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ENGINEERED THREE-DIMENSIONAL BREAST TISSUE, ADIPOSE TISSUE, AND
TUMOR DISEASE MODEL

CROSS-REFERENCE TO RELATED APPLICATIONS

[001] This application claims the benefit of U.S. Application Serial No. 61/975,640, filed April
4, 2014, and U.S. Application Serial No. 61/976,895, filed April 8, 2014, each of which is

incorporated by reference in its entirety.
BACKGROUND OF THE INVENTION

[002] Cancer is the second most common cause of death in the U.S., exceeded only by heart
disease, accounting for nearly 1 of every 4 deaths. During their lifetime, 1 in 8§ American women
will develop breast cancer. The American Cancer Society estimates that 232,670 new cases of
invasive breast cancer will be diagnosed among women in the U.S. during 2014; about 2,360 new
cases are expected in men. An urgent need exists for targeted, safe breast cancer therapeutics,

particularly for refractive disease.
SUMMARY OF THE INVENTION

[003] The interaction between cancer cells and the surrounding stromal cells, comprised of
fibroblasts, endothelial cells, adipocytes, and immune cells, plays a critical role in cancer
initiation, progression, and metastasis. The stromal cells modulate cell signaling, play a structural
support role for cancer cells, and influence angiogenesis and metastasis to distant target tissues.
As such, stromal cells influence the efficacy of cancer therapeutics. For example, to more
accurately model initiation and progression of breast cancer and to more efficiently define
targeted therapeutics, the three-dimensional tissue microenvironment must be addressed. Breast
stroma, composed of fibroblasts, endothelial cells, and adipocytes, plays a key role in the process
of carcinogenesis and metastasis. These cell types secrete extracellular matrix, growth factors,

and hormones that affect how therapeutic agents access and target cancer cells.

[004] Two-dimensional cancer cell line cultures suffer from several inadequacies as models for
testing anti-cancer agents. First, current two-dimensional cancer models fail to accurately model
disease initiation and progression. Second, current two-dimensional cancer models fail to provide
a physiologically-relevant stromal milicu. As a result, current two-dimensional cancer models do

not adequately demonstrate a native-like response to anti-cancer therapeutic agents. For example,
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two-dimensional cell culture models typically demonstrate an exaggerated response to

therapeutic agents compared to clinical observations.

[005] Moreover, native stroma of many relevant tissues includes adipocytes. In many cases, a
native-like tumor disease model with physiologically-relevant stromal milieu includes viable
adipocytes. Existing tissue fabrication methodologies lack adequate ability to produce engineered
tissues that include viable adipocytes. Differentiated adipocytes are fragile and no previous
technology is capable of depositing these important stromal cells without damaging or destroying

them.

[006] There is an unmet need for improved preclinical oncology models to overcome hurdles to
efficient drug development, including bridging the gap between the use of two-dimensional cell
lines and three-dimensional animal models. Specifically, there is an unmet need for development
of a model system that incorporates multiple cell types that are physiologically relevant to
progression of cancer, including breast cancer, that enables more accurate and efficient screening
of targeted therapeutic agents and development of new imaging modalities for earlier detection.
The purposes of this disclosure include: 1) to present inventions in which human cancer cells are
surrounded by stromal cells, including fibroblasts, adipocytes, and endothelial cells for the
purpose of screening targeted cancer therapeutics and developing new imaging agents; and 2) to
present inventions in which human breast cancer cells arising from normal epithelia are
surrounded by stromal cells, including fibroblasts, adipocytes, and endothelial cells for the

purpose of screening targeted cancer therapeutics and developing new imaging agents.

[007] The tumor disease models disclosed herein have several advantages over current
screening tools, including the ability to simultancously measure the effects of small molecules on
cancer cells as well as different cell types in the tissue microenvironment. Histomorphological
analyses of bioprinted neotissues disclosed herein demonstrated that they were stable and viable
for at least 14 days in culture and characterized by clear compartmentalization of adipose,
stromal, and epithelial components. During the bioprinting process, robust microvascular
networks were created using endothelial cells as a component of the three-dimensional tissue

design.

[008] In one aspect, disclosed herein are three-dimensional, engineered, biological tumor
models comprising: stromal tissue; and tumor tissue; the tumor tissue comprising cancer cells,
the tumor tissue surrounded on all sides by the stromal tissue to form the three-dimensional,

engineered, biological tumor model; provided that the stromal tissue was bioprinted from a
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stromal bio-ink, the tumor tissue was bioprinted from a tumor bio-ink, or both the stromal tissue
and the tumor tissue were bioprinted from their respective bio-inks. In some embodiments, the
model is substantially free of pre-formed scaffold. In some embodiments, the stromal tissue
comprises: endothelial cells, fibroblasts, and adipocytes, preadipocytes, or both adipocytes and
preadipocytes. In further embodiments, the stromal tissue comprises 55%-75% fibroblasts, 15%-
35% endothelial cells, and 1%-20% adipocytes. In some embodiments, the tumor tissue
comprises cells of a cancer cell line. In other embodiments, the tumor tissue comprises primary
cancer cells from a patient tumor. In some embodiments, the tumor tissue comprises endothelial
cells. In further embodiments, the tumor tissue comprises 65-85% cancer cells and 15%-35%
endothelial cells. In some embodiments, the tumor model is about 250 um to about 5 mm in its
smallest dimension. In some embodiments, the stromal tissue is human breast stroma and the
tumor tissue is human breast tumor. In some embodiments, the tumor tissue is completely
surrounded on all sides by the stromal tissue to form the three-dimensional, engineered,

biological tumor model.

[009] In another aspect, disclosed herein are methods of fabricating a three-dimensional,
engineered, biological tumor model, the method comprising: preparing a stromal bio-ink, the
stromal bio-ink comprising an extrusion compound and a plurality of stromal cell types;
preparing a tumor bio-ink, the tumor bio-ink comprising an extrusion compound and a cancer
cell type; depositing the stromal bio-ink and the tumor bio-ink such that the tumor bio-ink is
embedded in the stromal bio-ink and in contact with the stromal bio-ink on all sides; and
maturing the deposited bio-ink in a cell culture media to remove the extrusion compound and
allow the cells to cohere to form a three-dimensional, engineered, biological tumor model. In
some embodiments, the bio-ink is deposited by bioprinting. In some embodiments, the extrusion
compound comprises alginate. In some embodiments, the extrusion compound is removable by
enzymatic digestion. In further embodiments, the method further comprises crosslinking the
deposited bio-ink to physically stabilize the tumor model architecture prior to cohesion of the
cells. In still further embodiments, the method further comprises removing the crosslinked bio-
ink by enzymatic degradation subsequent to cell cohesion. In some embodiments, the stromal cell
types comprise endothelial cells, fibroblasts and adipocytes or preadipocytes. In further
embodiments, the stromal bio-ink comprises 55%-75% fibroblasts, 15%-35% endothelial cells,
and 1%-20% adipocytes. In some embodiments, the cancer cell type comprises a cancer cell line.
In other embodiments, the cancer cell type comprises primary cancer cells from a patient tumor.

In some embodiments, the tumor bio-ink further comprises endothelial cells. In some
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embodiments, the stromal bio-ink comprises about 50 million cells per mL to about 300 million
cells per mL. In some embodiments, the tumor bio-ink comprises about 50 million cells per mL
to about 300 million cells per mL. In some embodiments, the cell culture media comprises
soluble components that support the grown, maintenance, or differentiation of human fibroblasts,
human endothelial cells, adipocytes, and cancer cells. In some embodiments, depositing the
stromal bio-ink and the tumor bio-ink further comprises: depositing a first sheet of stromal bio-
ink on a surface; depositing a continuous border of stromal bio-ink on the first sheet of stromal
bio-ink to define a compartment, the compartment open on one side; depositing a node of tumor
bio-ink in the compartment; and depositing a second sheet of stromal bio-ink to close the open

side of the compartment. In some embodiments, the tumor model is a breast cancer model.

[010] In another aspect, disclosed herein are three-dimensional, engineered, biological breast
cancer models comprising: breast stromal tissue, the stromal tissue comprising human mammary
fibroblasts, human endothelial cells, and human adipocytes; and breast cancer tumor tissue; the
tumor tissue comprising breast cancer cells and human endothelial cells, the tumor tissue
surrounded on all sides by the stromal tissue to form the three-dimensional, engineered,
biological breast cancer model; provided that the stromal tissue was bioprinted from a stromal
bio-ink, the tumor tissue was bioprinted from a tumor bio-ink, or both the stromal tissue and the
tumor tissue were bioprinted from their respective bio-inks. In some embodiments, the model is
substantially free of pre-formed scaffold. In some embodiments, the breast stromal tissue
comprises 55%-75% fibroblasts, 15%-35% endothelial cells, and 1%-20% adipocytes. In some
embodiments, the breast cancer cells are derived from a breast cancer cell line. In other
embodiments, the breast cancer cells are primary cancer cells from a patient tumor. In some
embodiments, the breast cancer tumor tissue comprises 65-85% cancer cells and 15%-35%
endothelial cells. In some embodiments, the breast cancer model is 250 um to 5 mm in its
smallest dimension. In some embodiments, the breast cancer tumor tissue is completely
surrounded on all sides by the breast stromal tissue to form the three-dimensional, engineered,

biological breast cancer model.

[011] In another aspect, disclosed herein are methods of fabricating a three-dimensional,
engineered, biological breast cancer model, the method comprising: preparing a stromal bio-ink,
the stromal bio-ink comprising a plurality of stromal cell types, the stromal cell types
comprising: an extrusion compound, human mammary fibroblasts, human endothelial cells, and
human adipocytes; preparing a tumor bio-ink, the tumor bio-ink comprising: an extrusion

compound, a breast cancer cell type and human endothelial cells; depositing the stromal bio-ink
4
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and the tumor bio-ink such that the tumor bio-ink is embedded in the stromal bio-ink and in
contact with the stromal bio-ink on all sides; and maturing the deposited bio-ink in a cell culture
media to remove the extrusion compound allow the cells to cohere to form a three-dimensional,
engineered, biological breast cancer model. In some embodiments, the bio-ink is deposited by
bioprinting. In some embodiments, the extrusion compound comprises alginate. In some
embodiments, the extrusion compound is removable by enzymatic digestion. In further
embodiments, the method further comprises crosslinking the deposited bio-ink to facilitate
maintenance of the breast cancer model architecture prior to cohesion of the cells. In still further
embodiments, the method further comprises removing the crosslinked bio-ink by enzymatic
degradation subsequent to cell cohesion. In some embodiments, the stromal bio-ink comprises
55%-75% human mammary fibroblasts, 15%-35% human endothelial cells, and 1%-20% human
adipocytes. In some embodiments, the breast cancer cell type comprises a breast cancer cell line.
In other embodiments, the cancer cell type comprises primary breast cancer cells from a patient
tumor. In some embodiments, the stromal bio-ink comprises about 50 million cells per mL to
about 300 million cells per mL. In some embodiments, the tumor bio-ink comprises about 50
million cells per mL to about 300 million cells per mL. In some embodiments, the cell culture
media comprises soluble components that support the grown, maintenance, or differentiation of
human fibroblasts, human endothelial cells, adipocytes, and cancer cells. In some embodiments,
depositing the stromal bio-ink and the tumor bio-ink further comprises: depositing a first sheet of
stromal bio-ink on a surface; depositing a continuous border of stromal bio-ink on the first sheet
of stromal bio-ink to define a compartment, the compartment open on one side; depositing a node
of tumor bio-ink in the compartment; and depositing a second sheet of stromal bio-ink to close
the open side of the compartment. In some embodiments, the adipocytes are preadipocytes and

the method further comprises providing an adipocyte differentiation signal to the preadipocytes.

[012] In another aspect, disclosed herein are methods of identifying a therapeutic agent for
cancer in an individual, the method comprising: preparing a stromal bio-ink, the stromal bio-ink
comprising a plurality of stromal cell types; preparing a tumor bio-ink, the tumor bio-ink
comprising primary cancer cells from the individual; depositing the stromal bio-ink and the
tumor bio-ink such that the tumor bio-ink is embedded in the stromal bio-ink and in contact with
the stromal bio-ink on all sides; maturing the deposited bio-ink in a cell culture media to allow
the cells to cohere to form a three-dimensional, engineered, biological construct; applying a
candidate therapeutic agent to the construct; measuring viability of the cancer cells; and selecting

a therapeutic agent for the individual based on the measured viability of the cancer cells;
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provided that at least one component of the construct was deposited by bioprinting. In some
embodiments, the stromal bio-ink and the tumor bio-ink are deposited by bioprinting. In some
embodiments, the bio-ink further comprises an extrusion compound. In further embodiments, the
extrusion compound is removable by enzymatic digestion. In still further embodiments, the
method further comprises crosslinking the deposited bio-ink to physically stabilize the tumor
model architecture prior to cohesion of the cells. In yet further embodiments, the method further
comprises removing the crosslinked bio-ink by enzymatic degradation subsequent to cell
cohesion. In some embodiments, the stromal cell types comprise endothelial cells, fibroblasts and
adipocytes or preadipocytes. In further embodiments, the stromal bio-ink comprises 55%-75%
fibroblasts, 15%-35% endothelial cells, and 1%-20% adipocytes. In some embodiments, the
tumor bio-ink further comprises endothelial cells. In some embodiments, the stromal bio-ink
comprises about 50 million cells per mL to about 300 million cells per mL. In some
embodiments, the tumor bio-ink comprises about 50 million cells per mL to about 300 million
cells per mL. In some embodiments, the cell culture media comprises soluble components that
support the growth, maintenance, or differentiation of human fibroblasts, human endothelial
cells, adipocytes, and cancer cells. In some embodiments, depositing the stromal bio-ink and the
tumor bio-ink further comprises: depositing a first sheet of stromal bio-ink on a surface;
depositing a continuous border of stromal bio-ink on the first sheet of stromal bio-ink to define a
compartment, the compartment open on one side; depositing a node of tumor bio-ink in the
compartment; and depositing a second sheet of stromal bio-ink to close the open side of the
compartment. In some embodiments, the three-dimensional, engineered, biological construct is a

breast cancer construct.

[013] In another aspect, disclosed herein are three-dimensional, engineered, biological tissues
comprising viable, differentiated adipocytes. In some embodiments, the tissue was bioprinted. In
some embodiments, the tissue is substantially free of pre-formed scaffold. In some embodiments,
the tissue comprises at least 5% viable, differentiated adipocytes. In further embodiments, the
tissue comprises at least 10% viable, differentiated adipocytes. In some embodiments, at least
50% of the adipocytes are viable 24 hours post-fabrication. In further embodiments, at least 75%
of the adipocytes are viable 24 hours post-fabrication. In some embodiments, the adipocytes
secrete leptin for at least 1 week post-fabrication. In some embodiments, the tissue is adipose
tissue. In some embodiments, the adipocytes are subcutancous adipocytes. In other embodiments,

the adipocytes are derived from preadipocytes or mesenchymal stem cells.
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[014] In another aspect, disclosed herein are methods of fabricating a three-dimensional,
engineered, adipose tissue-containing, biological construct, the method comprising: providing an
adipocyte differentiation signal to preadipocytes; preparing a preadipocyte bio-ink, the bio-ink
comprising the preadipocytes and at least one other cell type; depositing the bio-ink on a surface;
and maturing the bio-ink in a cell culture media to allow the cells to cohere to form a three-
dimensional, engineered, biological construct, the construct comprising viable, differentiated
adipocytes. In some embodiments, the bio-ink is deposited by bioprinting. In some embodiments,
the construct comprises at least 5% viable, differentiated adipocytes. In further embodiments, the
construct comprises at least 10% viable, differentiated adipocytes. In some embodiments, at least
50% of the adipocytes are viable 24 hours post-fabrication. In further embodiments, at least 75%
of the adipocytes are viable 24 hours post-fabrication. In some embodiments, the adipocytes
secrete leptin for at least 1, 2, 3, 4, 5, 6, or 7 days post-fabrication. In some embodiments, the
adipocytes secrete leptin for at least 1, 2, or 3 weeks post-fabrication. In some embodiments, the
construct is adipose tissue. In some embodiments, the preadipocytes are subcutaneous

preadipocytes.

[015] In another aspect, disclosed herein are three-dimensional, engineered, biological breast
tissues comprising: human mammary fibroblasts, human endothelial cells, human mammary
epithelial cells, and human adipocytes; provided that the cells were bioprinted from a bio-ink and
cohered to form the three-dimensional, engineered, biological breast tissue; provided that the
tissue is substantially free of pre-formed scaffold. In some embodiments, the tissue comprises
55%-75% fibroblasts, 15%-35% endothelial cells, and 1%-20% adipocytes. In some
embodiments, the tissue is about 250 um to about 5 mm in its smallest dimension. In some
embodiments, the tissue is exposed to a disecase-causing agent to create a breast tissue disease
model. In further embodiments, the disease-causing agent comprises a virus, a bacterium, a

chemical compound, or a combination thereof.

[016] In another aspect, disclosed herein are methods of fabricating a three-dimensional,
engineered, biological breast tissue, the method comprising: providing an adipocyte
differentiation signal to human preadipocytes; preparing a bio-ink, the bio-ink comprising a
plurality of breast cell types, the breast cell types comprising human mammary fibroblasts,
human endothelial cells, human mammary epithelial cells, and the human preadipocytes;
depositing the bio-ink on a biocompatible surface; and maturing the deposited bio-ink in a cell
culture media to allow the cells to cohere to form a three-dimensional, engineered, biological

breast tissue. In some embodiments, the bio-ink is deposited by bioprinting. In some
7
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embodiments, the bio-ink comprises 55%-75% human mammary fibroblasts, 15%-35% human
endothelial cells, and 1%-20% human preadipocytes. In some embodiments, the bio-ink
comprises about 50 million cells per mL to about 300 million cells per mL. In some
embodiments, the cell culture media comprises soluble components that support the growth,
maintenance, or differentiation of human fibroblasts, human endothelial cells, and adipocytes. In
some embodiments, the method further comprises exposing the three-dimensional, engineered,
biological breast tissue to a disecase-causing agent to create a breast tissue disease model. In
further embodiments, the disease-causing agent comprises a virus, a bacterium, a chemical

compound, or a combination thereof.

[017] In another aspect, disclosed herein are arrays of three-dimensional, engineered, biological
tumor models, each tumor model comprising: stromal tissue and tumor tissue; the tumor tissue
comprising cancer cells, the tumor tissue surrounded on all sides by the stromal tissue to form
cach three-dimensional, engineered, biological tumor model; provided that the stromal tissue, the
tumor tissue, or both the stromal tissue and the tumor tissue were bioprinted; provided that the
array is adapted for use in a high throughput assay. In some embodiments, each tumor model is
substantially free of pre-formed scaffold. In some embodiments, each tumor model is in a well of
a multi-well plate. In some embodiments, the stromal tissue comprises: endothelial cells,
fibroblasts, and adipocytes, preadipocytes, or both adipocytes and preadipocytes. In some
embodiments, the stromal tissue comprises 55%-75% fibroblasts, 15%-35% endothelial cells,
and 1%-20% adipocytes. In some embodiments, the tumor tissue comprises primary cancer cells
from a patient tumor. In some embodiments, the tumor tissue comprises endothelial cells. In
further embodiments, the tumor tissue comprises 65-85% cancer cells and 15%-35% endothelial
cells. In some embodiments, each tumor model is about 250 um to about 5 mm in its smallest
dimension. In some embodiments, the stromal tissue is human breast stroma and the tumor tissue
is human breast tumor. In some embodiments, the tumor tissue is completely surrounded on all

sides by the stromal tissue to form each three-dimensional, engineered, biological tumor model.

[018] In another aspect, disclosed herein are arrays of three-dimensional, engineered, biological
breast cancer models, each breast cancer model comprising: stromal tissue, the stromal tissue
comprising human mammary fibroblasts, human endothelial cells, and human adipocytes; and
tumor tissue; the tumor tissue comprising breast cancer cells and human endothelial cells, the
tumor tissue surrounded on all sides by the stromal tissue to form each three-dimensional,
engineered, biological breast cancer model; provided that the stromal tissue, the tumor tissue, or

both the stromal tissue and the tumor tissue were bioprinted; provided that the array is adapted
8
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for use in a high throughput assay. In some embodiments, each breast cancer model is
substantially free of pre-formed scaffold. In some embodiments, each breast cancer model is in a
well of a multi-well plate. In some embodiments, the stromal tissue comprises 55%-75%
fibroblasts, 15%-35% endothelial cells, and 1%-20% adipocytes. In some embodiments, the
breast cancer cells are primary cancer cells from a patient tumor. In some embodiments, the
tumor tissue comprises 65-85% cancer cells and 15%-35% endothelial cells. In some
embodiments, each breast cancer model is about 250 um to about 5 mm in its smallest
dimension. In some embodiments, the tumor tissue is completely surrounded on all sides by the

stromal tissue to form each three-dimensional, engineered, biological breast cancer model.

[019] In another aspect, disclosed herein are three-dimensional, engineered, biological tumor
tissues comprising human cancer cells; provided that the cells are cohered to form the three-
dimensional, engineered, biological tumor tissue; provided that the tumor tissue is substantially
free of pre-formed scaffold. In some embodiments, the tumor tissue was bioprinted from a cancer
cell bio-ink. In some embodiments, the tumor tissue further comprises one or more of fibroblasts,
endothelial cells, epithelial cells, adipocytes, and immune cells. In some embodiments, the tumor
tissue is about 250 um to about 5 mm in its smallest dimension. In some embodiments, the tumor
tissue was exposed to a carcinogen to transform the cells. In further embodiments, the disease-
causing agent comprises a virus, a bacterium, a chemical compound, or a combination thereof. In
some embodiments, a crosslinkable extrusion compound is used to physically stabilize the tumor

tissue subsequent to fabrication and prior to cohesion of the cells to form the tumor tissue.
BRIEF DESCRIPTION OF THE DRAWINGS

[020] The patent or application file contains at least one drawing executed in color. Copies of
this patent or patent application publication with color drawing(s) will be provided by the Office

upon request and payment of the necessary fee.

[021] Figure 1 shows a non-limiting example of a schematic diagram depicting the construction
of a bioprinted breast tissue construct; in this case, a construct that is substantially a six-layered
cube with an inner region of epithelial cells surrounded by an outer region of fibroblasts,

endothelial cells, and bone marrow derived mesenchymal stem cells.

[022] Figure 2 shows a non-limiting series of representative photomicrographs of the construct
of Figure 1; in this case, photomicrographs depicting Hematoxylin & Eosin (H&E) stained

specimens.



WO 2015/152954 PCT/US2014/041419

[023] Figures 3A-3D show non-limiting series of representative photomicrographs of the
construct of Figure 1 (day 7 post-fabrication); in this case, photomicrographs depicting
constructs stained to visualize human mammary fibroblasts by antibodies against vimentin

(green) and TE7.

[024] Figure 4 shows a non-limiting series of representative photomicrographs of the construct
of Figure 1 (day 7 post-fabrication); in this case, photomicrographs depicting constructs stained
to visualize the relative positions of normal human mammary fibroblasts and human mammary
epithelial cells by antibodies against vimentin (red) and pan cytokeratin (green) as well as DAPI
(blue).

[025] Figure S shows a non-limiting series of representative photomicrographs of the construct
of Figure 1 (day 7 post-fabrication); in this case, photomicrographs depicting constructs stained
to visualize the relative positions of normal human mammary fibroblasts and human umbilical
vein endothelial cells by antibodies against vimentin (red) and CD31 (green) as well as DAPI
(blue).

[026] Figure 6 shows a non-limiting series of representative photomicrographs of the construct
of Figure 1; in this case, photomicrographs depicting constructs stained by Masson’s trichrome

stain.

[027] Figure 7 shows non-limiting examples of a bioprinted breast tissue construct (schematic
and photographic); in this case, a construct with a border of bone marrow-derived mesenchymal
stem cells (differentiated to adipocytes post-fabrication) and human umbilical vein endothelial
cells surrounding a strip of human mammary epithelial cells wherein the space between the
border and the strip is filled with normal human mammary fibroblasts and human umbilical vein

endothelial cells.

[028] Figure 8 shows a non-limiting series of representative photomicrographs of the construct
of Figure 7; in this case, photomicrographs depicting Hematoxylin & Eosin (H&E) stained

specimens.

[029] Figure 9 shows a non-limiting series of representative photomicrographs of the construct
of Figure 7; in this case, photomicrographs depicting constructs stained to visualize endothelial
cells, fibroblasts, adipocytes, and epithelial cells by antibodies against CD31, vimentin, FABP4,
and pan cytokeratin as well as DAPI.

[030] Figure 10 shows non-limiting examples of a bioprinted breast cancer tumor model

10
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(schematic and photographic); in this case, a tumor model with a tumor tissue core including
breast cancer cells and human umbilical vein endothelial cells surrounded on all sides by stromal
tissue including normal human mammary fibroblasts, human umbilical vein endothelial cells, and

subcutaneous preadipocytes, which were differentiated to form viable adipocytes.

[031] Figure 11 shows a non-limiting example of pre-differentiated subcutancous
preadipocytes; in this case, subcutancous preadipocytes exposed to an adipocyte differentiation
medium three days prior to fabrication of the tumor model of Figure 10 and demonstrating early

formation of lipid droplets.

[032] Figure 12 shows a non-limiting example of a line graph depicting leptin secretion over
time by the tumor model of Figure 10, which suggests continued differentiation of adipocytes

within the bioprinted construct.

[033] Figure 13 shows non-limiting exemplary photomicrographs of the tumor model of
Figure 10; in this case, photomicrographs depicting retention of the bioprinted
compartmentalized architecture and penetration of a drug compound that mimics observations in

native tissue.

[034] Figure 14 shows a non-limiting example of a bar graph depicting construct viability of
the tumor model of Figure 10 subsequent to treatment with various drug compounds and

controls.

[035] Figure 15 shows non-limiting examples of a bioprinted breast cancer tumor model
(schematic and photographic); in this case, a tumor model with a nodule of human breast cancer
cells surrounded by a stromal compartment including endothelial cells, fibroblasts, and

adipocytes.

[036] Figure 16 shows non-limiting exemplary photomicrographs of the tumor model of
Figure 15; in this case, photomicrographs depicting histological analysis of the tissue

architecture and relative positions of the cell types, wherein breast cancer cells are labeled green.

[037] Figure 17 shows non-limiting exemplary photomicrographs of the tumor model of
Figure 15; in this case, photomicrographs depicting histological analysis of the tissue

architecture including, ECM, cell types, stromal compartment, and microvasculature.

[038] Figure 18 shows a non-limiting example of a bar graph depicting leptin secretion over
time (day 2 post-fabrication to day 8 post-fabrication) by the tumor model of Figure 15, which
suggests continued differentiation of adipocytes within the bioprinted construct.
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[039] Figure 19 shows non-limiting examples of bar graphs depicting two metabolism assays
of three of the tumor models of Figure 15, both metabolism assays demonstrate low construct to

construct variability.

[040] Figure 20 shows non-limiting examples of bar graphs depicting a drug response assay
(tamoxifen) of the tumor model of Figure 15 compared to a two-dimensional breast cancer cell

culture.

[041] Figure 21 shows a non-limiting example of a bar graph depicting metabolic activity of
the tumor model of Figure 15 following treatment with chemotherapeutic compounds compared

to MCF7 cells alone.

[042] Figure 22 shows non-limiting exemplary photomicrographs of the tumor model of
Figure 15; in this case, photomicrographs depicting assessment of apoptosis following treatment

with cisplatin.

[043] Figure 23 shows a non-limiting exemplary photomicrograph of bioprinted adipose tissue,

in this case, a photomicrograph depicting Oil Red O staining for lipids.
DETAILED DESCRIPTION OF THE INVENTION

[044] In some embodiments, the tumor disease models disclosed herein are breast cancer tumor
models composed of two major parts 1) a stromal compartment comprising human mammary
fibroblasts, endothelial cells, and bone marrow-derived mesenchymal cells or preadipocytes; and
2) an epithelial compartment comprising human mammary epithelium and/or breast
adenocarcinoma cells. In further embodiments, the cells are deposited using a Novogen
Bioprinter (Organovo) in such a way that the epithelial/adenocarcinoma compartment is
surrounded on all sides by the stromal compartment. In still further embodiments, structures are
created either by spatially-controlled deposition of bio-ink or cells mixed with support

biomaterials such as hydrogels, which are later degraded or removed.

[045] Described herein, in certain embodiments, are three-dimensional, engineered, biological
tumor models comprising: stromal tissue; and tumor tissue; the tumor tissue comprising cancer
cells, the tumor tissue surrounded on all sides by the stromal tissue to form the three-
dimensional, engineered, biological tumor model; provided that the stromal tissue was bioprinted
from a stromal bio-ink, the tumor tissue was bioprinted from a tumor bio-ink, or both the stromal

tissue and the tumor tissue were bioprinted from their respective bio-inks.

[046] Also described herein, in certain embodiments, are methods of fabricating a three-

12



WO 2015/152954 PCT/US2014/041419

dimensional, engineered, biological tumor model, the method comprising: preparing a stromal
bio-ink, the stromal bio-ink comprising an extrusion compound and a plurality of stromal cell
types; preparing a tumor bio-ink, the tumor bio-ink comprising an extrusion compound and a
cancer cell type; depositing the stromal bio-ink and the tumor bio-ink such that the tumor bio-ink
is embedded in the stromal bio-ink and in contact with the stromal bio-ink on all sides; and
maturing the deposited bio-ink in a cell culture media to remove the extrusion compound and

allow the cells to cohere to form a three-dimensional, engineered, biological tumor model.

[047] Also described herein, in certain embodiments, are three-dimensional, engineered,
biological breast cancer models comprising: breast stromal tissue, the stromal tissue comprising
human mammary fibroblasts, human endothelial cells, and human adipocytes; and breast cancer
tumor tissue; the tumor tissue comprising breast cancer cells and human endothelial cells, the
tumor tissue surrounded on all sides by the stromal tissue to form the three-dimensional,
engineered, biological breast cancer model; provided that the stromal tissue was bioprinted from
a stromal bio-ink, the tumor tissue was bioprinted from a tumor bio-ink, or both the stromal

tissue and the tumor tissue were bioprinted from their respective bio-inks.

[048] Also described herein, in certain embodiments, are methods of fabricating a three-
dimensional, engineered, biological breast cancer model, the method comprising: preparing a
stromal bio-ink, the stromal bio-ink comprising a plurality of stromal cell types, the stromal cell
types comprising: an extrusion compound, human mammary fibroblasts, human endothelial cells,
and human adipocytes; preparing a tumor bio-ink, the tumor bio-ink comprising: an extrusion
compound, a breast cancer cell type and human endothelial cells; depositing the stromal bio-ink
and the tumor bio-ink such that the tumor bio-ink is embedded in the stromal bio-ink and in
contact with the stromal bio-ink on all sides; and maturing the deposited bio-ink in a cell culture
media to remove the extrusion compound allow the cells to cohere to form a three-dimensional,

engineered, biological breast cancer model.

[049] Also described herein, in certain embodiments, are methods of identifying a therapeutic
agent for cancer in an individual, the method comprising: preparing a stromal bio-ink, the stromal
bio-ink comprising a plurality of stromal cell types; preparing a tumor bio-ink, the tumor bio-ink
comprising primary cancer cells from the individual; depositing the stromal bio-ink and the
tumor bio-ink such that the tumor bio-ink is embedded in the stromal bio-ink and in contact with
the stromal bio-ink on all sides; maturing the deposited bio-ink in a cell culture media to allow

the cells to cohere to form a three-dimensional, engineered, biological construct; applying a
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candidate therapeutic agent to the construct; measuring viability of the cancer cells; and selecting
a therapeutic agent for the individual based on the measured viability of the cancer cells;

provided that at least one component of the construct was deposited by bioprinting.

[050] Also described herein, in certain embodiments, are three-dimensional, engineered,

biological tissues comprising viable, differentiated adipocytes.

[051] Also described herein, in certain embodiments, are methods of fabricating a three-
dimensional, engineered, adipose tissue-containing, biological construct, the method comprising:
providing an adipocyte differentiation signal to preadipocytes; preparing a preadipocyte bio-ink,
the bio-ink comprising the preadipocytes and at least one other cell type; depositing the bio-ink
on a surface; and maturing the bio-ink in a cell culture media to allow the cells to cohere to form
a three-dimensional, engineered, biological construct, the construct comprising viable,

differentiated adipocytes.

[052] Also described herein, in certain embodiments, are three-dimensional, engineered,
biological breast tissues comprising: human mammary fibroblasts, human endothelial cells,
human mammary epithelial cells, and human adipocytes; provided that the cells were bioprinted
from a bio-ink and cohered to form the three-dimensional, engineered, biological breast tissue;

provided that the tissue is substantially free of pre-formed scaffold.

[053] Also described herein, in certain embodiments, are methods of fabricating a three-
dimensional, engineered, biological breast tissue, the method comprising: providing an adipocyte
differentiation signal to human preadipocytes; preparing a bio-ink, the bio-ink comprising a
plurality of breast cell types, the breast cell types comprising human mammary fibroblasts,
human endothelial cells, human mammary epithelial cells, and the human preadipocytes;
depositing the bio-ink on a biocompatible surface; and maturing the deposited bio-ink in a cell
culture media to allow the cells to cohere to form a three-dimensional, engineered, biological

breast tissue.

[054] Also described herein, in certain embodiments, are arrays of three-dimensional,
engineered, biological tumor models, each tumor model comprising: stromal tissue and tumor
tissue; the tumor tissue comprising cancer cells, the tumor tissue surrounded on all sides by the
stromal tissue to form each three-dimensional, engineered, biological tumor model; provided that
the stromal tissue, the tumor tissue, or both the stromal tissue and the tumor tissue were

bioprinted; provided that the array is adapted for use in a high throughput assay.
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[055] Also described herein, in certain embodiments, are arrays of three-dimensional,
engineered, biological breast cancer models, each breast cancer model comprising: stromal
tissue, the stromal tissue comprising human mammary fibroblasts, human endothelial cells, and
human adipocytes; and tumor tissue; the tumor tissue comprising breast cancer cells and human
endothelial cells, the tumor tissue surrounded on all sides by the stromal tissue to form each
three-dimensional, engineered, biological breast cancer model; provided that the stromal tissue,
the tumor tissue, or both the stromal tissue and the tumor tissue were bioprinted; provided that

the array is adapted for use in a high throughput assay.

[056] Also described herein, in certain embodiments, are three-dimensional, engineered,
biological tumor tissues comprising human cancer cells; provided that the cells are cohered to
form the three-dimensional, engineered, biological tumor tissue; provided that the tumor tissue is

substantially free of pre-formed scaffold.

Certain definitions

[057] Unless otherwise defined, all technical terms used herein have the same meaning as
commonly understood by one of ordinary skill in the art to which this invention belongs. As used

(13 2% ¢
a”

in this specification and the appended claims, the singular forms an,” and “the” include
plural references unless the context clearly dictates otherwise. Any reference to “or” herein is

intended to encompass “and/or” unless otherwise stated.

[058] As used herein, “adipocyte” (also known as a “lipocyte” or “fat cell”) refers to the cells

that primarily compose adipose tissue, which is specialized in storing energy as fat.

[059] As used herein, “preadipocyte” refers to any cell that can be stimulated to form

adipocytes.

[060] As used herein, “stroma” refers to the connective, supportive framework of a biological

cell, tissue, or organ.
[061] As used herein, “tissue” means an aggregate of cells.

[062] As used herein, “bio-ink” means a liquid, semi-solid, or solid composition for use in
bioprinting. In some embodiments, bio-ink comprises cell solutions, cell aggregates, cell-
comprising gels, multicellular bodies, or tissues. In some embodiments, the bio-ink additionally
comprises non-cellular materials that provide specific biomechanical properties that enable
bioprinting. In some embodiments the bio-ink comprises an extrusion compound.

[063] As used herein, “bioprinting” means utilizing three-dimensional, precise deposition of
15
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cells (e.g., cell solutions, cell-containing gels, cell suspensions, cell concentrations, multicellular
aggregates, multicellular bodies, etc.) via methodology that is compatible with an automated or

semi-automated, computer-aided, three-dimensional prototyping device (e.g., a bioprinter).

[064] As used herein, “scaffold” refers to synthetic scaffolds such as polymer scaffolds and
porous hydrogels, non-synthetic scaffolds such as pre-formed extracellular matrix layers, dead
cell layers, and decellularized tissues, and any other type of pre-formed scaffold that is integral to
the physical structure of the engineered tissue and not able to be removed from the tissue without
damage/destruction of said tissue. In further embodiments, decellularized tissue scaffolds include
decellularized native tissues or decellularized cellular material generated by cultured cells in any
manner; for example, cell layers that are allowed to die or are decellularized, leaving behind the
ECM they produced while living. The term “scaffoldless,” therefore, is intended to imply that
scaffold is not an integral part of the engineered tissue at the time of use, either having been
removed or remaining as an inert component of the engineered tissue. “Scaffoldless” is used

interchangeably with “scaffold-free” and “free of pre-formed scaffold.”

[065] As used herein, “assay” means a procedure for testing or measuring the presence or
activity of a substance (e.g., a chemical, molecule, biochemical, protein, hormone, or drug, etc.)
in an organic or biologic sample (e.g., cell aggregate, tissue, organ, organism, etc.).

Bioprinting

[066] In some embodiments, at least one component of the engineered tissues, constructs, or an
array thereof, is bioprinted. In further embodiments, bioprinted constructs are made with a
method that utilizes a rapid prototyping technology based on three-dimensional, automated,
computer-aided deposition of cells, including cell solutions, cell suspensions, cell-comprising
gels or pastes, cell concentrations, multicellular bodies (e.g., cylinders, spheroids, ribbons, etc.),
and, optionally, confinement material onto a biocompatible support surface (e.g., composed of
hydrogel and/or a porous membrane) by a three-dimensional delivery device (e.g., a bioprinter).
As used herein, in some embodiments, the term “engineered,” when used to refer to tissues or
constructs means that cells, cell solutions, cell suspensions, cell-comprising gels or pastes, cell
concentrates, multicellular aggregates, and layers thereof are positioned to form three-
dimensional structures by a computer-aided device (e.g., a bioprinter) according to a computer
script. In further embodiments, the computer script is, for example, one or more computer
programs, computer applications, or computer modules including executable instructions. In still

further embodiments, three-dimensional tissue structures form through the post-printing fusion of
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cells or multicellular bodies which, in some cases, is similar to self-assembly phenomena in early

morphogenesis.

[067] While a number of methods are available to arrange cells, cell aggregates, and cell-
containing materials on a biocompatible surface to produce a three-dimensional structure,
including manual placement, positioning by an automated, computer-aided machine such as a
bioprinter is advantageous. Advantages of delivery of cells, cell aggregates, and cell-containing
materials with this technology include rapid, accurate, and reproducible placement of cells or
multicellular bodies to produce constructs exhibiting planned or pre-determined orientations or
patterns of cells, cell aggregates and/or layers thercof with various compositions. Advantages
also include assured high cell density, while minimizing cell damage. Adipocytes are particularly
susceptible to damage by shear force and other biomechanical stress; thus the bioprinting process
described herein provides a distinct advantage over alternative technologies as highlighted by the

favorable viability of the adipose cells in bioprinted tissues as highlighted in Examples 2-4.

[068] In some embodiments, the method of bioprinting is continuous and/or substantially
continuous. A non-limiting example of a continuous bioprinting method is to dispense bio-ink
(i.e., cells, cells combined with an excipient or extrusion compound, or aggregates of cells) from
a bioprinter via a dispense tip (e.g., a syringe, needle, capillary tube, etc.) connected to a
reservoir of bio-ink. In further non-limiting embodiments, a continuous bioprinting method is to
dispense bio-ink in a repeating pattern of functional units. In various embodiments, a repeating
functional unit has any suitable geometry, including, for example, circles, squares, rectangles,
triangles, polygons, and irregular geometries, thereby resulting in one or more tissue layers with
planar geometry achieved via spatial patterning of distinct bio-inks and/or void spaces. In further
embodiments, a repeating pattern of bioprinted function units comprises a layer and a plurality of
layers are bioprinted adjacently (e.g., stacked) to form an engineered tissue with laminar
geometry. In various embodiments, 2, 3,4, 5, 6,7, 8,9, 10, 11, 12, 13, 14, 15, or more layers are
bioprinted adjacently (e.g., stacked) to form an engineered tissue. In further embodiments, one or

more layers of a tissue with laminar geometry also has planar geometry.

[069] In some embodiments, continuous bioprinting facilitates printing larger tissues from a
large reservoir of bio-ink, optionally using a syringe mechanism. Continuous bioprinting is also a
convenient way to co-print spatially-defined boundaries, using an extrusion compound, a
hydrogel, a polymer, bio-ink, or any printable material that is capable of retaining its shape post-

printing; wherein the boundaries that are created are optionally filled in via the bioprinting of one
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or more bio-inks, thereby creating a mosaic tissue with spatially-defined planar geometry.

[070] In some embodiments, methods in continuous bioprinting involve optimizing and/or
balancing parameters such as print height, pump speed, robot speed, or combinations thereof
independently or relative to each other. In certain cases, the bioprinter head speed for deposition
was 3 mm/s, with a dispense height of 0.5 mm for the first layer and dispense height was
increased 0.4 mm for each subsequent layer. In some embodiments, the dispense height is
approximately equal to the diameter of the bioprinter dispense tip. Without limitation a suitable
and/or optimal dispense distance does not result in material flattening or adhering to the
dispensing needle. In various embodiments, the bioprinter dispense tip has an inner diameter of
about, 20, 50, 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 800, 850,
900, 950, 1000 um, or more, including increments therein. In various embodiments, the bio-ink
reservoir of the bioprinter has a volume of about 0.05, 0.1, .5, 1, 2, 3,4, 5, 6, 7, &, 9, 10, 15, 20,
25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100 cubic centimeters, or more,
including increments therein. The pump speed is, in some cases, suitable and/or optimal when the
residual pressure build-up in the system is low. Favorable pump speeds, in some cases, depend
on the ratio between the cross-sectional areas of the reservoir and dispense needle with larger
ratios requiring lower pump speeds. In some embodiments, a suitable and/or optimal print speed
enables the deposition of a uniform line without affecting the mechanical integrity of the

material.

[071] The inventions disclosed herein include business methods. In some embodiments, the
speed and scalability of the techniques and methods disclosed herein are utilized to design, build,
and operate industrial and/or commercial facilities for production of engineered breast tissues
and/or tumor disease models for use in generation of cell-based tools for research and
development, such as in vitro assays. In further embodiments, the engineered tissues and/or
models and arrays thereof are produced, stored, distributed, marketed, advertised, and sold as, for
example, cellular arrays (e.g., microarrays or chips), tissue arrays (e.g., microarrays or chips),
and kits for biological assays and high-throughput drug screening. In other embodiments, the
engineered tissues and/or models and arrays thereof are produced and utilized to conduct

biological assays and/or drug screening as a service.
Bio-ink
[072] Disclosed herein, in certain embodiments, are three-dimensional, living tissues, including

adipose tissues, breast tissues, tumor models, arrays thereof, and methods that comprise
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bioprinting cells. In some embodiments, cells are bioprinted by depositing or extruding bio-ink
from a bioprinter. In some embodiments, “bio-ink” includes liquid, semi-solid, or solid
compositions comprising a plurality of cells. In some embodiments, bio-ink comprises liquid or
semi-solid cell solutions, cell suspensions, or cell concentrations. In further embodiments, a cell
solution, suspension, or concentration comprises a liquid or semi-solid (e.g., viscous) carrier and
a plurality of cells. In still further embodiments, the carrier is a suitable cell nutrient media, such
as those described herein. In some embodiments, bio-ink comprises a plurality of cells that
optionally cohere into multicellular aggregates prior to bioprinting. In further embodiments, bio-
ink comprises a plurality of cells and is bioprinted to produce a specific planar and/or laminar
geometry; wherein cohesion of the individual cells within the bio-ink takes place before, during

and/or after bioprinting.

[073] In some embodiments, the bio-ink is produced by collecting a plurality of cells in a fixed
volume; wherein the cellular component(s) represent at least about 30% and at most about 100%
of the total volume. In some embodiments, bio-ink comprises semi-solid or solid multicellular
aggregates or multicellular bodies. In further embodiments, the bio-ink is produced by 1) mixing
a plurality of cells or cell aggregates and a biocompatible liquid or gel in a pre-determined ratio
to result in bio-ink, and 2) compacting the bio-ink to produce the bio-ink with a desired cell
density and viscosity. In some embodiments, the compacting of the bio-ink is achieved by

centrifugation, tangential flow filtration (“TFF”), or a combination thereof.

[074] In some embodiments, the bio-inks disclosed herein are characterized by high cellularity
by volume, ¢.g., a high concentration of living cells. In further embodiments, the bio-ink
comprise at least about 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 170,
180, 190, 200, 210, 220, 230, 240, 250, 260, 270, 280, 290, 300, 310, 320, 330, 340, 350, 360,
370, 380, 390, 400 or more million cells per milliliter of solution. In a particular embodiment, the
bio-inks comprise about 50 to about 300 million cells/mL. In some embodiments, bio-inks that
have high cellularity by volume are used to bioprint engineered tissues and constructs with high
cell density. In further embodiments, the engineered tissues and constructs are at least about 30,

35, 40, 45, 50, 55, 60, 65, 70, 75, 80 or more percent cells.

[075] In some embodiments, the compacting of the bio-ink results in a composition that is
extrudable, allowing formation of multicellular aggregates or multicellular bodies. In some
embodiments, “extrudable” means able to be shaped by forcing (e.g., under pressure) through a

nozzle or orifice (e.g., one or more holes or tubes). In some embodiments, the compacting of the
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bio-ink results from growing the cells to a suitable density. The cell density necessary for the bio-

ink will vary with the cells being used and the tissue or organ being produced.

[076] In some embodiments, the cells of the bio-ink are cohered and/or adhered. In some

2% ¢

embodiments, “cohere,” “cohered,” and “cohesion” refer to cell-cell adhesion properties that bind
cells, multicellular aggregates, multicellular bodies, and/or layers thereof. In further
embodiments, the terms are used interchangeably with “fuse,” “fused,” and “fusion.” In some
embodiments, the bio-ink additionally comprises support material, cell culture medium (or
supplements thereof), extracellular matrix (or components thereof), cell adhesion agents, cell

death inhibitors, anti-apoptotic agents, anti-oxidants, extrusion compounds, and combinations

thereof.

[077] In some embodiments, the bio-ink comprises cancer cells (e.g., tumor cells). In further
embodiments, the cancer cells are cells of one or more cell lines. In other embodiments, the
cancer cells are primary cancer cells derived from the tumor of a patient. In some embodiments,
the bio-ink comprises stromal cells such as endothelial cells, fibroblasts, and adipocytes and/or

preadipocytes.

[078] In some embodiments, the bio-ink is a bio-gel suitable for non-bioprinting fabrication
methodologies. In some embodiments, the bio-gel comprises cancer cells (e.g., tumor cells). In
further embodiments, the cancer cells are cells of one or more cell lines. In other embodiments,
the cancer cells are primary cancer cells derived from the tumor of a patient. In some
embodiments, the bio-gel comprises stromal cells such as endothelial cells, fibroblasts, and

adipocytes and/or preadipocytes.

Extrusion compounds

[079] In some embodiments, the bio-ink comprises an extrusion compound (i.e., a compound
that modifies the extrusion properties of the bio-ink). Examples of extrusion compounds include,
but are not limited to gels, hydrogels, peptide hydrogels, amino acid-based gels, surfactant
polyols (e.g., Pluronic F-127 or PF-127), thermo-responsive polymers, hyaluronates, alginates,
extracellular matrix components (and derivatives thereof), collagens, gelatin, other biocompatible
natural or synthetic polymers, nanofibers, and self-assembling nanofibers. In some embodiments,
extrusion compounds are removed by physical, chemical, or enzymatic means subsequent to
bioprinting, subsequent to cohesion of the bioprinted cells, or subsequent to maturation of the

bioprinted construct.
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[080] Suitable hydrogels include those derived from collagen, hyaluronate, hyaluronan, fibrin,
alginate, agarose, chitosan, and combinations thereof. In other embodiments, suitable hydrogels
are synthetic polymers. In further embodiments, suitable hydrogels include those derived from
poly(acrylic acid) and derivatives thereof, poly(ethylene oxide) and copolymers thereof,
poly(vinyl alcohol), polyphosphazene, and combinations thereof. In various specific
embodiments, the confinement material is selected from: hydrogel, NovoGel®, agarose, alginate,
gelatin, Matrigel™, hyaluronan, poloxamer, peptide hydrogel, poly(isopropyl n-polyacrylamide),
polyethylene glycol diacrylate (PEG-DA), hydroxyethyl methacrylate, polydimethylsiloxane,

polyacrylamide, poly(lactic acid), silicon, silk, or combinations thereof.

[081] In some embodiments, hydrogel-based extrusion compounds are crosslinkable gels. In
further embodiments, crosslinkable gels include those crosslinkable by chemical means. For
example, in some embodiments, suitable hydrogels include alginate-containing crosslinkable
hydrogels. In various embodiments, suitable hydrogels comprise about 0.1, 0.5, 1,2, 3,4, 5,6, 7,
8, 9, 10, or more percent alginate. In some embodiments, following bioprinting, constructs are
optionally incubated with an agent to chemically crosslink the hydrogel, such as a solution of
CaCl,, in order preserve a bioprinted architecture prior to cohesion of the cells. Further, in some
embodiments, the bioprinted constructs are optionally incubated with alginate lyase to
enzymatically degrade the hydrogel. In further embodiments, the bioprinted constructs are
optionally incubated with alginate lyase at a concentration of about 0.2-0.5 mg/ml to

enzymatically degrade the hydrogel.

[082] In some embodiments, suitable hydrogels include gelatin. In various embodiments,
suitable hydrogels comprise about 1, 2, 3,4, 5,6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20

or more percent gelatin.

[083] In some embodiments, the concentration of gelatin is about 5-15% and the concentration
of alginate is about 0.5-5% in the extrusion compound or hydrogel. In a particular embodiment,
the concentration of gelatin is 10% and the concentration of alginate is 1% in the extrusion

compound or hydrogel.

[084] In some embodiments, hydrogel-based extrusion compounds are thermoreversible gels
(also known as thermo-responsive gels or thermogels). In some embodiments, a suitable
thermoreversible hydrogel is not a liquid at room temperature. In specific embodiments, the
gelation temperature (Tgel) of a suitable hydrogel is about 10°C, 11°C, 12°C, 13°C, 14°C, 15°C,
16°C, 17°C, 18°C, 19°C, 20°C, 21°C, 22°C, 23°C, 24°C, 25°C, 26°C, 27°C, 28°C, 29°C, 30°C,
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31°C, 32°C, 33°C, 34°C, 35°C, 36°C, 37°C, 38°C, 39°C, 40°C, including increments therein. In
certain embodiments, the Tgel of a suitable hydrogel is about 10°C to about 40°C. In further
embodiments, the Tgel of a suitable hydrogel is about 20°C to about 30°C. In some
embodiments, the bio-ink (e.g., comprising hydrogel, one or more cell types, and other additives,
etc.) described herein is not a liquid at room temperature. In some embodiments, a suitable
thermoreversible hydrogel is not a liquid at mammalian body temperature. In specific
embodiments, the gelation temperature (Tgel) of a suitable hydrogel is about 22°C, 23°C, 24°C,
25°C, 26°C, 27°C, 28°C, 29°C, 30°C, 31°C, 32°C, 33°C, 34°C, 35°C, 36°C, 37°C, 38°C, 39°C,
40°C, 41°C, 41°C, 43°C, 44°C, 45°C, 46°C, 47°C, 48°C, 49°C, 50°C, 51°C, 52°C, including
increments therein. In certain embodiments, the Tgel of a suitable hydrogel is about 22°C to
about 52°C. In further embodiments, the Tgel of a suitable hydrogel is about 32°C to about 42°C.
In some embodiments, the bio-ink (e.g., comprising hydrogel, one or more cell types, and other
additives, etc.) described herein is not a liquid at mammalian body temperature. In specific
embodiments, the gelation temperature (Tgel) of a bio-ink described herein is about 10°C, about
15°C, about 20°C, about 25°C, about 30°C, about 35°C, about 40°C, about 45°C, about 50°C,

about 55°C, including increments therein.

[085] Polymers composed of polyoxypropylene and polyoxyethylene form thermoreversible

gels when incorporated into aqueous solutions. These polymers have the ability to change from
the liquid state to the gel state at temperatures maintainable in a bioprinter apparatus. The liquid
state-to-gel state phase transition is dependent on the polymer concentration and the ingredients

in the solution.

[086] In some embodiments, the viscosity of the hydrogels and bio-inks presented herein is
measured by any means described. For example, in some embodiments, an LVDV-11+CP Cone
Plate Viscometer and a Cone Spindle CPE-40 are used to calculate the viscosity of the hydrogels
and bio-inks. In other embodiments, a Brookfield (spindle and cup) viscometer is used to
calculate the viscosity of the hydrogels and bio-inks. In some embodiments, the viscosity ranges
referred to herein are measured at room temperature. In other embodiments, the viscosity ranges
referred to herein are measured at body temperature (e.g., at the average body temperature of a

healthy human).

[087] In further embodiments, the hydrogels and/or bio-inks are characterized by having a
viscosity of between about 500 and 1,000,000 centipoise, between about 750 and 1,000,000
centipoise; between about 1000 and 1,000,000 centipoise; between about 1000 and 400,000
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centipoise; between about 2000 and 100,000 centipoise; between about 3000 and 50,000
centipoise; between about 4000 and 25,000 centipoise; between about 5000 and 20,000

centipoise; or between about 6000 and 15,000 centipoise.

[088] In some embodiments, the non-cellular components of the bio-ink (e.g., extrusion
compounds, etc.) are removed prior to use. In further embodiments, the non-cellular components
are, for example, hydrogels, peptide hydrogels, amino acid-based gels, surfactant polyols,
thermo-responsive polymers, hyaluronates, alginates, collagens, or other biocompatible natural or
synthetic polymers. In still further embodiments, the non-cellular components are removed by
physical, chemical, or enzymatic means. In some embodiments, a proportion of the non-cellular

components remain associated with the cellular components at the time of use.

Pre-formed scaffold

[089] In some embodiments, disclosed herein are engineered tissues and tumor models that are
free or substantially free of any pre-formed scaffold. In further embodiments, “scaffold” refers to
synthetic scaffolds such as polymer scaffolds and porous hydrogels, non-synthetic scaffolds such
as pre-formed extracellular matrix layers, dead cell layers, and decellularized tissues, and any
other type of pre-formed scaffold that is integral to the physical structure of the engineered tissue
and/or organ and not removed from the tissue and/or organ. In still further embodiments,
decellularized tissue scaffolds include decellularized native tissues or decellularized cellular
material generated by cultured cells in any manner; for example, cell layers that are allowed to

die or are decellularized, leaving behind the ECM they produced while living.

[090] In some embodiments, the engineered tissues and tumor models (including arrays of the
same) do not utilize any pre-formed scaffold, e.g., for the formation of the tissue, any layer of the
tissue, or formation of the tissue’s shape. As a non-limiting example, the engineered breast and
adipose tissues of the present disclosure do not utilize any pre-formed, synthetic scaffolds such as
polymer scaffolds, pre-formed extracellular matrix layers, or any other type of pre-formed
scaffold at the time of manufacture or at the time of use. In some embodiments, the engineered
breast and adipose tissues are substantially free of any pre-formed scaffolds. In further
embodiments, the cellular components of the tissues contain a detectable, but trace or trivial
amount of scaffold, e.g., less than 2.0%, less than 1.0%, less than 0.5%, or less than 0.1% of the
total composition. In still further embodiments, trace or trivial amounts of scaffold are
insufficient to affect long-term behavior of the tissue, or array thereof, or interfere with its

primary biological function. In additional embodiments, scaffold components are removed post-
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printing, by physical, chemical, or enzymatic methods, yielding an engineered tissue that is free

or substantially-free of scaffold components.

Arrays

[091] In some embodiments, disclosed herein are arrays of engineered breast tissues and arrays
of engineered tumor models (including breast cancer tumor models). In some embodiments, an
“array” is a scientific tool including an association of multiple elements spatially arranged to
allow a plurality of tests to be performed on a sample, one or more tests to be performed on a
plurality of samples, or both. In some embodiments, the arrays are adapted for, or compatible
with, screening methods and devices, including those associated with medium- or high-
throughput screening. In further embodiments, an array allows a plurality of tests to be performed
simultaneously. In further embodiments, an array allows a plurality of samples to be tested
simultaneously. In some embodiments, the arrays are cellular microarrays. In further
embodiments, a cellular microarray is a laboratory tool that allows for the multiplex interrogation
of living cells on the surface of a solid support. In other embodiments, the arrays are tissue
microarrays. In further embodiments, tissue microarrays include a plurality of separate tissues or
tissue samples assembled in an array to allow the performance of multiple biochemical,

metabolic, molecular, or histological analyses.

[092] In some embodiments, the engineered tissues and/or tumor models each exist in a well of
a biocompatible multi-well container. In some embodiments, each tissue is placed into a well. In
other embodiments, each tissue is bioprinted into a well. In further embodiments, the wells are
coated. In various further embodiments, the wells are coated with one or more of: a
biocompatible hydrogel, one or more proteins, one or more chemicals, one or more peptides, one
or more antibodies, and one or more growth factors, including combinations thereof. In some
embodiments, the wells are coated with NovoGel®. In other embodiments, the wells are coated
with agarose. In some embodiments, each tissue exists on a porous, biocompatible membrane
within a well of a biocompatible multi-well container. In some embodiments, ecach well of a

multi-well container contains two or more tissues.

[093] In some embodiments, the engineered tissues and/or tumor models are secured to a

biocompatible surface on one or more sides. Many methods are suitable to secure a tissue to a
biocompatible surface. In various embodiments, a tissue is suitably secured to a biocompatible
surface, for example, along one or more entire sides, only at the edges of one or more sides, or

only at the center of one or more sides. In various further embodiments, a tissue is suitably
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secured to a biocompatible surface with a holder or carrier integrated into the surface or
associated with the surface. In various further embodiments, a tissue is suitably secured to a
biocompatible surface with one or more pinch-clamps or plastic nubs integrated into the surface
or associated with the surface. In some embodiments, a tissue is suitably secured to a
biocompatible surface by cell-attachment to a porous membrane. In some embodiments, the
engineered tissues and/or tumor models are held in an array configuration by affixation to a
biocompatible surface on one or more sides. In further embodiments, the tissue is affixed to a
biocompatible surface on 1, 2, 3, 4, or more sides. In some embodiments, the biocompatible
surface any surface that does not pose a significant risk of injury or toxicity to the tissue or an
organism contacting the tissue. In further embodiments, the biocompatible surface is any surface
suitable for traditional tissue culture methods. Suitable biocompatible surfaces include, by way of
non-limiting examples, treated plastics, membranes, porous membranes, coated membranes,
coated plastics, metals, coated metals, glass, treated glass, and coated glass, wherein suitable
coatings include hydrogels, ECM components, chemicals, proteins, etc., and coatings or
treatments provide a means to stimulate or prevent cell and tissue adhesion to the biocompatible

surface.

[094] In some embodiments, the arrays of engineered tissues and/or tumor models comprise an
association of two or more elements. In various embodiments, the arrays comprise an association
0f2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65,
70, 75, 80, 85, 90, 95, 100, 125, 150, 175, 200, 225, 250, 275, 300, 325, 350, 375, 400, 425, 450,
475, or 500 elements, including increments therein. In further embodiments, each element
comprises one or more cells, multicellular aggregates, tissues, tumor models, or combinations

thereof.

[095] In some embodiments, the arrays of engineered tissues and/or tumor models comprise
multiple elements spatially arranged in a pre-determined pattern. In further embodiments, the
pattern is any suitable spatial arrangement of elements. In various embodiments, patterns of
arrangement include, by way of non-limiting examples, a two-dimensional grid, a three-
dimensional grid, one or more lines, arcs, or circles, a series of rows or columns, and the like. In
further embodiments, the pattern is chosen for compatibility with medium- or high-throughput

biological assay or screening methods or devices.

[096] In various embodiments, the cell types and/or source of the cells used to fabricate one or

more tissues or tumor models in an array are selected based on a specific research goal or
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objective. In further various embodiments, the specific tissues or tumor models in an array are
selected based on a specific research goal or objective. In some embodiments, one or more
specific engineered tissues are included in an array to facilitate investigation of a particular
disease or condition. In some embodiments, one or more specific engineered tissues are included
in an array to facilitate investigation of a disease or a condition of a particular subject. In further
embodiments, one or more specific engineered tissues within the array are generated with one or
more cell types derived from two or more distinct human donors. In some embodiments, each
tissue within the array is substantially similar with regard to cell types, sources of cells, layers of
cells, ratios of cells, methods of construction, size, shape, and the like. In other embodiments, one
or more of the tissues within the array is unique with regard to cell types, sources of cells, layers

of cells, ratios of cells, methods of construction, size, shape, and the like.

[097] In some embodiments, each tissue and/or tumor model within the array is maintained
independently in culture. In further embodiments, the culture conditions of each tissue within the
array are such that they are isolated from the other tissues and cannot exchange media or factors
soluble in the media. In other embodiments, two or more individual tissues within the array
exchange soluble factors. In further embodiments, the culture conditions of two or more
individual tissues within the array are such that they exchange media and factors soluble in the
media with other tissues. In various embodiments, 1, 2, 3,4, 5, 6,7, 8, 9, 10, 15, 20, 25, 30, 35,
40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100, 125, 150, 175, 200, 225, 250, 275, 300, or
more of the tissues within the array, including increments therein, exchange media and/or soluble
factors. In other various embodiments, 1, 2, 3,4, 5,6, 7, 8,9, 10, 15, 20, 25, 30, 35, 40, 45, 50,
55, 60, 65, 70, 75, 80, 85, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99, or 100% of the tissues within the

array, including increments therein, exchange media and/or soluble factors.

Engineered breast tissues

[098] Described herein, in some embodiments are three-dimensional, engineered, biological
breast tissues comprising breast cells. Many breast cells are suitable for inclusion in the
engineered breast tissues. For example, in various embodiments, the engineered breast tissues
suitably include one or more of: fibroblasts, endothelial cells, epithelial cells, and adipocytes. In
various embodiments, the cells are vertebrate cells, mammalian cells, human cells, or
combinations thereof. In further embodiments, the engineered breast tissues suitably include one
or more of: human mammary fibroblasts, human endothelial cells, human mammary epithelial

cells, and human adipocytes. In still further embodiments, the engineered breast tissues suitably
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include each of: human mammary fibroblasts, human endothelial cells, human mammary

epithelial cells, and human adipocytes.

[099] In some embodiments, the human endothelial cells are human umbilical vein endothelial
cells. In some embodiments, the adipocytes are derived from precursor cells such as
mesenchymal stem cells including bone marrow derived mesenchymal stem cells. In further
embodiments, the adipocytes are derived from precursor cells such as preadipocytes. In such
cases, the adipocyte precursor cells are exposed to a differentiation signal prior to use in the
preparation of a bio-ink or use in bioprinting. In further embodiments, the adipocyte precursor
cells are exposed to a differentiation signal to partially pre-differentiate the cells prior to use in
the preparation of a bio-ink or use in bioprinting. In still further embodiments, the adipocyte
precursor cells or preadipocytes complete differentiation post-bioprinting. In some embodiments,

the human adipocytes are human subcutaneous adipocytes.

[0100] The present inventors have surprisingly discovered that viable, differentiated adipocytes
are a key to native-like engineered breast tissues. In some cases, without these cells present in the
stroma of the tissues, the tissues do not thrive, collapse, and the resulting microarchitectures do
not recapitulate native tissues. The present inventors have also recognized that existing tissue
fabrication methodologies are not suitable for deposition of differentiated adipocytes because
these cells are too fragile to withstand the compression and shear forces involved. The subject

matter described herein provides a solution to both of these problems.

[0101] In some embodiments, the cells are bioprinted. In further embodiments, the bioprinted
cells are cohered to form the engineered breast tissue. In still further embodiments, the
engineered breast tissues are free or substantially free of pre-formed scaffold at the time of
fabrication or the time of use. In some embodiments, the engineered breast tissues are non-
innervated. In further embodiments, the engineered breast tissues lack an intact neural system
and/or mature neural tissues. In some embodiments, the engineered breast tissues lack an intact
vascular system and/or a mature vasculature. In further embodiments, the engineered breast

tissues are free of red blood cells.

[0102] Many cell compositions and ratios are suitable for the engineered breast tissues. In some
embodiments, the engineered breast tissues comprise 55%-75% fibroblasts, 15%-35%
endothelial cells, and 1%-20% adipocytes. In a particular embodiment, the engineered breast
tissues comprise 65% fibroblasts, 25% endothelial cells, and 10% adipocytes. In another

particular embodiment, the engineered breast tissues comprise 65% fibroblasts, 25% endothelial
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cells, and 10% adipocytes.

[0103] Many shapes and sizes are suitable for the engineered breast tissues. By way of example,
in one embodiment, the engineered breast tissues are bioprinted in form of a sheet. By way of
further example, in other embodiments, the engineered breast tissues are bioprinted in form of a
cube or block. By way of further example, in another embodiment, the engineered breast tissues
are bioprinted in form of a sphere. Finally, in other embodiments, the engineered breast tissues
are bioprinted in form of cylinder or ribbon. In some embodiments, the engineered breast tissues
are about 250 um to about 5 mm in their smallest dimension. In some embodiments, the
engineered breast tissues are about 250 um to about 5 mm in their largest dimension. In a
particular embodiment, the engineered breast tissues are bioprinted in the form of cubes that are 2
or 3 mm on each side. In such embodiments, the tissues form spheres after a period of maturation

in cell culture conditions.

[0104] Also described herein, in some embodiments are arrays of three-dimensional, engineered,
biological breast tissues that are adapted for use in medium- or high-throughput assays such as
drug screening assays, drug discovery assays, drug safety and toxicity assays, drug efficacy
assays, and the like. In some embodiments, the arrays are created by depositing an engineered

breast tissue into each well of a multi-well plate to form a grid of tissues.

[0105] The methods of fabricating the engineered breast tissues disclosed herein comprise
bioprinting. In some embodiments, the methods include providing an adipocyte differentiation
signal to adipocyte precursor cells (such as mesenchymal stem cells, preadipocytes, and the like)
such that they can be deposited without substantial damage and later fully differentiate into
adipocytes.

[0106] Subsequently, in some embodiments, the methods include preparing a bio-ink, the bio-ink
comprising an extrusion composition (such as a hydrogel) and breast cell types such as human
mammary fibroblasts, human endothelial cells, human mammary epithelial cells, and the human
preadipocytes, which have been exposed to the adipocyte differentiation signal. In a particular
embodiment, the bio-ink comprises, for example, 55%-75% human mammary fibroblasts, 15%-
35% human endothelial cells, and 1%-20% human preadipocytes. In further embodiments, the
bio-ink comprises about 50 million cells per mL to about 400 million cells per mL.

[0107] Further, in some embodiments, the methods include depositing the bio-ink onto a
biocompatible surface via an automated or semi-automated deposition device such as a

bioprinter. In some embodiments, one or more components of the engineered breast tissue is
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bioprinted. In other embodiments, each component of the engineered breast tissue is bioprinted.
In a particular embodiment, the engineered breast tissues are built up, layer by layer, by

bioprinting to form a three-dimensional structure.

[0108] Still further, in some embodiments, the methods include maturing the deposited bio-ink in
a cell culture media to allow the cells to cohere to form the three-dimensional, engineered,
biological breast tissue. In some embodiments, the cell culture media removes the hydrogel of the
bio-ink leaving a substantially cellular construct. In some embodiments, the cell culture media
comprises a mixture of media suited to the cell types included in the bio-ink. For example, in a
particular embodiment, the cell culture media comprises human fibroblast media, human

endothelial cell media, and human adipocyte differentiation media.

[0109] The engineered breast tissues described herein have many advantageous uses. For
example, cancer cells are optionally introduced into the engineered breast tissues to form a breast
cancer tumor model. By way of further example, an oncogenic agent is optionally applied to the
engineered breast tissues to provide an initiation event in order to generate breast cancer model.
By way of still further example, a diseased breast tissue is fabricated in order to generate a
diseased breast cancer model. Further in this example, the discased breast tissue is optionally
exposed to a pathogen such as one or more viruses (to become viral-loaded) or one or more
bacteria (to become bacteria-loaded). Such constructs are useful for research in the field of

oncology and for investigation of therapies for the treatment of cancer.

Engineered tumor models

[0110] Described herein, in some embodiments are three-dimensional, engineered, biological
tumor models comprising stromal tissue and tumor tissue. In some embodiments, the stromal
tissue comprises stromal cells. In some embodiments, the tumor tissue comprises cancer cells.
The engineered tumor models described herein have a compartmentalized architecture. For
example, in some embodiments, the stromal tissue of the tumor model surrounds the tumor
tissue. In further embodiments, the stromal tissue of the tumor model surrounds the tumor tissue
on, for example, three or more, four or more, five or more, or six or more sides. In still further
embodiments, the stromal tissue of the tumor model completely surrounds the tumor tissue such

that the tumor tissue is embedded in the stromal tissue to form the engineered tumor model.

[0111] Many stromal cells are suitable for inclusion in the engineered tumor models. For
example, in various embodiments, the engineered tumor models suitably include one or more of:

fibroblasts, endothelial cells, epithelial cells, adipocytes, and immune cells such as macrophages.
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In various embodiments, the cells are vertebrate cells, mammalian cells, human cells, or
combinations thereof. Many cancer cells are suitable for inclusion in the engineered tumor
models. For example, in various embodiments, the engineered tumor models suitably include one
or more of: cancer cell lines and primary cancer cells excised from a patient tumor. In some
embodiments, the tumor tissue further comprises endothelial cells and/or immune cells such as

macrophages.

[0112] In some embodiments, the cells are bioprinted. In further embodiments, bioprinted
stromal cells are cohered to form the engineered stromal tissue. In further embodiments,
bioprinted cancer cells are cohered to form the engineered tumor tissue. In still further
embodiments, the stromal tissue and the tumor tissue are cohered to form the engineered tumor
model. In some embodiments, the engineered tumor models are free or substantially free of pre-
formed scaffold at the time of fabrication or the time of use. In some embodiments, the
engineered tumor models are non-innervated. In further embodiments, the engineered tumor
models lack an intact neural system and/or mature neural tissues. In some embodiments, the
engineered tumor models lack an intact vascular system and/or a mature vasculature. In further

embodiments, the engineered breast tissues are free of red blood cells.

[0113] Also described herein, in some embodiments are arrays of three-dimensional, engineered,
biological tumor models that are adapted for use in medium- or high-throughput assays such as
drug screening assays, drug discovery assays, drug safety and toxicity assays, drug efficacy
assays, and the like. In some embodiments, the arrays are created by depositing an engineered

tumor model into each well of a multi-well plate to form a grid of tumor models.

[0114] In some embodiments, the tumor models are breast cancer tumor models. For example, in
such embodiments, the stromal tissue comprises human mammary fibroblasts, human endothelial
cells, and human adipocytes. In some embodiments, the stromal tissue further comprises human
mammary epithelial cells. In some embodiments, the stromal tissue further comprises immune
cells such as macrophages. In some embodiments, the human endothelial cells are human
umbilical vein endothelial cells. In some embodiments, the human endothelial cells are human
mammary endothelial cells. In some embodiments, the adipocytes are subcutancous adipocytes
or adipocytes derived from adipocyte precursors such as mesenchymal stem cells and/or
preadipocytes. Further, in such embodiments, the tumor tissue comprises breast cancer cells. In
some embodiments, the breast cancer cells are cells of a breast cancer cell line. In other

embodiments, the breast cancer cells are cells derived from an excised patient tumor. In some
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embodiments, the tumor tissue further comprises endothelial cells and/or immune cells such as

macrophages.

[0115] Multiple tissues in the body have characteristic “glandular” or “secretory” architecture
and function, where specialized epithelial cells within the tissue produce a hormone, protein,
enzyme, or substance that is exerts local and/or systemic actions on other cells and tissues.
Secretory tissues can be exocrine, where substances that are produced are typically carried out of
the body or from one location to another through interconnected duct systems. Examples here
would include production of digestive enzymes by the exocrine pancreas, sweat by the eccrine
glands, and oil by the sebaceous glands. Secretory tissues can also be endocrine — the hormone-
producing tissues of the body, including the endocrine pancreas, the ovaries, testes, thyroid,

pituitary, and adrenal glands.

[0116] There is a common architectural “theme” in secretory tissues, in that the following
attributes are present. Specialized epithelial cells are co-localized into aggregates or hollow
structures with a lumen; these cells secrete regulatory or excreted substances by one or more
mechanisms — the co-association of epithelial cells form 'compartments' in which the relative
proportion of epithelial cells is greater than the relative proportions of other cell types. The
compartments of epithelial cells are surrounded by a supporting stroma. Depending on the tissue
type, the composition of the stroma can vary. Minimally, a tissue stroma typically contains some
vascular cells and fibroblasts. In some tissues, the supporting stroma can also comprise smooth
muscle cells, highly specialized mesenchymal cells, nerve cells, immune cells, lymph cells,
and/or adipose cells. Specific cellular components of the stroma may also be compartmentalized,
in that there may be distinct areas of fibrous stroma, muscular stroma, fibrovascular stroma, or
adipose tissue. Epithelial cell-containing tumors often exhibit spatial organization patterns
analogous with those described above; adenocarcinomas, ductal carcinomas, teratomas, and
hepatoblastomas are all examples of tumor types that can possess characteristic
compartmentalized patterns of stroma and epithelium. Likewise, tumors that form in
compartmentalized, secretory tissues typically have compartmentalized patterns of organization
wherein the stromal and epithelial patterns inherent to the normal tissue are disrupted in some
manner, causing a shift in the overall tissue pattern due to a general disturbance in the overall
ratio of epithelium:stroma, compared to normal tissue. Accordingly, in some embodiments, the

tumor models are “glandular” or “secretory” tissue cancer tumor models.

[0117] The methods of fabricating the engineered tumor models disclosed herein comprise
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bioprinting. In some embodiments, the methods include preparing a stromal bio-ink comprising
an extrusion compound such as a hydrogel and a plurality of stromal cell types. In further
embodiments, the stromal cell types include, for example, endothelial cells, fibroblasts, epithelial
cells, and/or adipocytes, preadipocytes, or a combination of adipocytes and preadipocytes. In the
case of preadipocytes, the cells are pre-exposed to a differentiation signal. In some embodiments,
the methods also include preparing a tumor bio-ink comprising a hydrogel and a cancer cell type.
In some embodiments, the cancer cell type is a cancer cell line. In other embodiments, the cancer
cells are primary cancer cells derived from an excised patient tumor, or a biopsy of a patient
tumor. In some embodiments, tumor bio-ink further comprises endothelial cells and/or immune

cells such as macrophages.

[0118] Subsequently, in some embodiments, the methods include depositing the stromal bio-ink
and the tumor bio-ink such that the tumor bio-ink is surrounded by the stromal bio-ink and in
contact with the stromal bio-ink. In further embodiments, the stromal tissue of the tumor model
surrounds the tumor tissue on, for example, three or more, four or more, five or more, or six or
more sides. In still further embodiments, the tumor bio-ink is completely surrounded by the
stromal bio-ink and in contact with the stromal bio-ink on all sides. In some embodiments, the
deposition of the bio-ink is achieved by an automated or semi-automated deposition device such

as a bioprinter.

[0119] In some embodiments, the engineered tumor model is built up, layer by layer, by
bioprinting to form a three-dimensional structure. In further embodiments, depositing the stromal
bio-ink and the tumor bio-ink further comprises: depositing a one or more layers of stromal bio-
ink on a surface to form a first sheet of stromal bio-ink; depositing one or more layers of
continuous border of stromal bio-ink on the first sheet of stromal bio-ink to define a
compartment, open on one side; depositing one or more layers of tumor bio-ink in the
compartment to form a node of tumor bio-ink; and depositing one or more layers of stromal bio-

ink to form a second sheet of stromal bio-ink to close the open side of the compartment.

[0120] Further, in some embodiments, the methods include maturing the deposited bio-ink in a
cell culture media to allow the cells to cohere to form a three-dimensional, engineered, biological
tumor model. In some embodiments, maturation in the cell culture media removes the hydrogel

leaving a substantially cellular construct.

[0121] In some embodiments, the hydrogel is crosslinkable or reversibly crosslinkable and the

methods include crosslinking the deposited bio-ink to facilitate maintenance of the tumor model
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architecture prior to cohesion of the cells. In further embodiments, the methods include removing
the crosslinked hydrogel by enzymatic degradation subsequent to cell cohesion. The present
inventors have discovered that the tumor model architectures described herein are best achieved
using such a crosslinkable extrusion compound (e.g., hydrogel), without which the

compartmentalized architecture is often lost prior to fusion of the tumor model.

[0122] The engineered tumor models, including breast cancer tumor models, described herein
have many advantageous uses. For example, primary cancer cells excised from a tumor of a
patient could be utilized to form the tumor tissue in order to create an in vitro tumor model
customized to investigate that patient’s disease. Such a personalized tumor model is optionally
used to evaluate potential therapies and identify therapies, such as chemotherapeutic compounds
and biologics, which are effective in treating the patient’s disease. Such constructs are useful for

research in the field of oncology and for investigation of therapies for the treatment of cancer.

[0123] Mammary tumor models were fabricated directly into multi-well plates and used to
establish biological response profiles to signal mediators including estradiol, progestin, prolactin,
and HGF as well as the standard chemotherapeutic agents cisplatin, paclitaxel, methotrexate, and
tamoxifen. The effects of chemotherapeutic drugs on specific cell types within the neotissues was
assessed by staining with cell-type specific markers in addition to fluorescent live/dead and
cytotoxicity assays. The response of the three-dimensional breast cancer tumor models to growth
factors, hormones, and chemotherapeutic agents was compared to the response of two-
dimensional breast cancer cell lines. The models described herein are superior to existing models
used to screen new anti-cancer targets with better efficiency and accuracy for targeting of cancer

cells in the context of the in vivo microenvironment.

[0124] Advantages of the engineered tumor models described herein include, but are not limited

to:

e The tumor models retain compartmentalized structures with interaction between stromal

and cancer cells.

e Following bioprinting of the stromal compartment, formation of endothelial networks and

differentiation of adipocytes were observed.

e The tumor models demonstrated native-like drug penetration and response to
chemotherapeutic compounds. Isolated two-dimensional cancer cells were more

susceptible to tamoxifen-induced toxicity than cells incorporated into three-dimensional
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bioprinted constructs when treated with the same dose of tamoxifen for the same duration.

Assays

[0125] In some embodiments, the engineered tissues, including breast tissues, and tumor models,
including breast cancer tumor models, described herein are for use in ir vitro assays. In some
embodiments, an “assay” is a procedure for testing or measuring the presence or activity of a
substance (e.g., a chemical, molecule, biochemical, drug, etc.) in an organic or biologic sample
(e.g., cell aggregate, tissue, organ, organism, etc.). In further embodiments, assays include
qualitative assays and quantitative assays. In still further embodiments, a quantitative assay

measures the amount of a substance in a sample.

[0126] In various embodiments, the engineered tissues, including breast tissues, and tumor
models, including breast cancer tumor models, described herein are for use in, by way of non-
limiting examples, image-based assays, measurement of secreted proteins, expression of markers,
and production of proteins. In various further embodiments, the engineered tissues, including
breast tissues, and tumor models, including breast cancer tumor models, described herein are for
use in assays to detect or measure one or more of: molecular binding (including radioligand
binding), molecular uptake, activity (e.g., enzymatic activity and receptor activity, etc.), gene
expression, protein expression, receptor agonism, receptor antagonism, cell signaling, apoptosis,
chemosensitivity, transfection, cell migration, chemotaxis, cell viability, cell proliferation, safety,

efficacy, metabolism, toxicity, and abuse liability.

[0127] In some embodiments, the engineered tissues, including breast tissues, and tumor models,
including breast cancer tumor models, described herein are for use in immunoassays. In further
embodiments, immunoassays are competitive immunoassays or noncompetitive immunoassays.
In a competitive immunoassay, for example, the antigen in a sample competes with labeled
antigen to bind with antibodies and the amount of labeled antigen bound to the antibody site is
then measured. In a noncompetitive immunoassay (also referred to as a “sandwich assay”), for
example, antigen in a sample is bound to an antibody site; subsequently, labeled antibody is

bound to the antigen and the amount of labeled antibody on the site is then measured.

[0128] In some embodiments, the engineered tissues, including breast tissues, and tumor models,
including breast cancer tumor models, described herein are for use in enzyme-linked
immunosorbent assays (ELISA). In further embodiments, an ELISA is a biochemical technique
used to detect the presence of an antibody or an antigen in a sample. In ELISA, for example, at

least one antibody with specificity for a particular antigen is utilized. By way of further example,
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a sample with an unknown amount of antigen is immobilized on a solid support (e.g., a
polystyrene microtiter plate) either non-specifically (via adsorption to the surface) or specifically
(via capture by another antibody specific to the same antigen, in a “sandwich” ELISA). By way
of still further example, after the antigen is immobilized, the detection antibody is added, forming
a complex with the antigen. The detection antibody is, for example, covalently linked to an
enzyme, or is itself detected by a secondary antibody that is linked to an enzyme through

bioconjugation.

[0129] For example, in some embodiments, an array, microarray, or chip of cells, multicellular
aggregates, or tissues is used for drug screening or drug discovery. In further embodiments, an
array, microarray, or chip of tissues is used as part of a kit for drug screening or drug discovery.
In some embodiments, cach vascular wall segment exists within a well of a biocompatible multi-
well container, wherein the container is compatible with one or more automated drug screening
procedures and/or devices. In further embodiments, automated drug screening procedures and/or

devices include any suitable procedure or device that is computer or robot-assisted.

[0130] In some embodiments, arrays for drug screening assays or drug discovery assays are used
to research or develop drugs potentially useful in any therapeutic area. In still further
embodiments, suitable therapeutic areas include, by way of non-limiting examples, infectious
disease, hematology, oncology, pediatrics, cardiology, central nervous system disease, neurology,
gastroenterology, hepatology, urology, infertility, ophthalmology, nephrology, orthopedics, pain
control, psychiatry, pulmonology, vaccines, wound healing, physiology, pharmacology,

dermatology, gene therapy, toxicology, and immunology.

[0131] In some embodiments, arrays for therapy screening assays or therapy discovery assays are
used to identify therapies potentially useful in the disease or condition of a particular individual
or group of individuals. For example, in some embodiments, the methods described herein
include utilizing cells of a particular individual to engineer tissues, discase models, or tumor
models. In further embodiments, the methods include applying a candidate therapeutic agent to
the tissue or model; measuring viability of the cells; and selecting a therapeutic agent for the
individual based on the measured viability of the cells. In still further embodiments, the candidate
therapeutic agent is a one or more chemotherapeutic compounds, one or more
radiopharmaceutical compounds, radiation therapy, or a combination thereof. Accordingly,

disclosed herein are methods of personalizing medicine to an individual or group of individuals.

Engineered adipocyte-containing tissues
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[0132] As described herein, previous tissue fabrication technologies have failed to adequately
provide engineered tissues containing sufficiently viable, differentiated adipocytes due primarily
to the fragility of adipocytes and their susceptibility to damage. Described herein, in some
embodiments are three-dimensional, engineered, biological tumor models comprising viable,
differentiated adipocytes. Viable adipocytes are an important factor in formation of native-like

microarchitecture in some tissues.

[0133] In some embodiments, the tissue is an adipose rich or adipose-dependent tissue. In further
embodiments, the tissue is adipose tissue. In some embodiments, the tissue comprises, for
example, at least about 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%,
70%, 75%, 80%, 85% or more viable, differentiated adipocytes. In a particular, non-limiting
embodiment, the tissue comprises at least about 5% or at least about 10% viable, differentiated

adipocytes.

[0134] In some embodiments, for example, at least about 5%, 10%, 15%, 20%, 25%, 30%, 35%,
40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85% or more of the adipocytes are viable
post-fabrication. In a particular, non-limiting embodiment, at least about 50% or at least about
75% of the adipocytes are viable post-fabrication. In various embodiments, the adipocyte
viability extends to about 1, 2, 3, 4, 5, 6, 7, 8 or more days post-fabrication. In further
embodiments, the adipocytes secrete detectable amounts of leptin post-fabrication. In various
embodiments, the leptin secretion extends to about 1, 2, 3, 4, 5, 6, 7, 8 or more days post-

fabrication.

[0135] In some embodiments, the adipocytes are bioprinted. In further embodiments, bioprinted
adipocytes are cohered to form the engineered tissue. In some embodiments, the engineered
adipocyte-containing tissues are free or substantially free of pre-formed scaffold at the time of
fabrication or the time of use. In some embodiments, the engineered adipocyte-containing tissues

are non-innervated.

[0136] In some embodiments, the adipocytes are subcutancous adipocytes. In some
embodiments, the adipocytes are derived from adipocyte precursor cells such as mesenchymal

stem cells (including bone marrow derived mesenchymal stem cells) or preadipocytes.

[0137] The methods described herein allow for bioprinting of tissues containing viable,

differentiated adipocytes, which are key stromal components in many tissues and tumor models.

[0138] The methods of fabricating the engineered adipose tissues disclosed herein comprise
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bioprinting. In some embodiments, the methods include providing an adipocyte differentiation
signal to adipocyte precursors such as stem cells or preadipocytes. In further embodiments,
adipocyte precursors such as stem cells or preadipocytes are at least partially pre-differentiated at

the time of bioprinting.

[0139] Subsequently, in some embodiments, the methods include preparing a bio-ink comprising
an extrusion compound such as a hydrogel, the preadipocytes, and at least one other cell type

such as endothelial cells.

[0140] Further, in some embodiments, the methods include depositing the bio-ink on a surface
via an automated or semi-automated deposition device such as a bioprinter. In a particular
embodiment, the engineered tissues are built up, layer by layer, by bioprinting to form a three-

dimensional structure.

[0141] Further, in some embodiments, the methods include maturing the bio-ink in a cell culture
media to allow the cells to cohere to form a three-dimensional, engineered, biological construct,
the construct comprising viable, differentiated adipocytes. In further embodiments, the
maturation in the cell culture media also removes the hydrogel leaving a substantially cellular

construct.

[0142] Referring to Figure 23, adipose tissue was bioprinted via the methods described herein.
In this embodiment the adipocytes were differentiated, viable, and produced characteristic lipid

deposits as revealed by staining with Oil Red O.
EXAMPLES

[0143] The following illustrative examples are representative of embodiments of the software

applications, systems, and methods described herein and are not meant to be limiting in any way.
Example 1 — Engineered Human Breast Tissue Model
Fabrication

[0144] A 6-layer cube with dimensions 3 mm x 3 mm x 3 mm was bioprinted onto a Transwell
membrane in a 6-well tissue culture plate according to the schematic diagram shown in Figure 1
(Structure 1). The bottom two and top two layers were composed of 75% normal human
mammary fibroblasts (NHMF) and 25% human umbilical vein endothelial cells (HUVEC). The
middle two layers were comprised of a bioprinted square of 75% NHMF/25% HUVEC
surrounding a core of human mammary epithelial cells (HMEC) resuspended in an alginate and

gelatin-containing hydrogel (Novogel® 2.0 System; Organovo, CA) to produce a bio-ink
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comprising 50-300 million cells/mL. Immediately following bioprinting, structures were
incubated with 50 mM CaCl, for 2 minutes, and cultured for 6 days. On day 6 of culture, the
constructs were incubated with alginate lyase to degrade the hydrogel and incubated for a further

24 hours.
Results

[0145] Assessment of Structure 1 was performed by histological staining for cell-type specific
markers. A representative H&E stain for Structure 1 is shown in Figure 2. Referring to Figure 2,
the H&E stained specimens were prepared at day 7 post-fabrication; the top row (A-D) shows 2X
magnification and the bottom row (E-H) shows 20X magnification; from left to right the first
column (A and E) includes hydrogel, the second column (B and F) includes hydrogel and was
treated with lyase, the third column (C and G) includes ECM, and the last column (D and H)

includes ECM and was treated with lyase.

[0146] Constructs were stained for vimentin and TE7 (day 7 post-fabrication), markers of human
mammary fibroblasts, which localized to the outer part of the construct and were excluded from
the interior, where HMEC cells were bioprinted. See Figures 3A-3D. In cach of Figures 3A-3D,
the top row (A-C) shows vimentin (green) and the bottom row (D-F) shows TE7 (green); the first
column (A and D) shows 10X magnification, the second column (B and E) shows 20X
magnification, and the last column (C and F) shows 60X magnification. The constructs of Figure
3A include ECM, the constructs of Figure 3B include hydrogel, the constructs of Figure 3C
include ECM and were treated with lyase, and the constructs of Figure 3D include hydrogel and

were treated with lyase.

[0147] To visualize the relative positions of NHMF and HMEC cells in the construct, tissues
were stained with antibodies against vimentin (red) and pan cytokeratin (green) in addition to
DAPI (blue). See Figure 4. As expected, the epithelial cells were concentrated towards the center
of the construct. Referring to Figure 4, the first column (A, H, and L) shows 5X magnification,
the second column (B, E, I, and M) shows 10X magnification, the third column (C, F, J, and N)
shows 20X magnification, and the last column (D, G, and K) shows 60X magnification; the
constructs of the first row (A-D) include ECM, the constructs of the second row (E-G) include
ECM and were treated with lyase, the constructs of the third row (H-K) include hydrogel, and the

constructs of the last row (L-N) include hydrogel and were treated with lyase.

[0148] To visualize the relative positions of NHMF and HUVEC cells in the construct, tissues

were stained with antibodies against vimentin (red) and CD31 (green) as well as DAPI (blue).
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See Figure 5. Referring to Figure §, the first column (A, D, G, and J) shows 10X magnification,
the second column (B, E, H, and K) shows 20X magnification, and the last column (C, F, I, and
L) shows 60X magnification; the constructs of the first row (A-C) include ECM, the constructs
of the second row (D-F) include ECM and were treated with lyase, the constructs of the third row
(G-D) include hydrogel, and the constructs of the last row (J-L) include hydrogel and were

treated with lyase.

[0149] A robust network of CD31+ cells was found in all analyzed constructs, with some areas
demonstrating evidence of microvasculature formation. While the CD31+ cells were found
mainly toward the outer surface of the construct, cells were found to be about 1-2 mm to the
interior of the construct. To evaluate overall ECM deposition, Masson’s trichrome stain was
performed. See Figure 6. Significant ECM deposition was observed in tissues treated with lyase.
Referring to Figure 6, the first column (A and D) shows 5X magnification, the second column (B
and E) shows 10X magnification, and the last column (C and F) shows 20X magnification; the
constructs of the first row (A-C) include ECM and were treated with lyase, the constructs of the

second row (D-F) include hydrogel and were treated with lyase.
Example 2 — Engineered Human Breast Tissue Model with Adipose Tissue
Fabrication

[0150] A box with dimensions 5 mm x 5 mm x 500 um was bioprinted onto a Transwell
membrane in a 6-well tissue culture plate as shown in Figure 7A (Structure 2). First, a 500 um
stromal bio-ink cylinder composed of 90% bone marrow-derived mesenchymal stem cells
(bmMSC) and 10% HUVEC was bioprinted to form a box shape. HMEC cells were mixed with
10% gelatin hydrogel to form an epithelial bio-ink and bioprinted into the middle of the stromal
bio-ink box, wherein the HMEC bio-ink did not touch the stromal bio-ink border. A third bio-ink
composed of 75% NHMEF and 25% HUVEC was used to fill the space between the stromal bio-
ink border and the HMEC bio-ink in the middle. Constructs were incubated for 10 days. Figure
7B depicts Structure 2 immediately post-fabrication and Figures 7C and 7D depict Structure 2 at
day 10 post-fabrication. The bmMSC were provided with an adipocyte differentiation signal

during incubation to generate viable, differentiated human adipocytes.
Results
[0151] Assessment of Structure 2 was performed by histological staining for cell-type specific

markers. A representative H&E stain of Structure 2 is shown in Figure 8. Referring to Figure 8,
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the H&E stained specimens were prepared at day 10 post-fabrication; the first row (A and B)
shows 5X magnification, the second row (C and D) shows 10X magnification, and the last row

(E and F) shows 20X magnification.

[0152] Staining for several different cell markers is shown in Figure 9 (CD31, endothelial cells;
vimentin, fibroblasts; FABP4, adipocytes; pan cytokeratin, epithelium). Oil Red O staining was
used to demonstrate the presence of lipid droplets in adipocytes differentiated from bmMSC on

the exterior of the construct.

[0153] Referring to Figure 9, the first row (A-D) shows 5X magnification, the second row (E-H)
shows 10X magnification, the third row (E-H) shows 20X magnification, and the last row (M)
shows 60X magnification; the constructs of the first column (A, E, and I) were stained for CD31
(green) vimentin (red) as well as treated with DAPI (blue), the constructs of the second column
(B, F, and J) were stained for FABP4 (green) as well as treated with DAPI (blue), the constructs
of the third column (C, G, and K) were stained for pan cytokeratin (green) vimentin (red) as well
as treated with DAPI (blue), and the constructs of the last column (D, H, L, and M) were stained

using Oil Red O (cryo-sectioned).

[0154] All cell types were present in the structure, with a network of CD3 1+ endothelial cells
forming throughout the construct. Epithelia were confined to the interior of the construct.
Markers of adipocyte differentiation (Oil Red O and FABP4) were found toward the outside of

the construct, coincident with the presence of bmMSC-derived adipocytes in bio-ink.
Example 3 — Engineered Human Breast Cancer Tumor Model

[0155] Bioprinted breast cancer constructs were generated in which a cancer cell node,
composed of MCF7 breast cancer cells and human umbilical vein endothelial (HUVEC) cells, is
surrounded on all sides by a stromal compartment composed of normal human mammary
fibroblasts (NHMF), HUVEC cells, and subcutancous preadipocytes (SPA). Bio-inks were
produced by combining cells with a reversibly cross-linkable, alginate-containing hydrogel

(Novogel® 3.0 System; Organovo, CA).

[0156] Figure 10A shows a schematic diagram depicting the construction of the construct
(Structure 3). Figure 10B shows a photograph of the construct immediately after bioprinting and
crosslinking of the hydrogel. Figure 10C shows the construct 2 days after enzymatic treatment to
remove the hydrogel, wherein the construct demonstrates condensation of tissue and generation

of a smooth, solid nodule.
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Cell Culture

[0157] Normal human mammary fibroblasts (NHMF) were acquired from ScienCell (Carlsbad,
CA) and cultured according to the manufacturer’s instructions. Human umbilical vein endothelial
cells (HUVEC) were acquired from BD Biosciences (San Jose, CA) and cultured in EGM-2
endothelial cell media (Lonza, Allendale, NJ).

[0158] Subcutancous preadipocytes (SPA) were acquired from Zen-Bio (Research Triangle Park,
NC) and cultured in subcutaneous preadipocyte medium for expansion. Three days prior to
bioprinting, cells were cultured in adipocyte differentiation medium (Zen-Bio). Figure 11 shows

carly lipid droplets seen accumulating within cells (arrow) by the day of bioprinting.

[0159] MCF7 cells were acquired from Sigma-Aldrich (St. Louis, MO) or the American Type
Culture Collection (Manassas, VA) and cultured according to the manufacturer’s instructions.
Bioprinting

[0160] The stromal compartment of the constructs was comprised of 65% NHMF, 25% HUVEC,
and 10% SPA (partially pre-differentiated). The cancer compartment of the constructs was
comprised of 75% MCF7, 25% HUVEC. For each compartment, cells were mixed together at the
indicated ratio and resuspended in Novogel® 3.0 at a concentration of 150 million cells/ml.
Constructs were printed as 3 layered structures with a dimension of 3 mm x 3 mm x 0.75 mm.
Immediately following bioprinting, constructs were stabilized via crosslinking. After 2 minutes,
the calcium crosslinking solution was aspirated and replaced with culture media. After 2 days in
culture, constructs were treated overnight with enzyme dissolved in culture media to remove the

Novogel® 3.0. Constructs were then incubated for up to 9 additional days.

Treatment of constructs with chemotherapy compounds

[0161] All compounds were acquired from Sigma-Aldrich and were dissolved in DMSO.
Compounds were diluted to a final concentration of 10 uM or 100 uM in media. The final
DMSO concentration was 0.1%, which was used for vehicle treatment. Constructs were assessed
for metabolic activity by alamarBlue assay (Life Technologies, Carlsbad, CA) or CellTiter Glo
assay (Promega, Madison, WI). Constructs were treated for 24 hours for labeled compound

uptake studies, or for 4 days for assessment of metabolic activity.

Leptin ELISA
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[0162] Conditioned medium from constructs was collected daily for 9 days. Media was diluted
1:2 and assessed for leptin secretion according to the manufacturer’s instructions (Life

Technologies).

Histology

[0163] Constructs were fixed in situ in 2% paraformaldehyde solution (2% paraformaldehyde,
10mM calcium chloride, 50 mM sucrose in PBS) for 24 hours at room temperature. After 24
hours, the fixation solution was removed and replaced with 70% ethanol. Constructs were
processed for paraffin embedding using an automated tissue processor (Tissue-Tek, Sakura
Finetek Europe BV, the Netherlands). Following infiltration with paraffin, constructs were
embedded in paraffin molds and 5 um sections were generated using a rotary microtome (Jung
Biocut 2035, Leica Microsystems, Buffalo Grove, IL). For hematoxylin and eosin staining, slides
were dewaxed in xylene and rehydrated through 100%, 95%, 70%, and 50% ecthanol and rinsed
in distilled water. Slides were immersed in Gill’s hematoxylin (Fisher Scientific, Pittsburgh, PA).
Following rinsing with distilled water, slides were briefly immersed in 0.2% v/v ammonium
hydroxide. After rinsing with distilled water, slides were immersed in aqueous eosin solution
(American MasterTech). Slides were then dehydrated through an ethanol gradient, cleared in
xylene, and mounted with resinous mounting media (CytoSeal, Fisher Scientific). Masson’s
trichrome stain was performed according to the manufacturer’s instructions (American

MasterTech).

[0164] For immunohistochemical analysis, slides were dewaxed in xylene and rehydrated by
sequentially immersing them in 100, 95, 70, and 50% ethanol before finally washing in distilled
water. Rehydrated sections were subjected to heat-mediated antigen retrieval in 10 mM sodium
citrate pH 6.0 using a standard microwave oven to heat the solution and slides to a subboil
followed by slow cooling for 30 minutes. Slides were then blocked with 10% goat serum in Tris-
buffered saline (TBS) for 1 hour, followed by incubation with primary antibodies overnight at
4°C. The following primary antibodies were utilized: mouse anti-cytokeratin 8 (1:100; Abcam,
Cambridge, MA); rabbit anti-CD31 (1:100; Abcam); mouse anti-TE7 (1:250; EMD Millipore,
Billerica, MA); mouse anti-collagen 4 (1:250; Abcam). Sections were then washed three times in
TBS with 0.1% Tween 20 and incubated with AlexaFluor 488 or AlexaFluor 568-conjugated
secondary antibodies (Life Technologies, Carlsbad, CA) diluted 1:200 in TBS. Sections were
then washed three times in TBS-0.1% Tween 20, rinsed with distilled water, and mounted with

DAPI-containing mounting media (Vector Labs, Burlingame, CA).
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Preparation of constructs for cryo-sectioning

[0165] Constructs were rinsed once with DPBS, immersed in Tissue-Tek OCT compound
(Sakura Finetek Europe B.V., The Netherlands), and flash frozen. Frozen blocks were then
sectioned at 5 um on a cryostat (Leica Cryocut 1800, Leica Microsystems). Sectioned slides were
snap fixed in -20°C liquid acetone and allowed to air dry for 20 minutes at room temperature. For
Oil Red O staining, slides were rehydrated in distilled water and immersed in 60% isopropanol
for 2 minutes. Slides were stained with 0.3% w/v Oil Red O (Sigma-Aldrich) in 60% isopropanol
for 15 minutes at room temperature, followed by rinsing with 60% isopropanol for 1 minute.
Slides were immersed briefly in Gill’s hematoxylin to counterstain. Slides were rinsed with
distilled water and mounted with aqueous media (American MasterTech). For imaging of

fluorescent compounds, slides were mounted with DAPI-containing mounting media.

Microscopy

[0166] H&E, Trichrome, and Oil Red O-stained slides were imaged using a Zeiss Axioskop
microscope (Zeiss, Jena, Germany). Images were acquired with an Insight 2 camera and Spot 5.0
software (Diagnostic Instruments, Inc., Sterling Heights, MI). Fluorescently stained slides were
imaged with a Zeiss Axiolmager microscope and images were acquired with a Zeiss ICM-1

camera and Zen Pro software.
Results

[0167] The bioprinted breast cancer tumor models demonstrated leptin secretion over time.
Conditioned medium from bioprinted breast cancer constructs was collected daily for 9 days and
assessed for leptin secretion by ELISA assay. Leptin was produced throughout the 9 day culture
period, which is reflective of continued differentiation of preadipocytes following bioprinting.

See Figure 12.

[0168] Treatment of the bioprinted cancer tumor models with labeled chemotherapy compounds
demonstrated retention of the construct architecture and a native-like pattern of drug penetration.
Constructs were treated with 100 uM compound for 24 hours and cryo-sectioned throughout to
assess penetration of labeled drugs. Figure 13A shows a tissue section stained for cytokeratin 8
as a marker of MCF7 breast cancer cells, indicating retention of cancer cells at the center of the
construct. Figure 13B shows a construct treated with OregonGreen 488 fluorphore alone, and

fluorescence was observed throughout the construct. Figure 13C shows a construct treated with
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OregonGreen 488-Paclitaxel, and penetration of the compound was limited to the outer ~200 um

of the construct.

[0169] Assessment of construct viability following drug treatment demonstrated native-like drug
response. Constructs were treated with 10 uM compound for 3 days, followed by 100 uM
compound for 24 hours. Referring to Figure 14, viability was assessed by alamarBlue assay,
with higher fluorescence intensity indicative of metabolically active cells. Cisplatin and

paclitaxel decreased construct viability relative to media or vehicle controls.
Example 4 — Engineered Human Breast Cancer Tumor Model
Fabrication

[0170] Breast cancer tumor models were bioprinted according to the schematic diagram shown in
Figure 15A (Structure 4). The breast cancer tumor models included a nodule of human breast
cancer cells surrounded by a physiologically-relevant stromal layer, which included human
adipocytes differentiated from human mesenchymal stem cells, human mammary fibroblasts, and
human endothelial cells. The adipocytes were derived from mesenchymal stem cells which were
isolated an exposed to an adipocyte differentiation signal prior to preparation of the bio-ink and

bioprinting. Figure 15B shows a photograph of the construct immediately after bioprinting.
Results

[0171] Histological analysis of Structure 4 was performed by staining for cell-type specific
markers in order to assess tissue architecture and relative positions of cell types. Referring to
Figure 16, the top row depicts H&E staining (A) and Masson’s trichrome staining (B) wherein
breast cancer cells were labeled with CellTracker Green CMFDA. Figure 16C shows a tissue
stained for endothelial cells (CD31, red), cancer cells (green) and further treated with DAPI.
Figure 16D shows a tissue stained for fibroblasts (TE7, red), cancer cells (green) and further
treated with DAPI. Figure 16E shows a tissue stained for collagen IV (red), cancer cells (green)
and further treated with DAPI. Referring to Figure 17, the top row depicts H&E staining (A) and
Masson’s trichrome staining (B) wherein collagen is indicated by blue staining. In the bottom
row, E-cadherin (green) and TE7 (red) staining indicates cancer cells and fibroblasts, respectively
(C) and CD31 (green) staining indicates areas of microvasculature formation in the stromal

compartment containing fibroblasts (TE7, red) (D).

[0172] The adipocytes in the construct secreted leptin, which suggests continued differentiation

of adipocytes within bioprinted constructs. Referring to Figure 18, conditioned media from
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constructs was collected every 24 hours and assessed for leptin secretion by ELISA. Data shown

represents the mean + standard deviation.

[0173] In order to assess construct to construct variability, metabolism assays were performed on
three breast cancer tumor models. Referring to Figure 19, three individual tumor models were
evaluated for metabolism of alamarBlue substrate as a function of time (A) and three individual
tumor models were solubilized in CellTiter Glo reagent and assessed for relative luciferase

intensity (B). Low construct-to-construct variability was observed by cell metabolism assays.

[0174] The breast cancer tumor models were exposed to chemotherapy compounds in order to
access drug response. Referring to Figure 20, breast cancer cells grown in two-dimensional cell
culture (A) and the bioprinted breast cancer tumor models (B) were treated with media alone,
DMSO, or 10 uM tamoxifen for 48 hours and assessed for viability by ATP luciferase assay. For
each graph, * indicates p < 0.05 for treatment compared to control. Isolated two-dimensional
cancer cells were more susceptible to tamoxifen-induced toxicity than cells incorporated into
three-dimensional bioprinted constructs when treated with the same dose of tamoxifen for the

same duration.

[0175] Referring to Figure 21, metabolic activity following treatment with 100 uM
chemotherapeutic compounds was also assessed. MCF7 cells alone (black bars) or the breast
cancer tumor models (gray bars) were treated with compounds for 48 hours (MCF7) or daily for
4 days (three-dimensional bioprinted breast cancer tumor models) and assessed for viability by
CellTiter Glo ATP Luciferase assay. Data shown represent the average percent of vehicle control

+ standard deviation.

[0176] Referring to Figure 22, bioprinted tissues were treated with vehicle (A-C) or 100 uM
cisplatin (D-F) for 4 days. The first (A and D) and second (B and E) columns depict tissues
assessed for apoptosis by TUNEL staining (green) and markers for cancer cells (CKS, red). The
last (B and E) column depicts tissues assessed for apoptosis by TUNEL staining (green) and
markers for fibroblasts (TE7, red). Figure 22 demonstrates that cisplatin induces greater

apoptosis in the stromal compartment of bioprinted tissues than in the cancer compartment.
Example 5 — Engineered Adipose Tissue
Fabrication

[0177] Bio-ink composed of 90% bone marrow-derived mesenchymal stem cells (precursor to

adipocytes) and 10% HUVEC was prepared. The ink was deposited with a Novogen Bioprinter
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(Organovo; San Diego, CA) as a box with no other cell types present and allowed to mature for

10 days in adipogenic differentiation media.
Results

[0178] The matured adipose tissue was stained with Oil Red O, a marker of neutral lipids.
Figure 23 shows a photomicrograph of the stained tissue demonstrating significant lipid

production.

[0179] While preferred embodiments of the present invention have been shown and described
herein, it will be obvious to those skilled in the art that such embodiments are provided by way of
example only. Numerous variations, changes, and substitutions will now occur to those skilled in
the art without departing from the invention. It should be understood that various alternatives to

the embodiments of the invention described herein may be employed in practicing the invention.
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CLAIMS

WHAT IS CLAIMED IS:

1.

A three-dimensional, engineered, biological tumor model comprising:
a. stromal tissue; and
b. tumor tissue;

the tumor tissue comprising cancer cells, the tumor tissue surrounded on all sides by the

stromal tissue to form the three-dimensional, engineered, biological tumor model;

provided that the stromal tissue was bioprinted from a stromal bio-ink, the tumor tissue
was bioprinted from a tumor bio-ink, or both the stromal tissue and the tumor tissue were

bioprinted from their respective bio-inks.

The tumor model of claim 1, wherein the model is substantially free of pre-formed

scaffold.

The tumor model of claim 1, wherein the stromal tissue comprises:

a. endothelial cells,

b. fibroblasts, and

c. adipocytes, preadipocytes, or both adipocytes and preadipocytes.

The tumor model of claim 3, wherein the stromal tissue comprises 55%-75% fibroblasts,

15%-35% endothelial cells, and 1%-20% adipocytes.

The tumor model of claim 1, wherein the tumor tissue comprises cells of a cancer cell

line.

The tumor model of claim 1, wherein the tumor tissue comprises primary cancer cells

from a patient tumor.
The tumor model of claim 1, wherein the tumor tissue comprises endothelial cells.

The tumor model of claim 7, wherein the tumor tissue comprises 65-85% cancer cells and

15%-35% endothelial cells.

The tumor model of claim 1, wherein the tumor model is 250 um to 5 mm in its smallest

dimension.
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The tumor model of claim 1, wherein the stromal tissue is human breast stroma and the

tumor tissue 1s human breast tumor.

The tumor model of claim 1, wherein the tumor tissue is completely surrounded on all
sides by the stromal tissue to form the three-dimensional, engineered, biological tumor

model.

A method of fabricating a three-dimensional, engineered, biological tumor model, the

method comprising:

a. preparing a stromal bio-ink, the stromal bio-ink comprising an extrusion

compound and a plurality of stromal cell types;

b. preparing a tumor bio-ink, the tumor bio-ink comprising an extrusion compound

and a cancer cell type;

c. depositing the stromal bio-ink and the tumor bio-ink such that the tumor bio-ink is
embedded in the stromal bio-ink and in contact with the stromal bio-ink on all

sides; and

d. maturing the deposited bio-ink in a cell culture media to remove the extrusion
compound and allow the cells to cohere to form a three-dimensional, engineered,

biological tumor model.
The method of claim 12, wherein the bio-ink is deposited by bioprinting.
The method of claim 12, wherein the extrusion compound comprises alginate.

The method of claim 12, wherein the extrusion compound is removable by enzymatic

digestion.

The method of claim 15, wherein the method further comprises crosslinking the deposited

bio-ink to physically stabilize the tumor model architecture prior to cohesion of the cells.

The method of claim 16, wherein the method further comprises removing the crosslinked

bio-ink by enzymatic degradation subsequent to cell cohesion.

The method of claim 12, wherein the stromal cell types comprise endothelial cells,

fibroblasts and adipocytes or preadipocytes.

The method of claim 18, wherein the stromal bio-ink comprises 55%-75% fibroblasts,
15%-35% endothelial cells, and 1%-20% adipocytes.
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The method of claim 12, wherein the cancer cell type comprises a cancer cell line.

The method of claim 12, wherein the cancer cell type comprises primary cancer cells

from a patient tumor.
The method of claim 12, wherein the tumor bio-ink further comprises endothelial cells.

The method of claim 12, wherein the stromal bio-ink comprises 50 million cells per mL

to 300 million cells per mL.

The method of claim 12, wherein the tumor bio-ink comprises 50 million cells per mL to

300 million cells per mL.

The method of claim 12, wherein the cell culture media comprises soluble components
that support the grown, maintenance, or differentiation of human fibroblasts, human

endothelial cells, adipocytes, and cancer cells.

The method of claim 12, wherein depositing the stromal bio-ink and the tumor bio-ink

further comprises:
a. depositing a first sheet of stromal bio-ink on a surface;

b. depositing a continuous border of stromal bio-ink on the first sheet of stromal bio-

ink to define a compartment, the compartment open on one side;

c. depositing a node of tumor bio-ink in the compartment; and
d. depositing a second sheet of stromal bio-ink to close the open side of the
compartment.

The method of claim 12, wherein the tumor model is a breast cancer model.
A three-dimensional, engineered, biological breast cancer model comprising:

a. breast stromal tissue, the stromal tissue comprising human mammary fibroblasts,

human endothelial cells, and human adipocytes; and

b. breast cancer tumor tissue; the tumor tissue comprising breast cancer cells and
human endothelial cells, the tumor tissue surrounded on all sides by the stromal

tissue to form the three-dimensional, engineered, biological breast cancer model;

provided that the stromal tissue was bioprinted from a stromal bio-ink, the tumor tissue
was bioprinted from a tumor bio-ink, or both the stromal tissue and the tumor tissue were
bioprinted from their respective bio-inks.
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The breast cancer model of claim 28, wherein the model is substantially free of pre-

formed scaffold.

The breast cancer model of claim 28, wherein the stromal tissue comprises 55%-75%

fibroblasts, 15%-35% endothelial cells, and 1%-20% adipocytes.

The breast cancer model of claim 28, wherein the breast cancer cells are derived from a

breast cancer cell line.

The breast cancer model of claim 28, wherein the breast cancer cells are primary cancer

cells from a patient tumor.

The breast cancer model of claim 28, wherein the breast cancer tumor tissue comprises

65-85% cancer cells and 15%-35% endothelial cells.

The breast cancer model of claim 28, wherein the breast cancer model is 250 um to 5 mm

in its smallest dimension.

The breast cancer model of claim 28, wherein the breast cancer tumor tissue is completely
surrounded on all sides by the breast stromal tissue to form the three-dimensional,

engineered, biological breast cancer model.

A method of fabricating a three-dimensional, engineered, biological breast cancer model,

the method comprising:

a. preparing a stromal bio-ink, the stromal bio-ink comprising a plurality of stromal
cell types, the stromal cell types comprising: an extrusion compound, human

mammary fibroblasts, human endothelial cells, and human adipocytes;

b. preparing a tumor bio-ink, the tumor bio-ink comprising: an extrusion compound,

a breast cancer cell type and human endothelial cells;

c. depositing the stromal bio-ink and the tumor bio-ink such that the tumor bio-ink is
embedded in the stromal bio-ink and in contact with the stromal bio-ink on all

sides; and

d. maturing the deposited bio-ink in a cell culture media to remove the extrusion
compound allow the cells to cohere to form a three-dimensional, engineered,

biological breast cancer model.

The method of claim 36, wherein the bio-ink is deposited by bioprinting.
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The method of claim 36, wherein the extrusion compound comprises alginate.

The method of claim 36, wherein the extrusion compound is removable by enzymatic

digestion.

The method of claim 39, wherein the method further comprises crosslinking the deposited
bio-ink to facilitate maintenance of the breast cancer model architecture prior to cohesion

of the cells.

The method of claim 40, wherein the method further comprises removing the crosslinked

bio-ink by enzymatic degradation subsequent to cell cohesion.

The method of claim 36, wherein the stromal bio-ink comprises 55%-75% human
mammary fibroblasts, 15%-35% human endothelial cells, and 1%-20% human

adipocytes.

The method of claim 36, wherein the breast cancer cell type comprises a breast cancer

cell line.

The method of claim 36, wherein the cancer cell type comprises primary breast cancer

cells from a patient tumor.

The method of claim 36, wherein the stromal bio-ink comprises 50 million cells per mL

to 300 million cells per mL.

The method of claim 36, wherein the tumor bio-ink comprises 50 million cells per mL to

300 million cells per mL.

The method of claim 36, wherein the cell culture media comprises soluble components
that support the grown, maintenance, or differentiation of human fibroblasts, human

endothelial cells, adipocytes, and cancer cells.

The method of claim 36, wherein depositing the stromal bio-ink and the tumor bio-ink

further comprises:
a. depositing a first sheet of stromal bio-ink on a surface;

b. depositing a continuous border of stromal bio-ink on the first sheet of stromal bio-

ink to define a compartment, the compartment open on one side;

c. depositing a node of tumor bio-ink in the compartment; and
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d. depositing a second sheet of stromal bio-ink to close the open side of the

compartment.

The method of claim 36, wherein the adipocytes are preadipocytes and the method further

comprises providing an adipocyte differentiation signal to the preadipocytes.

A method of identifying a therapeutic agent for cancer in an individual, the method

comprising:

a. preparing a stromal bio-ink, the stromal bio-ink comprising a plurality of stromal
cell types;

b. preparing a tumor bio-ink, the tumor bio-ink comprising primary cancer cells from

the individual;

c. depositing the stromal bio-ink and the tumor bio-ink such that the tumor bio-ink is
embedded in the stromal bio-ink and in contact with the stromal bio-ink on all

sides;

d. maturing the deposited bio-ink in a cell culture media to allow the cells to cohere

to form a three-dimensional, engineered, biological construct;

c. applying a candidate therapeutic agent to the construct;
f. measuring viability of the cancer cells; and
g. selecting a therapeutic agent for the individual based on the measured viability of

the cancer cells;
provided that at least one component of the construct was deposited by bioprinting.

The method of claim 50, wherein the stromal bio-ink and the tumor bio-ink are deposited
by bioprinting.
The method of claim 50, wherein the bio-ink further comprises an extrusion compound.

The method of claim 50, wherein the extrusion compound is removable by enzymatic

digestion.

The method of claim 53, wherein the method further comprises crosslinking the deposited

bio-ink to physically stabilize the tumor model architecture prior to cohesion of the cells.

The method of claim 54, wherein the method further comprises removing the crosslinked
bio-ink by enzymatic degradation subsequent to cell cohesion.
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The method of claim 50, wherein the stromal cell types comprise endothelial cells,

fibroblasts and adipocytes or preadipocytes.

The method of claim 56, wherein the stromal bio-ink comprises 55%-75% fibroblasts,
15%-35% endothelial cells, and 1%-20% adipocytes.

The method of claim 50, wherein the tumor bio-ink further comprises endothelial cells.

The method of claim 50, wherein the stromal bio-ink comprises 50 million cells per mL

to 300 million cells per mL.

The method of claim 50, wherein the tumor bio-ink comprises 50 million cells per mL to

300 million cells per mL.

The method of claim 50, wherein the cell culture media comprises soluble components
that support the growth, maintenance, or differentiation of human fibroblasts, human

endothelial cells, adipocytes, and cancer cells.

The method of claim 50, wherein depositing the stromal bio-ink and the tumor bio-ink

further comprises:
a. depositing a first sheet of stromal bio-ink on a surface;

b. depositing a continuous border of stromal bio-ink on the first sheet of stromal bio-

ink to define a compartment, the compartment open on one side;

c. depositing a node of tumor bio-ink in the compartment; and
d. depositing a second sheet of stromal bio-ink to close the open side of the
compartment.

The method of claim 50, wherein the three-dimensional, engineered, biological construct

is a breast cancer construct.

A three-dimensional, engineered, biological tissue comprising viable, differentiated

adipocytes.
The tissue of claim 64, wherein the tissue is bioprinted.
The tissue of claim 65, wherein the tissue is substantially free of pre-formed scaffold.

The tissue of claim 64, wherein the tissue comprises at least 5% viable, differentiated

adipocytes.
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The tissue of claim 67, wherein the tissue comprises at least 10% viable, differentiated

adipocytes.

The tissue of claim 64, wherein at least 50% of the adipocytes are viable 24 hours post-

fabrication.

The tissue of claim 69, wherein at least 75% of the adipocytes are viable 24 hours post-

fabrication.

The tissue of claim 64, wherein the adipocytes secrete leptin for at least 1 week post-

fabrication.
The tissue of claim 64, wherein the tissue is adipose tissue.
The tissue of claim 64, wherein the adipocytes are subcutancous adipocytes.

The tissue of claim 64, wherein the adipocytes are derived from preadipocytes or

mesenchymal stem cells.

A method of fabricating a three-dimensional, engineered, adipose tissue-containing,

biological construct, the method comprising:
a. providing an adipocyte differentiation signal to preadipocytes;

b. preparing a preadipocyte bio-ink, the bio-ink comprising the preadipocytes and at

least one other cell type;
c. depositing the bio-ink on a surface; and

d. maturing the bio-ink in a cell culture media to allow the cells to cohere to form a
three-dimensional, engineered, biological construct, the construct comprising

viable, differentiated adipocytes.
The method of claim 75, wherein the bio-ink is deposited by bioprinting.

The method of claim 75, wherein the construct comprises at least 5% viable,

differentiated adipocytes.

The method of claim 77, wherein the construct comprises at least 10% viable,

differentiated adipocytes.

The method of claim 75, wherein at least 50% of the adipocytes are viable 24 hours post-

fabrication.
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The method of claim 79, wherein at least 75% of the adipocytes are viable 24 hours post-

fabrication.

The method of claim 75, wherein the adipocytes secrete leptin for at least 1 week post-

fabrication.
The method of claim 75, wherein the construct is adipose tissue.
The method of claim 75, wherein the preadipocytes are subcutaneous preadipocytes.

A three-dimensional, engineered, biological breast tissue comprising: human mammary
fibroblasts, human endothelial cells, human mammary epithelial cells, and human
adipocytes; provided that the cells were bioprinted from a bio-ink and cohered to form the
three-dimensional, engineered, biological breast tissue; provided that the tissue is

substantially free of pre-formed scaffold.

The breast tissue of claim 84, wherein the tissue comprises 55%-75% fibroblasts, 15%-

35% endothelial cells, and 1%-20% adipocytes.

The breast tissue of claim 84, wherein the tissue is 250 um to 5 mm in its smallest

dimension.

The breast tissue of claim 84, wherein the tissue is exposed to a disease-causing agent to

create a breast tissue disease model.

The breast tissue of claim 87, wherein the disease-causing agent comprises a virus, a

bacterium, a chemical compound, or a combination thereof.

A method of fabricating a three-dimensional, engineered, biological breast tissue, the

method comprising:
a. providing an adipocyte differentiation signal to human preadipocytes;

b. preparing a bio-ink, the bio-ink comprising a plurality of breast cell types, the
breast cell types comprising human mammary fibroblasts, human endothelial

cells, human mammary epithelial cells, and the human preadipocytes;
c. depositing the bio-ink on a biocompatible surface; and

d. maturing the deposited bio-ink in a cell culture media to allow the cells to cohere

to form a three-dimensional, engineered, biological breast tissue.
The method of claim 89, wherein the bio-ink is deposited by bioprinting.
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91.  The method of claim 89, wherein the bio-ink comprises 55%-75% human mammary

fibroblasts, 15%-35% human endothelial cells, and 1%-20% human preadipocytes.

92. The method of claim 89, wherein the bio-ink comprises 50 million cells per mL to 300

million cells per mL.

93.  The method of claim 89, wherein the cell culture media comprises soluble components
that support the growth, maintenance, or differentiation of human fibroblasts, human

endothelial cells, and adipocytes.

94.  The method of claim 89, wherein the method further comprises exposing the three-
dimensional, engineered, biological breast tissue to a disecase-causing agent to create a

breast tissue discase model.

95.  The method of claim 94, wherein the disease-causing agent comprises a virus, a

bacterium, a chemical compound, or a combination thereof.

96.  An array of three-dimensional, engineered, biological tumor models, each tumor model
comprising: stromal tissue and tumor tissue; the tumor tissue comprising cancer cells, the
tumor tissue surrounded on all sides by the stromal tissue to form each three-dimensional,
engineered, biological tumor model; provided that the stromal tissue, the tumor tissue, or
both the stromal tissue and the tumor tissue were bioprinted; provided that the array is

adapted for use in a high throughput assay.

97.  The array of claim 96, wherein each tumor model is substantially free of pre-formed
scaffold.

98.  The array of claim 96, wherein each tumor model is in a well of a multi-well plate.

99, The array of claim 96, wherein the stromal tissue comprises: endothelial cells, fibroblasts,

and adipocytes, preadipocytes, or both adipocytes and preadipocytes.

100. The array of claim 99, wherein the stromal tissue comprises 55%-75% fibroblasts, 15%-

35% endothelial cells, and 1%-20% adipocytes.

101.  The array of claim 96, wherein the tumor tissue comprises primary cancer cells from a

patient tumor.
102.  The array of claim 96, wherein the tumor tissue comprises endothelial cells.

103.  The array of claim 102, wherein the tumor tissue comprises 65-85% cancer cells and

15%-35% endothelial cells.
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104.  The array of claim 96, wherein each tumor model is 250 um to 5 mm in its smallest

dimension.

105. The array of claim 96, wherein the stromal tissue is human breast stroma and the tumor

tissue is human breast tumor.

106.  The array of claim 96, wherein the tumor tissue is completely surrounded on all sides by

the stromal tissue to form each three-dimensional, engineered, biological tumor model.

107.  An array of three-dimensional, engineered, biological breast cancer models, each breast

cancer model comprising:

a. stromal tissue, the stromal tissue comprising human mammary fibroblasts, human

endothelial cells, and human adipocytes; and

b. tumor tissue; the tumor tissue comprising breast cancer cells and human
endothelial cells, the tumor tissue surrounded on all sides by the stromal tissue to

form each three-dimensional, engineered, biological breast cancer model,

provided that the stromal tissue, the tumor tissue, or both the stromal tissue and the tumor
tissue were bioprinted; provided that the array is adapted for use in a high throughput

assay.

108.  The array of claim 107, wherein each breast cancer model is substantially free of pre-

formed scaffold.

109. The array of claim 107, wherein each breast cancer model is in a well of a multi-well

plate.

110.  The array of claim 107, wherein the stromal tissue comprises 55%-75% fibroblasts, 15%-
35% endothelial cells, and 1%-20% adipocytes.

111.  The array of claim 107, wherein the breast cancer cells are primary cancer cells from a

patient tumor.

112.  The array of claim 107, wherein the tumor tissue comprises 65-85% cancer cells and

15%-35% endothelial cells.

113.  The array of claim 107, wherein each breast cancer model is 250 um to 5 mm in its

smallest dimension.
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114.  The array of claim 107, wherein the tumor tissue is completely surrounded on all sides by
the stromal tissue to form each three-dimensional, engineered, biological breast cancer

model.

115. A three-dimensional, engineered, biological tumor tissue comprising human cancer cells;
provided that the cells are cohered to form the three-dimensional, engineered, biological

tumor tissue; provided that the tumor tissue is substantially free of pre-formed scaffold.
116.  The tumor tissue of claim 115, wherein the tissue was bioprinted from a cancer call bio-
ink.
117.  The tumor tissue of claim 115, wherein the tissue further comprises one or more of

fibroblasts, endothelial cells, epithelial cells, adipocytes, and immune cells.

118.  The tumor tissue of claim 115, wherein the tissue is 250 um to 5 mm in its smallest

dimension.

119.  The tumor tissue of claim 115, wherein the tissue was exposed to a carcinogen to

transform the cells.

120.  The breast tissue of claim 119, wherein the disease-causing agent comprises a virus, a

bacterium, a chemical compound, or a combination thereof.

121.  The tumor tissue of claim 115, wherein a crosslinkable extrusion compound is used to
physically stabilize the tumor tissue subsequent to fabrication and prior to cohesion of the

cells to form the tumor tissue.
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AMENDED CLAIMS
received by the International Bureau on 15 May 2015 (15.05.2015).

WHAT IS CLAIMED IS:
1. A three-dimensional, engineered, biological breast cancer model comprising:

a. breast stromal tissue, the stromal tissue comprising human mammary fibroblasts,

human endothelial cells, and human adipocytes; and

b. breast cancer tumor tissue; the tumor tissue comprising breast cancer cells and
human endothelial cells, the tumor tissue surrounded on all sides by the stromal

tissue to form the three-dimensional, engineered, biological breast cancer model,

provided that the stromal tissue was bioprinted from a stromal bio-ink, the tumor tissue
was bioprinted from a tumor bio-ink, or both the stromal tissue and the tumor tissue were

bioprinted from their respective bio-inks.

2. The breast cancer model of claim 1, wherein the model is substantially free of pre-
formed scaffold.
3. The breast cancer model of claim 1, wherein the breast cancer cells are derived from a

breast cancer cell line.

4. The breast cancer model of claim 1, wherein the breast cancer cells are primary cancer

cells from a patient tumor.

5. The breast cancer model of claim 1, wherein the breast cancer tumor tissue is completely
surrounded on all sides by the breast stromal tissue to form the three-dimensional,

engineered, biological breast cancer model.

6. A method of fabricating a three-dimensional, engineered, biological breast cancer model,

the method comprising:

a. preparing a stromal bio-ink, the stromal bio-ink comprising a plurality of stromal
cell types, the stromal cell types comprising: an extrusion compound, human

mammary fibroblasts, human endothelial cells, and human adipocytes;

b. preparing a tumor bio-ink, the tumor bio-ink comprising: an extrusion compound

and a breast cancer cell type;

C. depositing the stromal bio-ink and the tumor bio-ink such that the tumor bio-ink
is embedded in the stromal bio-ink and in contact with the stromal bio-ink on all

sides; and
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d.

maturing the deposited bio-ink in a cell culture media to remove the extrusion
compound allow the cells to cohere to form a three-dimensional, engineered,

biological breast cancer model.

The method of claim 6, wherein the bio-ink is deposited by bioprinting.

The method of claim 6, wherein the breast cancer cell type comprises a breast cancer cell

line.

The method of claim 6, wherein the cancer cell type comprises primary breast cancer

cells from a patient tumor.

The method of claim 6, wherein the cell culture media comprises soluble components

that support the growth or maintenance of human fibroblasts, human endothelial cells,

adipocytes, and cancer cells.

The method of claim 6, wherein depositing the stromal bio-ink and the tumor bio-ink

further comprises:

a. depositing a first sheet of stromal bio-ink on a surface;

b. depositing a continuous border of stromal bio-ink on the first sheet of stromal
bio-ink to define a compartment, the compartment open on one side;

C. depositing a node of tumor bio-ink in the compartment; and

d. depositing a second sheet of stromal bio-ink to close the open side of the
compartment.

A method of identifying a therapeutic agent for cancer in an individual, the method

comprising:

a. preparing a stromal bio-ink, the stromal bio-ink comprising a plurality of stromal

cell types;

preparing a tumor bio-ink, the tumor bio-ink comprising primary cancer cells

from the individual;

depositing the stromal bio-ink and the tumor bio-ink such that the tumor bio-ink

is embedded in the stromal bio-ink and in contact with the stromal bio-ink on all

sides;

maturing the deposited bio-ink in a cell culture media to allow the cells to cohere

to form a three-dimensional, engineered, biological construct;

applying a candidate therapeutic agent to the construct;
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f.

g

measuring viability of the cancer cells; and

selecting a therapeutic agent for the individual based on the measured viability of

the cancer cells;

provided that at least one component of the construct was deposited by bioprinting.

The method of claim 12, wherein the stromal bio-ink and the tumor bio-ink are deposited

by bioprinting.

The method of claim 12, wherein the stromal cell types comprise endothelial cells,

fibroblasts, and adipocytes.

The method of claim 12, wherein the cell culture media comprises soluble components

that support the growth or maintenance of human fibroblasts, human endothelial cells,

adipocytes, and cancer cells.

The method of claim 12, wherein depositing the stromal bio-ink and the tumor bio-ink

further comprises:

a.

b.

depositing a first sheet of stromal bio-ink on a surface;

depositing a continuous border of stromal bio-ink on the first sheet of stromal

bio-ink to define a compartment, the compartment open on one side;
depositing a node of tumor bio-ink in the compartment; and

depositing a second sheet of stromal bio-ink to close the open side of the

compartment.

A method of identifying a therapeutic agent for breast cancer in an individual, the

method comprising:

a

preparing a breast stromal bio-ink, the stromal bio-ink comprising a plurality of

breast stromal cell types;

preparing a breast tumor bio-ink, the tumor bio-ink comprising primary breast

cancer cells from the individual;

depositing the stromal bio-ink and the tumor bio-ink such that the tumor bio-ink
is embedded in the stromal bio-ink and in contact with the stromal bio-ink on all

sides;

maturing the deposited bio-ink in a cell culture media to allow the cells to cohere

to form a three-dimensional, engineered, breast cancer tumor model,
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e. applying a candidate therapeutic agent to the breast cancer tumor model;
f. measuring viability of the breast cancer cells; and
g selecting a therapeutic agent for the individual based on the measured viability of

the breast cancer cells;
provided that the stromal bio-ink and the tumor bio-ink were deposited by bioprinting.

The method of claim 17, wherein the stromal cell types comprise endothelial cells,

fibroblasts, and adipocytes.

The method of claim 17, wherein the cell culture media comprises soluble components
that support the growth or maintenance of human fibroblasts, human endothelial cells,

adipocytes, and cancer cells.

The method of claim 17, wherein depositing the stromal bio-ink and the tumor bio-ink

further comprises:
a. depositing a first sheet of stromal bio-ink on a surface;

b. depositing a continuous border of stromal bio-ink on the first sheet of stromal

bio-ink to define a compartment, the compartment open on one side;

C. depositing a node of tumor bio-ink in the compartment; and
d. depositing a second sheet of stromal bio-ink to close the open side of the
compartment.

An array of three-dimensional, engineered, biological breast cancer models, each breast

cancer model comprising:

a. stromal tissue, the stromal tissue comprising human mammary fibroblasts, human

endothelial cells, and human adipocytes; and

b. tumor tissue; the tumor tissue comprising breast cancer cells and human
endothelial cells, the tumor tissue surrounded on all sides by the stromal tissue to

form each three-dimensional, engineered, biological breast cancer model;

provided that the stromal tissue, the tumor tissue, or both the stromal tissue and the
tumor tissue were bioprinted; provided that the array is adapted for use in a high

throughput assay.

The array of claim 21, wherein each breast cancer model is substantially free of pre-

formed scaffold.
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23.  The array of claim 21, wherein each breast cancer model is in a well of a multi-well
plate.
24.  The array of claim 21, wherein the breast cancer cells are primary cancer cells from a

patient tumor.

25.  The array of claim 21, wherein the tumor tissue is completely surrounded on all sides by
the stromal tissue to form each three-dimensional, engineered, biological breast cancer

model.

26. A three-dimensional, engineered, biological tumor model comprising;
a. stromal tissue; and
b. tumor tissue;

the tumor tissue comprising cancer cells, the tumor tissue in contact with the stromal

tissue to form the three-dimensional, engineered, biological tumor model;

provided that the stromal tissue was bioprinted from a stromal bio-ink comprising human
preadipocytes exposed to a differentiation signal and the tumor tissue was bioprinted

from a tumor bio-ink.

27.  The tumor model of claim 1, wherein the tumor tissue is surrounded on all sides by the

stromal tissue to form the three-dimensional, engineered, biological tumor model.

28.  The tumor model of claim 2, wherein the tumor tissue is completely surrounded on all

sides by the stromal tissue to form the three-dimensional, engineered, biological tumor

model.

29.  The tumor model of claim 1, wherein the model is substantially free of pre-formed
scaffold.

30.  The tumor model of claim 1, wherein the stromal tissue comprises:
a. endothelial cells,

b. fibroblasts, and

C. adipocytes, preadipocytes, or both adipocytes and preadipocytes.
31.  The tumor model of claim 1, wherein the tumor tissue comprises endothelial cells.
32. The tumor model of claim 1, wherein the tumor model is a human breast cancer model,

the stromal tissue is human breast stroma comprising human mammary fibroblasts,
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human endothelial cells, and human adipocytes, and the tumor tissue is human breast

tumor.

A three-dimensional, engineered, biological tumor model comprising:
a. stromal tissue; and
b. tumor tissue;

the tumor tissue comprising cancer cells, the tumor tissue in contact with the stromal

tissue to form the three-dimensional, engineered, biological tumor model,

provided that the stromal tissue was bioprinted from a stromal bio-ink and the tumor

tissue was bioprinted from a tumor bio-ink;

provided that the stromal bio-ink and the tumor bio-ink each comprise a reversibly cross-
linkable extrusion compound utilized to physically stabilize the tumor model architecture

prior to cohesion of the cells.

The tumor model of claim 8, wherein the tumor tissue is surrounded on all sides by the

stromal tissue to form the three-dimensional, engineered, biological tumor model.

The tumor model of claim 9, wherein the tumor tissue is completely surrounded on all
sides by the stromal tissue to form the three-dimensional, engineered, biological tumor

model.

The tumor model of claim 8, wherein the model is substantially free of pre-formed

scaffold.

The tumor model of claim 8, wherein the stromal tissue comprises:

a. endothelial cells,

b. fibroblasts, and

C. adipocytes, preadipocytes, or both adipocytes and preadipocytes.

The tumor model of claim 8, wherein the tumor tissue comprises endothelial cells.

The tumor model of claim 8, wherein the tumor model is a human breast cancer model,
the stromal tissue is human breast stroma comprising human mammary fibroblasts,
human endothelial cells, and human adipocytes, and the tumor tissue is human breast

tumor.
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A method of fabricating a three-dimensional, engineered, biological tumor model, the

method comprising:
a. providing an adipocyte differentiation signal to human preadipocytes;

b. preparing a stromal bio-ink, the stromal bio-ink comprising a plurality of stromal

cell types, the stromal cell types comprising the human preadipocytes;
C. preparing a tumor bio-ink, the tumor bio-ink comprising a cancer cell type;

d. depositing the stromal bio-ink and the tumor bio-ink such that the tumor bio-ink

is in contact with the stromal bio-ink; and

e. maturing the deposited bio-ink in a cell culture media to allow the cells to cohere

to form a three-dimensional, engineered, biological tumor model.

The method of claim 15, wherein the tumor tissue is surrounded on all sides by the

stromal tissue.

The method of claim 16, wherein the tumor tissue is completely surrounded on all sides

by the stromal tissue.
The method of claim 15, wherein the bio-ink is deposited by bioprinting.

The method of claim 15, wherein the stromal cell types further comprise endothelial

cells, fibroblasts, and adipocytes.
The method of claim 15, wherein the tumor bio-ink further comprises endothelial cells.

The method of claim 15, wherein the stromal bio-ink comprises 50 million cells per mL

to 300 million cells per mL.

The method of claim 15, wherein the tumor bio-ink comprises 50 million cells per mL to

300 million cells per mL.

The method of claim 15, wherein the cell culture media comprises soluble components
that support the growth, maintenance, or differentiation of human fibroblasts, human

endothelial cells, adipocytes, and cancer cells.

The method of claim 15, wherein the tumor model is a human breast cancer model, the
stromal bio-ink is human breast stroma bio-ink comprising human mammary fibroblasts,
human endothelial cells, and human adipocytes, and the tumor bio-ink is human breast

tumor bio-ink.

A method of fabricating a three-dimensional, engineered, biological tumor model, the

method comprising:
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a.

preparing a stromal bio-ink, the stromal bio-ink comprising a reversibly cross-

linkable extrusion compound and a plurality of stromal cell types;

preparing a tumor bio-ink, the tumor bio-ink comprising a reversibly cross-

linkable extrusion compound and a cancer cell type;

depositing the stromal bio-ink and the tumor bio-ink such that the tumor bio-ink

is in contact with the stromal bio-ink;

crosslinking the extrusion compound to physically stabilize the tumor model

architecture prior to cohesion of the cells; and

maturing the deposited bio-ink in a cell culture media to remove the extrusion
compound and allow the cells to cohere to form a three-dimensional, engineered

2

biological tumor model.

The method of claim 25, wherein the tumor tissue is surrounded on all sides by the

stromal tissue.

The method of claim 26, wherein the tumor tissue is completely surrounded on all sides

by the stromal tissue.

The method of claim 25, wherein the bio-ink is deposited by bioprinting.
The method of claim 25, wherein the extrusion compound comprises alginate.

The method of claim 25, wherein the extrusion compound is removable by enzymatic

digestion.

The method of claim 30, wherein the method further comprises removing the crosslinked

extrusion compound by enzymatic degradation subsequent to cell cohesion.

The method of claim 25, wherein the stromal cell types comprise endothelial cells,

fibroblasts and adipocytes or preadipocytes.

The method of claim 25, wherein the tumor bio-ink further comprises endothelial cells.

The method of claim 25, wherein the stromal bio-ink comprises 50 million cells per mL

to 300 million cells per mL.

The method of claim 25, wherein the tumor bio-ink comprises 50 million cells per mL to

300 million cells per mL.

The method of claim 25, wherein the cell culture media comprises soluble components

that support the growth, maintenance, or differentiation of human fibroblasts, human

endothelial cells, adipocytes, and cancer cells.
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62.

The method of claim 25, wherein the tumor model is a human breast cancer model, the
stromal bio-ink is human breast stroma bio-ink comprising human mammary fibroblasts,
human endothelial cells, and human adipocytes, and the tumor bio-ink is human breast

tumor bio-ink.

An array of three-dimensional, engineered, biological tumor models, each tumor model
comprising: stromal tissue and tumor tissue; the tumor tissue comprising cancer cells, the
tumor tissue in contact with the stromal tissue to form each three-dimensional,
engineered, biological tumor model; provided that the stromal tissue was bioprinted from
a stromal bio-ink comprising human preadipocytes exposed to a differentiation signal,

provided that the array is adapted for use in a high throughput assay.

The array of claim 38, wherein the tumor tissue is surrounded on all sides by the stromal

tissue to form each three-dimensional, engineered, biological tumor model.

The array of claim 39, wherein the tumor tissue is completely surrounded on all sides by

the stromal tissue to form each three-dimensional, engineered, biological tumor model.

The array of claim 38, wherein each tumor model is substantially free of pre-formed

scaftfold.
The array of claim 38, wherein each tumor model is in a well of a multi-well plate.

The array of claim 38, wherein the stromal tissue comprises: endothelial cells,

fibroblasts, and adipocytes, preadipocytes, or both adipocytes and preadipocytes.
The array of claim 38, wherein the tumor tissue comprises endothelial cells.

The array of claim 38, wherein each tumor model is a human breast cancer model, the
stromal tissue is human breast stroma comprising human mammary fibroblasts, human

endothelial cells, and human adipocytes, and the tumor tissue is human breast tumor.

An array of three-dimensional, engineered, biological tumor models, each tumor model
comprising: stromal tissue and tumor tissue; the tumor tissue comprising cancer cells, the
tumor tissue in contact with the stromal tissue to form each three-dimensional,
engineered, biological tumor model; provided that the stromal tissue was bioprinted from
a stromal bio-ink comprising a reversibly crosslinkable extrusion compound and the
tumor tissue was bioprinted from a tumor bio-ink comprising a reversibly crosslinkable
extrusion compound; provided that the array is adapted for use in a high throughput

assay.
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The array of claim 46, wherein the tumor tissue is surrounded on all sides by the stromal

tissue to form each three-dimensional, engineered, biological tumor model.

The array of claim 47, wherein the tumor tissue is completely surrounded on all sides by

the stromal tissue to form each three-dimensional, engineered, biological tumor model.

The array of claim 46, wherein each tumor model is substantially free of pre-formed
scaffold.

The array of claim 46, wherein each tumor model is in a well of a multi-well plate.

The array of claim 46, wherein the stromal tissue comprises: endothelial cells,

fibroblasts, and adipocytes, preadipocytes, or both adipocytes and preadipocytes.
The array of claim 46, wherein the tumor tissue comprises endothelial cells.

The array of claim 46, wherein each tumor model is a human breast cancer model, the
stromal tissue is human breast stroma comprising human mammary fibroblasts, human

endothelial cells, and human adipocytes, and the tumor tissue is human breast tumor.
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