerous tissue in humans and other mammals. There are sev-
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eral different cancerous cell types, including leukemias,
which affect blood cells, sarcomas, which arise in bone
muscle or connective tissue, and carcinomas, which arise in
epithelial cells and includes breast, colon, lung cancers, the
most common types of cancer. Cancerous cells also include
lymphomas, blastomas, gliomas, teratomas, and neurofibro-
matomas. Cancerous cells also include cell lines that prolif-
erate indefinitely and give rise to tumors in laboratory ani-
mals, such as mice. Cancerous cells also include
precancerous cells that do not give rise to tumors in laboratory
animals, but which bear at least one differentiation marker
that distinguishes cancerous cells from normal cells. Precan-
cerous cells are often further characterized by capacity to
proliferate indefinitely.

3. Route of Cell Administration

Cancerous and other cells are typically administered to the
fish embryos by microinjection. The fish are typically wild-
type although mutant strains of fish can also be used for
analysis of the interaction between therapeutic agents and
specific genetic deficiencies. The fish are typically early-
stage embryos but larva or adult zebrafish can also be used.
Cells can be injected into either the yolk or body of a fish
embryo, or both. Cells can be injected at a single or multiple
sites. Fish embryos are typically cultured for a period before
administering agent to allow cancerous cells to adapt to the
new environment, proliferate and/or metastasize. Any fish not
surviving transplantation of cancerous cells can be removed
before administration of agent.

4. Administration of Agents

Agents can be administered before, at the same time as, or
after introduction of cancerous (or others cells) into fish.
Usually, agents are administered after introduction of cancer-
ous cells and following a period sufficient for the cancerous
cells to begin proliferation and/or metastasizing in the
zebrafish. The interval is typically from 12-36 hr after intro-
ducing the cells, preferably about 24 hr after introducing the
cells. After administration of agent, fish are cultured for a
further period, typically, for at least about 24 hr, and some-
times for 1, 3 or 6 months, or until death. A typically moni-
toring regime is to monitor every 24 hr for eight days or until
the fish dies. Thereafter the fish is monitored every 24 hr for
a further month.

Agents can be administered simply by adding the agent to
the media containing the fish. This approach has long been
used to introduce anesthetics and other chemicals to fish
embryos (Westerfield, 1993). Alternatively, agents can be
microinjected into fish at the same site as cancerous cells, or
elsewhere.

5. Assessment of Agent Activity

The activity of an agent against cancerous cells is its capac-
ity to eliminate or reduce the number of injected cancerous
cells, inhibit or eliminate their proliferation and/or inhibit or
prevent their metastasis relative to contemporaneous or his-
torical control animals receiving the same dose of cancerous
cells without treatment. The fate of transplanted cancerous
cells and their progeny can be monitored by immunostaining
with an antibody specific to a cancer cell antigen not found in
the recipient fish. Some types of cancerous cells can be dis-
tinguished visually from fish cells by virtue of the opaque
nature of cancerous cells. Cancerous cells can also be labelled
before or after transplantation. Suitable labels include fiuo-
rescent labels. Alternatively, cells can be labelled with dyes
specifically taken up by cancerous cells. Monitoring is per-
formed at intervals after administration of agent. For
example, intervals of 24 hr are suitable. The pattern of stain
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indicates approximately the number of cells and their posi-
tions in the embryo. The number of cells is an indicator of
proliferation. Changes in the location of cells, such as the
disbursement of a cluster of cells over time, are an indicator of
cell metastasis. Activity of an agent can be expressed as an
EC50 meaning the dose of agent needed to achieve a desired
endpoint of activity in 50% of treated fish. Examples of
desired endpoints include elimination of cancerous cells,
capacity significantly to inhibit the rate of proliferation of the
cancerous cells, and capacity significantly to inhibit metasta-
sis of the cancerous cells.

Agents can also be screened for capacity significantly to
inhibit tumor-induced angiogenesis. After transplantation
into fish, cancer cells secrete growth factors, such as VEGF,
that promote new vessel growth in surrounding fish endothe-
lial cells. Zebrafish are particularly suitable for analyzing
angiogenesis because their transparent nature allows blood
vessels to be directly visualized under a microscope. Proce-
dures for monitoring angiogenesis in zebrafish are described
in detail in WO 99/03852. Briefly, the host embryos are
stained as follows: Embryos are fixed in 4% paraformalde-
hyde and stained for endogenous alkaline phosphatase activ-
ity. After fixation, embryos are treated with 100% methanol
overnight at —20 degrees C. The embryos are rehydrated and
equilibrated in NTMT buffer (0.1M Tris-HCl; 50 mM
MgCl12; 0.1M NaCl; 0.1% Tween 20) at room temperature
and then stained with 75 mg/ml NBT and 50 mg/ml X-phos-
phate. Optionally, expression profiles of tumor cells and fish
cells can be determined before and after treatment with a
potential anti-angiogenesis agent. A profile of differentially
expressed genes is identified. Such a profile can be used for
assays of drugs on other animals or human subjects in which
new blood vessels are not so easily observable.

The above screening methods can be performed in parallel
on multiple fish using a standard microplate well format, with
a whole fish, typically at an embryonic stage, in one or more
wells of the microplate. The format can be used to screen the
same agent on multiple fish or to screen multiple agents on
multiple fish. Both sample handling and detection procedures
can be automated using commercially available instrumenta-
tion and software systems for rapid reproducible application
of dyes and compounds and automated screening of target
compounds.

6. Assessment of Side Effects

One of the difficulties associated with identifying com-
pounds that can be used as anti-cancer therapeutics is that
many of the compounds used to stop the proliferation of
cancer cells also have deleterious effects on proliferating
non-cancer cells. This is especially problematic when dealing
with cancers that affect children, because many of their
organs and tissues are still growing and developing. Side
effects of agent administration on fish cells and/or embryo-
genesis can be monitored at intervals after administration of
agent. Typically, measurements are performed at the same
time as measurements to assess activity of administered
agents.

Methods for analyzing necrotic tissue in fish are described
in copending application WO 99/03852. Necrotic tissue can
be detected by a variety of techniques, including, e.g., fluo-
rescence microscopy, light microscopy, colorimetry, chemi-
luminescence, digital image analyzing, or standard micro-
plate reader techniques. For example, fish embryos can be
stained with a membrane-impermeant, nuclear-staining fluo-
rescent dye, which permits detection of cell death activity
(e.g., apoptosis or necrosis). Preferred dyes include those of
the quinolium dye family, such as benzothiazolium-4-quino-
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lium dyes (Molecular Probes), a number of which are com-
mercially available. Benzothiazolium-4-quinolium cannot
pass through intact membranes of cells of live embryos. How-
ever, this dye can enter dead or dying cells whose membranes
have become discontinuous or disrupted (a characteristic of
cells undergoing cell death, Liepins &. Bustamante, 1994))
intercalating into the DNA of the dead or dying cells. Upon
intercalating into the DNA, the dye becomes intensely fluo-
rescent, allowing for rapid detection of the labeled cells using
simple fluorescent microscopy. The magnitude of the signal
serves as a measure of the number of necrotic cells. The
fluorescent dye is typically administered to the fish by adding
the dye to the media containing the fish. Alternatively, the dye
can be injected directly into the fish.

In addition to performing visual screens, specific molecu-
lar changes in fish tissues can be detected by in situ hybrid-
ization of RNA or antibody staining of specific proteins. In
situ hybridization of mRNA is a routine molecular approach
in fish (Westerfield, 1993). A digoxigenin-labeling kit from
Boehringer Mannheim can be used to label the RNA probes.
Whole mount in situ hybridization can be carried out as
follows: embryos are fixed with 4% paraformaldehyde in
PBS, lightly digested with proteinase K, and hybridized at
65° C. Alkaline phosphatase-conjugated anti-digoxigenin
antibody is used to detect signals. After staining with NBT/
X-phosphatase (Boehringer Mannheim), embryos are
bleached in 100% methanol, refixed in 4% paraformaldy-
hyde, and stored in PBS. Multiple in situ hybridizations can
be performed simultaneously on different fish in multiwell
dishes.

A rapid staining procedure based on use of streptavidin
(avidin) conjugated reporter enzyme, such as peroxidase, can
be used to detect carboxilase enzymes in the liver of whole
embryos. Such enzymes are naturally biotinylated. These
biotinyl-lysine containing enzymes, such as Acetyl-CoA car-
boxylase and others carboxylases, are predominantly located
in the liver. Since this group of enzymes are concentrated in
the liver, staining is organ specific.

As an example, embryos (3, 4, 5 or 8 days old) were fixed
with paraformaldahyde 1 hr at room temperature and treated
with methanol 100% overnight at —20° C. The embryos were
rehydrated with PBST and treated with bleaching solution
(H,0, 10%) for 20 minutes. After washing with PBST, the
embryos were incubated in blocking solution (3% BSA, 100
mM NaCl in PBST). Embryos were incubated with strepta-
vidin conjugated peroxidase (Pierce) (dilution 1:100 in
blocking solution) with shaking at room temperature for two
hours. They were then washed for twenty minutes three times
with PBST and stained for peroxidase with diaminobenzidine
(DBA) staining solution (1 ml of DBA stock solution [5 g of
Diaminobezidine/l in PBS pH 7.4], 9 ml of PBS, 10 ul of
H 0, [30%]). Normally, specific liver staining is visualized in
1-5 minutes. Staining was stopped by several washes with
water.

In addition a value for the Median Lethal Concentration
(LC50), can be determined by administering serial dilutions
of'a compound and determining what proportion of fish die at
each dilution. LC50 is the concentration needed to cause
lethality in 50% of the embryos. Compounds, which exhibit a
high Therapeutic Window (LCS50/EC50), such as 100 or
1,000, are good potential drug candidates because toxicity at
the therapeutic concentration is low.

7. Other Screening Assays

Closely analogous strategy and principles to those used for
screening agents for activity against cancerous cells can be
used to perform a variety of assays for agents on other cell
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types. For example, agents can be screened for cytotoxicity
toward transplanted pathogenic cells, such as bacterial or
fungal cells. Agents can also be screened for capacity to
inhibit viral infection or pathogenesis of transplanted cells. In
such methods, heterologous cells can be contacted with virus
before or after transplant into fish. The virus is usually one
that infects the transplanted heterologous cells without infect-
ing the recipient fish. The method is particularly useful for
propagating viruses that cannot replicate in culture, such as
HBYV, HCV and some strains of HPV (see, e.g., Rosen &
Gretch, Mol. Med. Today 5, 393-399 (1999)). The methods
are also useful for studying HIV and herpes viruses infection
of transplanted human cells. Agents can be administered
before or after introduction of virus to test for prophylactic
and therapeutic activity respectively.

Agents can also be screened for activity in promoting cell
differentiation and/or proliferation on normal cells. Although
any of the types of agents described above can be used,
growth factors, such as cytokines, GM-CF, EPO, FGF, PDGF,
VEGF and stem cell factor are particularly suitable. A change
in differentiation state is typically indicated by observing a
change in a set of one or more differentiation markers. Such
agents, once identified, have therapeutic value for promoting
in situ repair of damaged or necrotic tissue or for promoting
differentiation and/or propagation of cells in vitro for subse-
quent use in cell therapy or tissue engineering. Often, the cells
used in such methods are stem cells, including totipotent stem
cells, pluripotent stem cells and mesenchymal stem cells. For
example, agents can be tested for activity in promoting dif-
ferentiation of neural stem cells to neurons. Activity can be
monitored from neural transduction or from differentiation
markers of mature cells. Similarly, agents can be tested for
activity in promoting differentiation of cardiac stem cells to
myocytes, with activity being monitored by excitation level,
capacity to beat or differentiation markers of mature cells.

Agents can also be screened for activity in promoting or
inhibiting various functions of differentiated cells. Such func-
tions include promoting expression or secretion of proteins.
Agents identified as having such functions are useful in
therapy for modulating expression of endogenous proteins or
exogenous proteins whose coding sequences were introduced
into a subject by gene therapy. For example, agents can be
screened for capacity to promote secretion of insulin from
islet cells. Alternatively, agents can be tested for capacity to
promote expression of an exogenous enzyme introduced by
genetic engineering into a human stem cells to be used in gene
therapy.

8. Cell Therapy and Tissue Engineering Methods

Transplantation methods are also useful for culturing cells
to be used in cell therapy or tissue engineering. Such methods
are particularly useful for cells that cannot be propagated in
vitro, or whose properties are adversely affected by in vitro
propagation. In some methods, the fish serves as an incubator
for propagation of transplanted cells allowing the cells to
increase significantly in number without reaching a terminal
differentiation state. Such cells are then recovered from the
fish and introduced into a patient at the site at which tissue
regeneration is needed. The cells then undergo further propa-
gation and differentiation in situ in the recipient. Methods for
ex vivo cell therapy are described by Mayhew et al., Tissue
Eng. 4,325-34 (1998); Wakitani et al., Tissue Eng. 4, 429-44
(1998). In other methods, propagation of the cells in the fish
results in differentiation into a recognizable heterologous
tissue type, such as a patch of skin. The heterologous tissue is
then harvested from the fish and transplanted intact to a sub-
ject. For example, heterologous skin can be removed from a
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fish and used to replace a patch of damages or missing skin in
a subject. Methods for skin transplantation are discussed by
Mansbridge et al., Tissue Eng 4, 403-14 (1998). In other
methods, heterologous cells are transformed with a nucleic
acid sequence suitable for gene therapy. The heterologous
cells are then introduced into fish for amplification prior to
introduction into a patient. In other methods, hematopoietic
human stem cells are introduced into fish for the large-scale
production of human platelets and red blood cells, which can
be harvested for treatment of patients. In other methods,
human bone marrow cells are introduced into a fish for ampli-
fication, subsequent harvesting and use in autologous or allo-
geneic bone marrow transplantation. Other applications of
such methods include production of scaffolds for tissue engi-
neering, production of cartilage, hart valves, bone repair,
ligament repair, menischal implants, autologous chondrocyte
transplantation, nerve regeneration vasculogenesis, and
propagation of pancreatic, hepatic or glial cells.

9. Other Therapeutic Methods

In some methods, the fish provides an incubator to propa-
gate cancerous cells for subsequent use as a vaccine. In such
methods, cancerous cells are obtained from a patient biopsy,
transplanted into a fish, and propagated. The propagated cells,
which are considerably increased in number relative to the
transplanted cells, are then harvested. The harvested cells are
then killed and reintroduced into the patient. The killed cells
bear tumor antigens that stimulate an immune response
against live cancer cells remaining in the patient (see e.g., Eck
etal., Cancer Immunol. Immunother. 6,336-41 (1999); Carr-
Brendel et al., J. Immunother. 22,415-22 (1999)). Harvested
cells can also be used as an immunogen into a laboratory
animal to generate antibodies for passive immunotherapy in
the patient.

In other methods, mixed populations of cancerous and
noncancerous cells are obtained from a patient. The cells are
separated into clonal isolates, and different clonal isolates
introduced into different fish. The cells are then propagated in
the fish. After propagation, cells are screened for presence of
a cancer specific antigen. Cells lacking such an antigen are
recovered from their host fish and retransplanted into the
patient from whom they were obtained. Such methods are
particularly useful for distinguishing cancerous and noncan-
cerous cells in bone marrow transplant patients.

10. Diagnostic Methods

The present methods can also be used for diagnosis of
biopsies from subjects. Biopsied cells are transplanted into a
fish and monitored as described in Section II, particularly for
proliferation and/or metastasis. Proliferation and/or metasta-
sis of transplanted cells is an indication that the biopsy con-
tains cancerous cells. The rate or proliferation and/or metasta-
sis is an indicator of the malignancy of the tumor and the
prognosis of the patient. Transplanted cells can also be
screened with various antineoplastic treatments, such as
radiation and chemotherapy, to determine which treatment is
most appropriate for cancerous cells in a particular patient.
Using this bioassay, the clonogenic potential of residual lym-
phoma cells in bone marrow, peripheral blood and body fluids
can be determined. Analogous methods can be used to detect
cellular or viral pathogens in tissue samples from patients.
Culturing cells within the recipient fish provides amplifica-
tion by which the pathogen is more easily detected. Such
methods are particularly useful for analyzing biopsies from
patients having received transplanted tissue (see e.g., Cohen
et al., Pediatr. Transplatn. 3,322-7 (1999); Carman et al., J.
Heptatol. 2, 195-201 (August 1999).
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11. Research Applications

Transplanting cells into fish also has a number of funda-
mental research application. For example, the methods can be
used to monitor differentiation of a cell lineage in isolation of
other cell types from the same organisms. Such can be
achieved by transplanting nonterminally differentiated cells
into a population of fish, and then monitoring markers of
differentiation in the transplanted cells and/or in the host fish
over time. Arrays containing probes complementary to
mRNA provides a suitable means for monitoring (see, e.g.,
WO 97/10365). By appropriate selection of probes, it is pos-
sible to distinguish fish mRNA from those of transplanted
cells in the same mixture of mRNA. Alternatively, micro
tissue manipulation can be used to prepare separate tissue
samples from heterologous cells and host cells. Such expres-
sion patterns are themselves useful as in drug screening
assays. For example, if a particular pattern is determined to be
characteristic of a particular differentiation state, that pattern
can be used as an end point in screening agents for capacity to
inhibit or promote differentiation.

EXAMPLE 1
Transplantation of HEP2 Cells

To test the feasibility of transplanting human cells in
zebrafish embryos, we transplanted cells derived from human
cancer tissue: HepG2 cells (ATCC HB-8065) derived from a
human hepatoblastoma which have previously been shown to
form lethal tumors when injected into nude mice ((Wenger et
al.,, 1995; Chin et al., 1997)). In addition to forming tumors,
HepG?2 cells also secret a number of factors which are present
in normal liver cells including the vessel inducing protein,
VEGF. This made it possible to assay the viability of the
HepG2 cells by looking for effects of VEGF including
increased vessel formation and heart defects (Drake & Little,
1995; Feucht et al., 1997) of HepG2 cells both by watching
the tumors grow and by using vital stains that identify dead
and dying cells. In addition, we could identify the HepG2
cells both by their visual appearance and by using specific
antibodies that recognize human but not zebrafish antigens.

A. Materials and Methods

1. Cell Culture

HepG2 cells were maintained as indicated in American
Type Culture Collection (ATCC) procedures. Briefly, the
cells were cultivated in MEM (Minimum Essential Media)
(Gibco) supplemented with glutamine, essential amino acids
and pyruvate. The cells were grown to 80% confluence and
harvested by adding trypsin/EDTA, washed twice with the
same culture media, and resuspended in PBS immediately
before injection.

2. Transplantation

The transplantation technique used is similar to that
described by Ho & Kane, 1990. Briefly, after cells had been
resuspended in PBS, the cells were backfilled into a pulled
glass micropipet with a tip diameter of 15 micron i.d. and 18
micron o.d. This permits easy penetration of the embryo and
injection of intact cells. The micropipet was attached to a
micromanipulator and an air-driven Cell Tram (Eppendorf).
Using the micromanipulator, the tip of the micropipet was
inserted into the embryo and 10-50 cells were expelled from
the tip using positive pressure from the Cell Tram. Transplan-
tations were carried out in three different regions of the
embryo (FIG. 6):
1) into the animal portion of the embryo without a priori

knowledge of the position of the transplanted cells in the

hosts;
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2) into random positions in the yolk cell and;
3) into the margin between the embryo and the yolk ball.

In addition, two types of transplantations were carried out:
a) single site transplantations; and b) multiple site injections,
in which the cells were disbursed throughout the tissue
instead of clumped together. All transplantations were per-
formed at or near the high stage (1000-2000 cells) of devel-
opment.

3. Embryo Handling

Embryos were generated by natural matings between wild
type adult fish. Prior to injection, 4-8 cell stage embryos are
treated with protease (1 mg/ml of embryo media) for 5 min-
utes to remove the chorions. The embryos were then washed
5 times in embryo media to remove both the protease and the
digested chorions. The embryos were then allowed to recover
in a glass beaker for several hours in embryo media at 27° C.
until they reached the high stage of development. The
embryos were then placed in a holding well made from 1%
agarose in embryo media. 30-40 embryos were lined up side
by side and oriented. Following the transplantation, the
embryos were removed from the holding tray and placed into
agar-coated culture plates and allowed to recover. After 24
hours, the embryos were transferred to new culture plates and
maintained in fish water (Santa Cruz Technology) for the
duration of the experiment.

4. Cell Labelling

Before harvesting, cells were incubated in a Dil-Labelling
solution (0.05% dil in 0.3M sucrose) for 15 min. Dil is a
lipophilic carbocyanine trace (Molecular Probes) used in a
variety of long-term cell tracking applications, including
transplantation migration studies (Serbedzija et al., 1992).
Using epifluorescence microscopy, Dil-labelling was visual-
ized in both individual transplanted cells as well as in cell
masses.

5. Antibody Detection of Transplanted Cells

The HepG2 transplanted cells were immunodetected using
an anti-human keratinocyte 18 antibody (REF). Cytokeratin
18 is an intermediate filament protein, which has been shown
to be expressed in HepG2 under a variety of conditions
(Cruickshank et al., J. Hepatol. 29, 550-8 (1998). Trans-
planted embryos were fixed with paraformaldehyde 1 hr at
room temperature and treated with methanol 100% overnight
at =20° C. The embryos were rehydrated with PBST (0.1%
Tween 20 in PBS) and treated with bleaching solution (H,O,
10%) for 20 minutes. After washing with PBST, the embryos
were incubated in blocking solution (20% Inactivated Calf
Serum, 1% DMSO in PBST) for one hour at room tempera-
ture and shaking. The first antibody, monoclonal mouse IgG
anti-human keratinocyte 18 (Santa Cruz Technology), was
then added (dilution 1:2000) and incubated for two hours at
room temperature with shaking. Four washes with the same
blocking solution were performed and then the second anti-
body, rabbit anti-mouse 1gG conjugated with alkaline phos-
phatase, was added (dilution 1:2000) and incubated for two
hours at room temperature with shaking. The embryos were
washed twice with the same blocking solution and finally
equilibrated in NTMT solution (50 mM MgCl,, 100 mM
NaCl, 100 mM Tris/HCI pH 9.5). Finally, the embryos were
stained for alkaline phosphatase using NBT/BCIP and visu-
alized by light microscopy.

6. Vessel Staining

Embryos were fixed in 4% paraformaldehyde and stained
for endogenous alkaline phosphatase activity. After fixation,
embryos will be permeabilized in acetone at -20° C., equili-
brated in NTMT buffer (0.1M Tris-HCI; 50 mM MgCl; 0.1M
NaCl; 0.1% Tween 20) at room temperature and then stained
with 75 mg/ml NBT and 50 mg/ml X-phosphate.
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7. Western Blot Analysis

Dechorionated embryos were resuspended in 1xSDS gel
loading buffer, boiled for 2 minutes, and centrifuged for 10
minutes at 14,000 rpm. The supernatant samples were then
loaded on a 10% SDS-polyacrylamide gel. Kaleidoscope
prestained proteins (Bio-Rad) were used as standards. After
electrophoresis, the proteins were transferred to a nitrocellu-
lose membrane (BA8S, Schleicher & Schuell), during 4 hours
at 4° C. using 120-200 mA. The filters were blocked over-
night in TBST (10 mM Tris/HCI pH 8.0, 150 mM NacCl,
0.05% Tween 20) with 5% milk. Then, the filters were incu-
bated with the first antibody (monoclonal mouse IgG anti-
human Keratinocyte 18, Santa Cruz Technology, dilution
1:2000) for 30 minutes at room temperature with shaking.
Four washes with the same blocking solution were performed
and then the second antibody (rabbit anti-mouse IgG conju-
gated with alkaline phosphatase, dilution 1:2000) were added
and incubated for two hours at room temperature with shak-
ing. The anti-Keratinocyte 18 binding reaction was visualized
using One Step TMB Blotting (3,3'-5,5' tetra-methyl-benzi-
dine) (Pierce).

8. Antibody Staining

Embryos were collected 24 hr after transplantation and
stained with mouse IgG anti-human keratinocyte 18 mono-
clonal antibody which recognizes HepG2 cells but does not
bind to any endogenous fish antigens. Using this antibody, we
were able to detect labeled cells in both the embryonic tissue
and the yolk. We further observed that these cells were often
adjacent to sites of morphological defects presumed to be
induced by the transplanted cells.

9. BRDU Labelling 5-bromo-2'- deoxyuridine (BrdU) is a
mitotic S-phase marker. To assay for proliferation, a 3 uM
solution of BrdU (Sigma) was injected into 24 hour xenograft
zebrafish embryos in which cells had previously been trans-
planted. Embryos were incubated for 24 hours to permit
incorporation of BrdU into the DNA of the transplanted cells
and the host cells. Embryos were then collected, fixed with
4% PFA at room temperature, and dehydrated to 100%
methanol.

B. Results

80% of the 357 embryos injected with cells survived 24 hrs
after injection. The opaque HepG2 cells were observed in
approximately 10% of the surviving animals. There was no
obvious correlation between the location of the injection and
subsequent observation of cells in the embryo. Twenty-four
hours after transplantation, embryos in which the HepG2
cells were visible could be divided into three distinct groups:
1. embryos which looked normal, but which had large cell

masses in the yolk (FIG. 1),

2. embryos which looked normal, but had individual cells in
the body (FIG. 2), and
3. embryos which had morphological defects and a large mass

of cells (FIG. 3).

Both groups 1 and 3 evidence examples of the tumor form-
ing ability of the HepG2 cells. In both cases, the observed cell
masses became larger with time, suggesting that the HepG2
cells were proliferating. In addition, when the masses are in
the body of the embryo, we often observed a teratogenic
effect on the embryos that could not be explained solely by the
mechanical presence of the cell mass (FIG. 4). This suggests
that the HepG2 cells are secreting factors which effect the
embryo. In addition, we often observed zebrafish cells incor-
porated into the cell mass (FIG. 5).suggesting that the HepG2
cells may be transforming the zebrafish cells. The second
group also suggests that the HepG2 cells can metastasize in
the fish embryo. In several instances, embryos with large
masses of HepG2 cells died 48-72 hrs after transplantation. In

10

15

20

25

30

35

40

45

50

55

60

65

16

contrast, embryos with small masses or scattered individual
cells survived 7 days, at which time the experiment was
ended.

In embryos, (zebrafish or other species) exogenous VEGE,
which is known to be secreted by HepG2 cells, causes both
increased vessel formation and heart defects (Drake & Little,
1995; Feucht et al., 1997). Both of these phenomenon were
observed in embryos which had visible HepG2 cell masses.
FIG. 5 shows an embryo in which the HepG2 cells were
present in the pericardium. The heart is clearly malformed.
Endogenous alkaline phosphatase staining of embryos hav-
ing large cell masses in the yolk for vessel formation showed
extensive outgrowth of blood vessels in and around the yolk,
where they are not normally observed. We also observed a
thickening of the large vessels, including the dorsal aorta and
ventral vein.

To confirm that the transplanted HepG2 cells were viable,
we examined xenograft embryos for the presence of human
VEGF (hVEGF) and human AFP (hAFP), two proteins nor-
mally secreted by HepG2 cells in culture and to be present in
the blood of patients diagnosed with hepatocellular carci-
noma (Huber, 1985; Eraiser et al. 1998; Louha et al., 1997).
High levels of hVEGF have also been correlated with adverse
effects on heart development in zebrafish and other verte-
brates (Drake, et al., 1995; Feucht, et al., 1997, Serbedzija,
1999). For these experiments, xenograft embryos were
stained with human specific antibodies to either hVEGF or
hAFP and these antibodies were detected using RPE labeled
secondary antibodies. Because the fluorescence spectra of Dii
and RPE are similar, transplantations were performed using
unlabeled HepG2 cells. Embryos were collected 24 to 72
hours after transplantation. Transplanted cells exhibit appro-
priate cell characteristics including the production of pro-
teins. 100% ofthe embryos stained for VEGF (100) contained
labelled cells in cell masses. In addition, in 50% of hVEGF
positive embryos, individual RPE-labeled cells were detected
in close proximity to the cell mass. As was shown with
hVEGF staining, 100% of the embryos stained for hAFP had
labeled cells in the cell masses (FIG. 5). In contrastto hVEGF
staining, in hAFP positive embryos, no cells were observed
outside the cell mass, regardless of when the embryos were
collected. For both hVEGF and hAFP antibodies, staining
was restricted to HepG2 cells. Neither hVEGF nor hAFP
label was observed in non-xenograft control embryos. Claim
61 was canceled.

To assay for proliferation, a 3 uM solution of BrdU (Sigma)
was injected into 24 hour xenograft zebrafish embryos in
which cells had previously been transplanted. Embryos were
incubated for 24 hours to permit incorporation of BrdU into
the DNA of the transplanted cells and the host cells. Embryos
were then collected, fixed with 4% PFA at room temperature,
and dehydrated to 100% methanol. Anti-BrdU and Ant-CK 18
Double Labeling: To identify HepG2 cells that had incorpo-
rated BrdU, embryos were double stained using antibodies
against BrdU and CK18. The protocol was similar to the
antibody protocol described above, with the following modi-
fications: 1) prior to incubating in blocking solution, BrdU-
labeled embryos were immersed in 2N Hydrochloric Acid for
30 minutes to increase the accessibility of the DNA to the
antibody; 2) following incubation with the anti-CK 18 and its
RPE-conjugated secondary antibody, embryos were incu-
bated with a FITC-conjugated monoclonal antibody to BrdU
(Sigma). The antibodies were then visualized using an epif-
luorescence microscope.

All proliferating cells, including both the transplanted cells
and the host cells, were labeled. Specifically to identify pro-
liferating HepG2 cells, we performed a double labeling
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experiment using human specific anti-CK18 antibody. We
detected BrdU and anti-CK 18 using an FITC-conjugated sec-
ondary antibody and an RPE-conjugated secondary antibody,
respectively. As described previously, transplantations were
carried out using unlabeled HepG2 cells. 100 xenograft
embryos in which HepG2 cell masses were visible were col-
lected 24 hours after transplantation. A 3 pM solution of BrdU
was then injected into the yolkball of 80 of the xenograft
embryos. The embryos were then allowed to develop for an
additional 24 hours before fixation and staining. Although the
anti-BrdU antibody labeled both HepG2 cells and host cells,
only HepG2 cells were labeled by both antibodies (FIG. 7,
panels A-C). After BrdU injection, 72 of the 80 xenograft
embryos contained cells labeled with both antibodies. In con-
trast, the control xenograft embryos, which were not injected
with BrdU, contained only anti-CK-18 labeled cells. This
experiment clearly shows that transplanted HepG2 cells pro-
liferate in the zebrafish embryo. HepG2 cell masses in
zebrafish embryo are histologically similar to xenograft
HepG2 tumors in adult mice. To determine if the HepG2 cell
masses were morphologically similar to tumors generated in
the mouse models and their human counterparts, we per-
formed a histologic examination of the xenograft embryos
collected 24 and 48 hours post transplantation. Although the
cell masses in the zebrafish embryo were smaller (100-300
um in diameter) than tumors observed in mice (7-10 mm;
Vucenik, et al., 1998), the general morphology of HepG2
cells in cell masses was similar (Klein, et al., 1989). Specifi-
cally, the HepG2 cells were round and had little cytoplasm
(FIG. 8 panels A-C). The HepG2 cells were easily identifiable
in tissue sections because the nuclei of the HepG2 cells were
larger and more compact than the nuclei of zebrafish cells. In
contrast to the host cells, the HepG2 cells were tightly packed
with little or no extracellular space between cells. Cells with
smaller nuclei, presumed to be zebrafish cells, were also
present in the HepG2 cell masses. There was no evidence of
vacuolated space in any of the cell masses, which would
suggest that the transplanted cells were dying.

To confirm metastasis, we transplanted labeled cells that
can be tracked over several days. Prior to transplantation, the
HepG2 cells were labelled with Dil and then harvested by
adding trypsin/EDTA, washed twice with culture media, and
resuspended in PBS before transplantation into the host
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embryo. 24 hours after transplantation, host embryos were
screened to identify those that had a single mass of labeled
cells. We continued to observe these embryos, checking for
cells that left the mass and disseminated to other regions of
the embryo. To confirm that the labeled cells were HepG2
cells, we stained the embryos with anti-Cytokeratin 18 anti-
body. We transplanted 100 embryos; at 24 hours of develop-
ment, all 95 of the surviving embryos contained labeled cell
masses. Next, 24 embryos that contained a single, cohesive
mass oflabeled cells were selected for continued observation.
At 48 hours of development, 22/24 embryos contained Dil
labeled cells outside the original cell mass (FIG. 9); at 72
hours of development, all 22 embryos contained individual
Dil labeled cells associated with the vasculature. Specifically,
individual cells were found: 1) in the tail mesenchyme adja-
cent to the dorsal vessel and/or the axial vein, 2) throughout
the head adjacent to the cranial vessels; and 3) within the wall
of'the heart in either the myocardium or the endocardium. By
6 days, new cell masses were observed in the tail (FIG. 9) and
head, indicating that individual labeled HepG2 cells,
observed in those locations at earlier time points, were pro-
liferating.

C. Conclusion

The above experiment shows that conventional wisdom
that human cancer cells cannot survive at the growth tempera-
ture of zebrafish (i.e., 27° C. in the present application) is
incorrect. Moreover, cells appear not only to survive, but to
form masses which may be similar to the tumor formed when
HepG?2 are injected into nude mice. In addition, some tumor
cells appear to metastasize in the zebrafish embryo. Thus,
zebrafish can be used to screen agents for activity against
human cancer cells.

EXAMPLE 2

Transplantation with Other Human Cell Lines and
Human Tumor Cells

Several other human cell types have been transplanted into
zebrafish using the same methods described for HEP-2 cells.
The results are summarized in Table 1.

TABLE 1

Cell Line Type

Summary of xenografts with various cell lines

Cell
Mass
Growth

Cell Mass
Formation

Morphological
Characteristics

Teratogenic

¢ Effects  Lethality

HepG2

Hepatocellular

carcinoma

CCCL-18

NT2D

K

Colon cancer

Embryonic
teratocarcinoma

Yes Yes Compacted ~5%
masses located
throughout the
embryo
Compacted
masses located
throughout the
embryo
Loosely clustered %
cell in the CNS;

Cells dispersed

during embryonic

growth

Cells clustered in

2-7 days

~5% 2-7 days

Yes None

observed

Mac-1

Lymphoma

Lymphoma

Yes

head
Cells in head and
tail

3 days

3-4 days
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TABLE 1-continued

20

Summary of xenografts with various cell lines

Cell
Cell Mass Mass Morphological Teratogenic

Cell Line Type Formation Growth Characteristics c Effects Lethality
Mac-2a Lymphoma Yes Yes Cells in head and na

tail
CII-37 from Lymphoma/ No No Cell did not Still alive
human biopsy  Block of divide but were at 7 days

apoptosis present in CNS

and tail
TMP Tumor Lymphoma Yes Yes Cell mass formed Still alive
from and cells were at 7 days
xenograft present in the

mouse circulation

All properties were determined by microscopic observa-
tion. Presence of cell mass indicates some proliferation of
transplanted cells. Cell mass growth indicates more extensive
proliferation. Presence of transplanted cells throughout the
embryo as is the case for HepG2 and CCL-18 cells is indica-
tive of metastasis. Presence of NT2D cells, a neural stem
cells, in the CNS indicates that transplanted cells respond to
endogenous signalling from within the recipient fish.

From the foregoing, it should be apparent that the invention
includes a number of uses that can be expressed concisely as
follows. The invention includes the use of a fish as a recipient
to maintain viability of and/or propagate heterologous cells.
The invention further includes the use of heterologous cells
introduced into a fish to screen a potential drug for a response
of the cells. The invention further includes the use of heter-
ologous cells introduced into a fish for the manufacture of a
medicament for treatment of a patient. The invention further
includes the use of heterologous cells transplanted into a fish
for diagnosis of a pathogen or cancerous cell within a patient
tissue sample. While the foregoing invention has been
described in some detail for purposes of clarity and under-
standing, it will be clear to one skilled in the art from a reading
of this disclosure that various changes in form and detail can
be made without departing from the true scope of the inven-
tion. The above examples are provided to illustrate the inven-
tion, but not to limit its scope; other variants of the invention
will be readily apparent to those of ordinary skill in the and
are encompassed by the claims of the invention. The scope of
the invention should, therefore, be determined not with ref-
erence to the above description, but instead should be deter-
mined with reference to the appended claims along with their
full scope of equivalents. All publications, references, and
patent documents cited in this application are incorporated by
reference in their entirety for all purposes to the same extent
as if each individual publication or patent document were so
individually denoted.
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What is claimed is:

1. A method of analyzing a sample for presence of a cancer
cell or pathogen, comprising:

(a) obtaining a sample from a patient containing a cell or

population of cells;

(b) introducing the cell or the population of cells into a
zebrafish embryo that has not yet developed an immune
system that would subject the cell or population of cells
to immune rejection; and

(c) detecting a property of the cell or the population of cells
to indicate whether the cell or the population of cells
comprises a cancer cell or pathogen.

2. The method of claim 1, wherein the sample is obtained
from bone marrow, peripheral blood, a body fluid or a trans-
planted tissue.

3. The method of claim 1, wherein the sample is from a
biopsy.

4. The method of claim 1, wherein the cell or the population
of cells is a human cell or a population of human cells.

5. The method of claim 1, wherein introducing comprises
microinjecting the cell or the population of cells into the
zebrafish embryo.

6. The method of claim 1, wherein the cell or the population
of cells are microinjected into a blastula stage embryo.

7. The method of claim 1, wherein the cell or the population
of cells are microinjected into the yolk of the zebrafish
embryo.

8. The method of claim 1, wherein a population of cells are
introduced into the zebrafish embryo.
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9. The method of claim 8, further comprising culturing the
zebrafish embryo after the population of cells is introduced,
whereby cancer cells present in the cell population prolifer-
ate.

10. The method of claim 8, further comprising culturing the
zebrafish embryo after the population of cells is introduced,
whereby a pathogen present in the cell population is ampli-
fied.

11. The method of claim 8, wherein the property detected is
cell proliferation or metastasis, detection of proliferation or
metastasis being an indication that the population of cells
contains cancer cells.

10
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12. The method of claim 8, wherein the property detected is
the rate of cell proliferation or metastasis.

13. The method of claim 11, wherein cell proliferation is
detected by immunostaining with an antibody specific for
cancer cells.

14. The method of claim 11, wherein metastasis is detected
by detecting movement of cells from the cell population
relative to an initial site at which the cell population was
introduced.

15. The method of claim 1, wherein the pathogen is a
bacterium, a virus or a fungus.
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