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THREE-DIMENSIONAL BIOPROCESSOR

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to U.S. Patent Application No. 16/872,823, filed May

12, 2020, which is hereby incorporated by reference herein in its entirety.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

[0002] This invention was made with government support under Grant No. 70NANB17H002
awarded by National Institute of Standards and Technology. The United States government has

certain rights in the invention.

FIELD OF INVENTION
[0003] The present disclosure relates to the design, fabrication, and applications of a 3D

bioprocessor for cell processing.

BACKGROUND

[0004] Cancer immunotherapy has come to symbolize the most recent phase of the
biotechnology revolution in medicine. In 2017, FDA approved two CAR T cell based
immunotherapies. In 2019, an estimated 412 clinical trials are ongoing worldwide in the field
of CAR T-cell therapy. Cancer immunotherapy uses a patient’s own immune system to treat
cancer. One of the most exciting immunotherapy approaches uses artificial immunoreceptors,
termed chimeric antigen receptors (CARs). CARs allow for synthetic control of the antigenic
specificity of T cells.

[0005] A typical CAR T-cell therapy process is one in which T lymphocytes are collected from
a patient’s own blood and are genetically engineered to produce a special receptor CAR on
their surface so that the T cells are able to recognize and attack cancer cells. The engineered
CAR T cells are grown in the laboratory and expanded to billions of numbers, and then injected
back to the patient to kill cancer cells.

[0006] Using T cells that are engineered to express a CAR targeting, the B-lymphocyte antigen
CD109, a greater than 80% complete response rate and 60% overall survival at one year can be
achieved in patients with acute lymphoblastic leukemia (ALL). Without CAR T therapy, these
patients have an expected median survival of less than six months. This approach has also
achieved durable complete responses in patients with other B-lineage hematologic

malignancies including chronic lymphocytic leukemia (CLL), non-Hodgkin lymphoma (NHL)
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and multiple myeloma (MM) that affect more than 100,000 individuals in the U.S. alone as
shown in Table 1 below. Currently, the approved engineered T cell therapies, such as
tisagenlecleucel and axicabtagene ciloleucel, are autologous therapies where a single product

is made for each patient using their own T cells as shown in Figure 1.

Table 1. Incidence rate and deaths of cancers where ACT has shown clinical activity

Cancer US incidence US deaths
Acute lymphoblastic 6,250 1,450
leukemia (ALL)

Chronic lymphocytic 14,620 4,650
leukemia (CLL)

Non-Hodgkin 71,850 19,790
Lymphoma (NHL)

Multiple Myeloma 26,R50 11,240

[0007] With the success of CAR T-cell therapy, the next question is how to make it safer and
cost-efficient. The current T-cell engineering process is still generally based on using magnetic
beads to incubate together with T-cells. The magnetic beads are coated with CD3 and CD28
on their surface to act as the antigens to activate the T-cells so they can proliferate. The micro-
beads suspended in cell culture medium with T-cells provide a relatively large surface area for
T-cells to contact and temporarily bind to CD3 and CD28 and then activate. After T-cells are
grown to a certain density, the T-cells and magnetic beads are moved into a relatively large
bioprocessor to continue the process of stimulation and expansion. The process is repeated
multiple times to grow relatively large numbers of T-cells. At harvesting, the T cells have to
be separated from the beads using a magnetic separator. Accordingly, the current T-cell
expansion process generally relies upon magnetic beads, multi-stage processing, and manual
interactions, which is not cost-effective. In addition, it is an open system, which can easily
introduce contaminations and make it relatively more expensive to meet good manufacturing
process (GMP) requirements.

[0008] The current manufacturing approaches, largely developed in academic medical centers,
use a mixture of commercial products originally developed for other purposes (e.g.,
hematopoietic stem cells for transplantation). These devices have been adapted forusein T cell

manufacturing and require significant process engineering to generate a congruent
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manufacturing process. Magnetic microbead-based ACT manufacturing has been successfully
scaled into cGMP, processes. However, the effectiveness of this manufacturing platform is
significantly reduced in leukemia patients, where the leukemic cell frequencies vastly exceed
T cell frequencies. While manufacturing failure data has not been published in the most
reported studies to date, observations of the inventors demonstrate that ~15-20% of patients
with CLL cannot meet the target cell dose due to manufacturing failures. This may be
attributable to the immunosuppressive effects of the leukemia cells. In addition to ex-vivo T
cell expansion failures, products that are contaminated by non-T cells introduce additional cost
and safety concerns. Non-T cell contamination also necessitates greater viral vector quantities
to achieve target gene transfer and increases the cost of manufacturing. Genetically modifying
non-T cells also introduce potential safety concerns. In particular, introducing a CD19-specific
CAR into ALL cells has been associated with at least one disease relapse. This was due to
CD19 antigen loss that appeared to be the result of CAR interactions with CD19, limiting its
leukemic cell expression.

[0009] As shown in Figure 2, current manufacturing generally requires multiple manual steps
to produce a product. This leads to significant labor costs along with challenges to hiring and
training the required staff. With the proposed platform, peripheral blood mononuclear cells
(PBMCs), including T cells, B cells, NK cells, and monocytes, are isolated from a patient’s
blood via apheresis, and incubated with magnetic microbeads bearing agonist antibodies to
CD3 and CD28 molecules in a traditional cell culture T-flask. The T cells in PBMCs, after
colliding with the CD3 / CD28 coated microbeads, are activated for expansion. Then the T
cells are transduced with lentiviral vectors in the flask so they can express CAR on their surface
to target cancer cells. After activation and transduction, the T-cells are moved into a large
bioprocessor bag for further expansion. Finally, the T-cells are isolated from the microbeads
during harvesting.

[0010] Efficient manufacturing approaches that reduce costs and allow for easy out-scaling is
essential to meet the manufacturing needs to deliver these complex autologous CAR-T
therapies world-wide. Described herein is a low cost, easy to manufacture, easy-to-use, and
single-use 3D bioprocessor for cell processing in cell and gene therapy. This provides a high
surface-to-volume ratio fixed-bed with adjustable structural parameters and scalability. The
described 3D bioprocessor can also be applied for scale-up of allogenic CAR-T cell therapies.

Furthermore, the 3D bioprocessor can be used for cell separation, isolation, and purification.
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SUMMARY OF INVENTION

[0011] According to one method, one supplies a 3D bioprocessor including a plurality of
spheres and a plurality of rods interconnecting the plurality of spheres, provides a coating on
the bioprocessor surface area, and then provides a protein to attach to the coating, followed by
providing one or more biotinylated antibodies immobilized on the protein. By flowing cells
through the bioprocessor, the cells bind to the one or more biotinylated antibodies. In other
embodiments, the cells can include T-cells, wherein receptors of the T-cells bind to the one or
more biotinylated antibodies and are activated and further include exposing the activated T-
cells to a perfusion media containing a signaling molecule to promote T-cell expansion. In
other embodiments, the coating is a protein coating. In other embodiments, the protein includes
a tetrameric protein. In other embodiments, the tetrameric protein includes avidin or
streptavidin. In other embodiments, the one or more biotinylated antibody is one or more of
anti-CD3 antibody, anti-CD28 antibody, and anti-CD2 antibody. In other embodiments, the
signaling molecule includes a cytokine signaling molecule. In other embodiments, the 3D
bioprocessor is formed from a material that has a Tensile Modulus of at least 0.01 GPa. In other
embodiments, the 3D bioprocessor is formed from a material that is biocompatible. In other
embodiments, the 3D bioprocessor is formed from a material not susceptible to hydrolysis
during cell cultivation such that the amount of hydrolysis does not exceed 5.0% by weight of
the material present. In other embodiments, the diameter of the spherical beads is from about
10 pm to about 10 mm. In other embodiments, the diameter of the spherical beads is from about
1 mm to about 3 mm. In other embodiments, the length of the cylindrical rods is from about
0.1 um to about 10 mm. In other embodiments, the length of the cylindrical rods is from about
100 pm to about 3 mm. In other embodiments, the plurality of spheres and the plurality of rods
are organized in one or more layers. In other embodiments, the one or more layers includes at
least two layers, with each layer offset from an adjacent layer.

[0012] Also described herein is a quantity of T cells made by a method where one supplies the
aforementioned 3D bioprocessor including a plurality of spheres and a plurality of rods
interconnecting the plurality of spheres, provides a coating on the bioprocessor surface area,
and then providing a protein to attach to the coating, followed by providing one or more
biotinylated antibodies immobilized on the protein. By flowing cells through said
bioprocessor, the cells bind to the one or more biotinylated antibodies.

[0013] Described herein is an apparatus, including a plurality of spheres and a plurality of rods
interconnecting the plurality of spheres, wherein the diameter of the spherical beads is from

about 10 um to about 10 mm, the length of the cylindrical rods is from about 0.1 um to about
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10 mm, the plurality of spheres and the plurality of rods are organized in two or more layers,
with each layer offset from an adjacent layer. In other embodiments, the diameter of the
spherical beads is from about 1 mm to about 3 mm and the length of the cylindrical rods is
from about 100 um to about 3 mm. In other embodiments, the protein coating on the surface
of the apparatus. In other embodiments, one or more biotinylated antibodies is attached to the
protein coating. In other embodiments, the one or more biotinylated is one of anti-CD3
antibody, anti-CD28 antibody, and anti-CD2 antibody.

[0014] The above summary is not intended to represent each embodiment or every aspect of
the present invention. Additional features and benefits of the present invention are apparent

from the detailed description and figures set forth below

BRIEF DESCRIPTION OF THE FIGURES
[0015] Figure 1. Depicted is a typical process of CAR T-cell therapy for leukemia.
[0016] Figure 2. Depicted is a representative conventional ex vivo T cell expansion process:
Stage 1 (purification, activation, transduction), and Stage 2 (proliferation, harvesting).
Disadvantages: 1) requires magnetic beads, 2) lacks of automation, 3) open system, 4) non-T
cell contamination, and 5) lacks efficient use of expensive viral vectors and other reagents.
[0017] Figure 3. Depicted is a unique structure of the 3D bioprocessor including spheres and
interconnecting rods.
[0018] Figure 4. Depicted is the 3D bioprocessor for use in a method as packed with an inlet
and outlet to form a component in a perfusion flow system for cell processing.
[0019] Figure 5. Depicted is a 3D printed bioprocessor together with inlet and outlet structure
to allow fluid flow through the bioprocessor.
[0020] Figure 6. Depicted is an example of 3D bioprocessor (a) & (b) This bioprocessor has
an overall diameter D = 14.75 mm, and height H = 6.53 mm. (c) a sphere-rod unit has the
sphere diameter S = 1.75 mm, rod diameter Rgp = 0.40 mm, and the rod length RL = 0.25 mm.
The 3D bioprocess is composed of a large number of the sphere-rod units interconnected each

other and tightly packed together in 3D space.

DETAILED DESCRIPTION
[0021] The current manufacturing methods produce engineering T cells under an open process,
resulting in not only significant labor costs, but also GMP facility costs. Because cells as a
living drug cannot be terminally sterilized like small molecule drugs, high cost ISOS5 or Class

100 clean rooms are required during the entire manufacturing process to prevent or inhibit



WO 2021/231222 -6- PCT/US2021/031361

contamination. Automating T-cell manufacturing is an active area of development with a few
commercial products that have built upon bead-based technologies. These are beginning to hit
the market, however the success of these systems is undetermined.

[0022] Other challenges in CAR T-cell manufacturing are the problems related to using
magnetic microbeads. First, the monocytes in PBMCs can uptake the microbeads and cause
variability in T cell production. PBMCs containing a high percentage of monocytes are often
not suitable for direct use in the above manufacturing process. Second, the magnetic de-beading
process and downstream qualification steps further increase the operator time and cost. Third,
there are only two types of magnetic beads commonly used in industry with one type only
available for research, leaving a single source of microbeads for CAR T cell manufacturers.
This supply restriction creates long lead times for manufacturing. Some new biodegradable
beads are now available to activate T cells, however, they are not used commercially yet. In
summary, the challenge of manufacturing consistent and cost-effective T cell based therapies
significantly limits the number of patients that can benefit from this highly effective cancer
therapy.

[0023] This invention discloses a low cost, easy to manufacture, easy-to-use, and single-use
3D bioprocess for cell processing in cell and gene therapy. This bioprocess provides a high
surface-to-volume ratio fixed-bed with adjustable structural parameters and scalability. Here,
a plurality of spheres is interconnected by rods, in a fixed structure of substantial uniformity.
These interconnected sphere-rod unit designs capture a variety of benefits of microbead
approaches but obviate their disadvanteages. Advantages incldue high surface area-to-volume
ratio to increase reactivity between cells and the bioprocessor surfaces, preventing celular
uptake from being both larger than microbeads and a fixed structure. Unlike loose microbeads,
the designs form a repeatable and non-random mesh structure. This provides a variety of
substantial benefits, including ensuring consistency of bioprocess and hydrodynamic forces on
cells, more uniform biochemical surface for protein, antibody binding, or contact for T cell
activation,

[0024] According to one method, one supplies a 3D bioprocessor with a plurality of spheres
and a plurality of rods interconnecting the plurality of spheres, thereafter providing a coating
on the bioprocessor surface area, and then providing a protein attached to the coating. One can
then provide one or more biotinylated antibodies immobilized on the protein, flowing cells
through the bioprocessor, wherein the cells bind to the one or more biotinylated antibodies.
The cells can be a mixed population of cells with antibodies specific for one of the population

of cells. Whereas certain cells will flow through and not be captured by the bioprocessor,
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antibodies specific for one of the population of cells will capture the population, which is
isolated, or separated from other population. The separated populations can be further analyzed.
[0025] In other variations, the method includes a 3D bioprocessor including a plurality of
spheres and a plurality of rods interconnecting the plurality of spheres is supplied. One
provides a coating on the bioprocessor surface area for cell expansion, provides a protein
attached to said coating, attaches one or more biotinylated antibodies immobilized on said
protein, and then flows cells through the bioprocessor to facilitate cells bind to the one or more
biotinylated antibodies.

[0026] In other variations, the 3D bioprocessor includes a plurality of spheres with a plurality
of rods interconnecting the plurality of spheres. One provides a coating on the bioprocessor
surface area to expand cells, then attaches a protein to the coating, immobilizes biotinylated
antibodies to the protein, thereafter flowing cells through the bioprocessor leading to the cells
binding to the one or more biotinylated antibodies. Exposing the cells to a perfusion media
containing a signaling molecule promotes cell expansion.

[0027] The dimension of the sphere-rod unit depends on the (1) diameter of the sphere (So),
(2) the diameter of rod (Ro), and (3) the length of the rod (RL) as shown in Figure 6. The
diameter of the sphere (S¢) can range from about 25 um to about 25 mm; the preferred range
is from about 250 um to about 6 mm. This includes spheres of about 2 mm. The diameter of
rod (Rg) can range from about 12.5 pm to about 12.5 mm; the preferred range is from about
125 pm to about 3 mm. The rod length (RL) can range from about 0.1 pm to about 25 mm; the
preferred range is from about 100 um to about 3 mm. The change of sphere-rod dimension
changes the surface-to-volume ratio of the 3D bioprocess. It is preferred that the diameter of
the rod Rg be less than half of sphere diameter, S¢. For example, sphere diameter, So, of about
1-3 mm, including sphere diameter, S¢, of about 2 mm, rod diameter, R¢ of about 125 um to
about 3 mm, rod length, RL, of about 100 um to about 3 mm. It is preferred that the diameter
of the rod Ro be less than half of sphere diameter, S¢. In one example, Figure 6 has the total
surface area of 25.49 cm?, and the volume of about 1 mL, which resulted the surface-to-volume
ratio of 25.49 cm*/mL.

[0028] In another method, T-cell expansion includes supplying a 3D bioprocessor with a
plurality of spheres and a plurality of rods that interconnects the plurality of spheres, providing
a coating on said bioprocessor surface area for cell expansion, attaching a protein attached to
the coating, immobilizing one or more biotinylated antibodies to the protein, flowing T-cells
through the bioprocessor having T-cell receptors, where activation occurs by T-cell receptors

binding to the one or more biotinylated antibodies. Exposing the activated T-cells to a
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perfusion media containing a signaling molecule promotes T-cell expansion. The coating can
be a protein coating, including a tetrameric protein such as avidin or streptavidin. Biotinylated
antibody for use in the method includes anti-CD3 antibody, anti-CD28 antibody, and anti-CD2
antibody. Signaling molecules in the perfusion media include cytokine signaling molecules.
[0029] In another method, a mixed population of cells is flowed through the bioprocessor, with
isolation of one or more cell types in the mixed population. This includes, for example,
immunological cells, with isolation of T cell, NK cells, B cells by using antibodies specific
these one or more cell types. Following isolation, each of the captured cell types in the
bioprocessor can be expanded by, for example, culturing in the presence of an activation media
with a signaling molecule, such as a cytokine. In other embodiments, cells, such as adherent
cells, can be flowed through the bioprocessor to promote differentiation.

[0030] The 3D bioprocessor can be formed from a material that has a tensile modulus of at
least 0.01 GPa. The 3D bioprocessor can be formed from a material that is biocompatible,
including for example, a material not susceptible to hydrolysis during cell cultivation such that
the amount of hydrolysis does not exceed 5.0% by weight of the material present.

[0031] The dimension of the sphere-rod unit depends on the (1) diameter of the sphere (So),
(2) the diameter of rod (R@), and (3) the length of the rod (RL) as shown in Figure 6. The
diameter of the sphere (S¢) can range from about 25 um to about 25 mm; the preferred range
is from about 250 pm to about 6 mm. This includes spheres of about 2 mm. The diameter of
rod (Re) can range from about 12.5 um to about 12.5 mm; the preferred range is from about
125 um to about 3 mm. The rod length (RL) can range from about 0.1 um to about 25 mm; the
preferred range is from about 100 um to about 3 mm. The change of sphere-rod dimension
changes the surface-to-volume ratio of the 3D bioprocess. It is preferred that the diameter of
the rod R be less than half of sphere diameter, S¢. In various configuration, one organizes
the plurality of spheres and the plurality of rods in one or more layers. In other embodiments,
the one or more layers includes at least two layers, with each layer offset from an adjacent
layer. Spheres in the plurality of spheres can each be connected by 4, 5, 6, 7, 8 or more rods.
[0032] One can introduce T-cells into the bioprocessor applying a number cells at a flow rate,
so as to impose a specific shear stress to maximize T-cell binding. One example includes shear
stress range between 0.1 Pa to 1.2 Pa and a varying flow rate (0.06-6 ml/h).

[0033] One can scale the size of the underlying design so as to produce a certain number of
cell of interest. For example, autologous therapy can require 5x10% CAR T cells, with T cell
expansion at about 60x times the number of input cells, and the percentage of T cells in patients’

PBMC sample can range from 5% to 50%, a typical sample used as the input to the CAR T cell
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expansion process contains anywhere between 20 and 200x10° PBMCs. Therefore, to activate
T cells in 200x10° PBMCs, a 3D bioprocessor with a surface area of 250 cm? is sufficient for
autologous clinical application.

[0034] In other embodiments, the method is for isolating rare cell types from a population of
cells. For example, the 3D bioprocessor includes a plurality of spheres with a plurality of rods
interconnecting the plurality of spheres. One provides a coating on the bioprocessor surface
area, and then attaches a protein to the coating, immobilizes biotinylated antibodies to the
protein. The antibodies are target to bind one or several cell types. When a mixing types of
cells flowing through the bioprocessor leading to a specific group of cells binding to the one
or more biotinylated antibodies and retained in the bioreactor. The rest of cells flows out from
the bioprocessor. The cells bound in the bioreactor are called deleted. The cells flow out of the
bioprocessor are negatively selected. This is an example of using the bioprocess for cell
separation, or isolation, or referred to as cell purification.

[0035] Described herein is a quantity of cells made by a method of supplying a 3D bioprocessor
with a plurality of spheres and a plurality of rods interconnecting the plurality of spheres,
thereafter providing a coating on the bioprocessor surface area, and then providing a protein
attached to the coating. One can then provide one or more biotinylated antibodies immobilized
on the protein, flowing cells through the bioprocessor, wherein the cells bind to the one or more
biotinylated antibodies. The cells can be a mixed population of cells, with antibodies specific
for one of the population of cells. Whereas certain cells will flow through and not be captured
by the bioprocessor, antibodies specific for one of the population of cells will capture the
population, which can be eluted for isolation, separation and further analysis.

[0036] Also described herein is a quantity of T cells made by the method of supplying a 3D
bioprocessor with a plurality of spheres interconnected by a plurality of rods, providing a
coating the bioprocessor surface area to expand cells, attaching a protein to the coating,
immobilizing one or more biotinylated antibodies. This is followed by flowing T-cells through
a bioprocessor having T-cell receptors, where the T-cell receptors bind to said one or more
biotinylated antibodies and become activated. One can then expand the activated T-cells to a
perfusion media containing a signaling molecule. Spheres in the plurality of spheres can each
be connected by 4, 5, 6, 7, 8 or more rods.

[0037] A quantity of T cells for autologous therapy is about 2, 3, 4, or 5 x10® or more CAR T
cells. T cell expansion can be about 20-30x, 30-40x, 40-50x, 50-60x, 60x or more of input
cells, and with PBMC sample 5% to 50% including T cells, the method may require use of
anywhere between 20 and 200x10° PBMCs. For example, activating T cells in 200x10°
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PBMCs, would suggest use of a 3D bioprocessor with a surface area of 250 cm? is sufficient
for clinical application.

[0038] Further described herein is an apparatus that is a plurality of spheres interconnected by
a plurality of rods. The diameter of the sphere (S¢) can range from about 25 pm to about 25
mm; the preferred range is from about 250 pm to about 6 mm. This includes spheres of about
2 mm. The diameter of rod (R¢) can range from about 12.5 pm to about 12.5 mm; the preferred
range is from about 125 pum to about 3 mm. The rod length (RL) can range from about 0.1 pm
to about 25 mm; the preferred range is from about 100 um to about 3 mm. The change of
sphere-rod dimension changes the surface-to-volume ratio of the 3D bioprocess. Itis preferred
that the diameter of the rod R¢ be less than half of sphere diameter, S¢. In various
configuration, one organies the plurality of spheres and the plurality of rods in one or more
layers. In other embodiments, the one or more layers includes at least two layers, with each
layer offset from an adjacent layer. Spheres in the plurality of spheres can each be connected
by 4, 5, 6, 7, 8 or more rods.

[0039] The apparatus can include a protein coating on the surface of the apparatus. One can
attach one or more biotinylated antibodies to the protein coating, including for example, anti-
CD3 antibody, anti-CD28 antibody, and anti-CD2 antibody.

[0040] The dimension of the sphere-rod unit depends on the (1) diameter of the sphere (So),
(2) the diameter of rod (Rg), and (3) the length of the rod (RL). The diameter of the sphere
(S¢) can range from about 25 um to about 25 mm; rhe preferred range is from about 250 pm
to 6 mm. The diameter of rod (Re) can range from about 12.5 um to about 12.5 mm; the
preferred range is from about 125 pm to about 3 mm. The rod length (RL) can range from O to
about 25 mm; the preferred range is from about 100 um to about 3 mm.

[0041] For example, sphere diameter, So, of from about 1 to about 3 mm, including sphere
diameter, S¢, of about 2 mm, rod diameter, R of from about 125 pm to about 3 mm, rod
length, RL, of from about 100 um to about 3 mm. It is preferred that the diameter of the rod
Ro be less than half of sphere diameter, Se¢.

[0042] The change of sphere-rod dimension changes the surface-to-volume ratio of the 3D
bioprocessor. Spheres in the plurality of spheres can each be connected by 4, 5, 6, 7, 8 or more
rods. As described herein, a 3D bioprocess with a surface area of about 250 cm? is sufficient
for certain clinical applications.

[0043] The bioprocessor may be made of biocompatible or bio-inert polymeric materials such
as polystyrene, polycarbonate, acrylonitrile-butadiene-styrene (ABS), polylactic acid (PLA),
polycaprolactone (PCL) used in FDM (fused deposition modeling) 3D printing technology.
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Reference to biocompatible or bio-inert should be understood as a material that is non-toxic to
the culturing cells. In addition, the polymeric materials for the 3D bioprocessor are preferably
selected from those polymers that at not susceptible to hydrolysis during cell cultivation, such
that the amount of hydrolysis does not exceed 5.0% by weight of the polymeric material
present, more preferably it does not exceed 2.5% by weight, and most preferably does not
exceed 1.0% by weight. The bioprocessor may also be made of photo-polymerization
biocompatible materials (e.g., poly(methyl methacrylate) or PMMA, etc.) used in SLA
(stereolithography) and DLP (digital light processing) 3D printing technologies.

[0044] Furthermore, the 3D bioprocessor herein is preferably one that is made from materials
that have a tensile modulus of at least 0.01 GPa. More preferably, the Tensile Modulus has a
value that is in the range of from about 0.01 to about 20.0 GPa, at 0.01 GPa increments. Even
more preferably, the Tensile Modulus for the material for the 3D bioprocessor is in the range
of from about 0.01 to about 10.0 GPa, or from about 1.0 o about 10 GPa. For example, with
respect to the earlier referenced polymeric materials suitable for manufacture of the 3D
bioprocessor herein, polystyrene indicates a tensile modulus of about 3.0 GPa, polycarbonate
at about 2.6 GPa, ABS at about 2.3 GPa, PLA at about 3.5 GPa, PCL at about 1.2 GPa, and
PMMA at about 3.0 GPa.

[0045] Other supporting information is found in U.S. Patent Publication No.
US2019/0309250A1, which is fully incorporated by reference herein.

Example 1
Sphere and Rod Design for the Cell Expansion

[0046] The 3D bioprocessor is composed of spherical beads tightly arranged in 3D space with
and interconnected with cylindrical rods as shown in Figure 3. The space between the spherical
beads allow fluid flow through. The 3D bioprocessor is composed of a large number of sphere-
rod unit that is shown in Figure 1(c). The interconnected sphere-rod units, tightly packed
together, form a repeatable and non-random mesh structure, which has a large surface-to-
volume ratio. The structure is enclosed by a wall that facilitates liquid perfuse through the mesh
strcture to deliver nutrition and oxygen to living organisms like cells.

[0047] The spherical beads with position offset layer-by-layer ensures that fluid flow over
through all spherical beads surface, which significantly enhance the interaction between fluid
and spherical beads. This structure, with some similar features as the pillar structure used in
microchip technology to detect circulating tumor cells, has the potential to facilitate the

isolation of cancer cells (an application of cell isolation), and any other targeting cells with the
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appropriated antibodies coating on the surface of the spherical beads. In addition to cell
isolation, the bioprocessor has potential for T cell activation and transduction when the
spherical beads surfaces are coated with antibodies like anti-CD3, CD28 to stimulate the T

cells.

Example 2
3-D Printed Structure
[0048] The novel 3D bioprocessor with its complex topology is difficult to fabricate with
traditional injection-molding manufacturing process. The Inventors have developed a method
of using additive manufacturing or 3D printing to precisely fabricate the structure shown in
Figure 5. The Inventors printed the bioprocessor using stereolithography (SLA), or digital light
process (DLP) technology, which yielded bioreactors with a smoother surface than other 3D

printing method.

Example 3
3-D Printed Structure Details and Additional Informaiton

[0049] An example of the 3D bioprocessor is illustrated in Figure 6 with dimension of the
sphere-rod unit depends on the 1) diameter of the sphere (S¢), 2) the diameter of rod (R¢), and
the length of the rod (RL). The change of sphere-rod dimension changes the surface-to-volume
ratio of the 3D bioprocess, with rod length increasing void space in the design and being a
primary driver of design volume.

[0050] The example of the 3D bioprocessor in Figure 6 has the total surface area of 25.49 cm?,

and the volume of about 1 mL, which resulted in the surface-to-volume ratio of 25.49 cm?*/mL.

Example 4
Manufacture Scale — Clinical Use
[0051] If the surface of the bioprocess is immobilized with anti-CD3 antibodies, then the T
cells perfusion through the 3D bioprocess can bind the anti-CD3 antibodies, and thus be
activated. Using the 3D bioprocess illustrated in Figure 6 as an example, the 25.49 cm? total
surface area is approximately equvalent to the total surface area of 6.6x107 magnetic beads
with the diameter of 3.5 um. These number of magnetic beads can typically process about
2.2x107 of peripheral blood mononuclear cells (PBMCs) for T cell expansion. If the 3D
bioprocess can immobilize similar density of antibodies on its internal surface, the 3D

bioprocess is expected to process and equivlent number of PBMCs for T cell expansion.
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[0052] A typical autologous CAR T cell therapy treatment needs approximately 5x10® CAR T
cells. Considering the T cell expansion factor in the final step is usually ~ 60 times, and the
percentage of T cells in patients’ PBMC sample can range from 5% to 50%, a typical sample
used as the input to the CAR T cell expansion process contains anywhere between 20 and
200x10° PBMCs. Therefore, to activate T cells in 200x10° PBMCs, a 3D bioprocess with a
surface area of 250 cm? is sufficient for clinical application.

[0053] The Inventors have fabricated bioreactor with the internal surface of 25,000 cm?, which
may be suitable for allogenic CAR T cell therapy. Because of using 3D printing as the
fabrication technique, the 3D bioprocess is easy to scale-up, scale-down, and scale-out for

different applications.

Example 5
Specific Advantages for CAR-T

[0054] Another feature of the 3D bioprocess is that it can control T cell interactions with the
3D bioprocess’s internal surface when T cells perfuse through the structure. Unlike loose
microbeads, whose internal structure is neither regular or uniform, the user can control
parameters to achieve desirable interaction between cell and antibody coated surface.

[0055] A notable example is that the shear stress on T cells can be controlled by the perfusion
flow rate. Several research groups have studied the effect of the volumetric flow rate and shear
stress on cell attachment to surfaces. The study of CD8+ and CD4+ T-cells attachment to
antigen-bearing dendritic cells indicates that a shear stress range between 0.1 Pa to 1.2 Pa and
a varying flow rate (0.06-6 ml/h) resulted in maximum T-cell binding.

[0056] The various methods and techniques described above provide a number of ways to carry
out the invention. Of course, it is to be understood that not necessarily all objectives or
advantages described may be achieved in accordance with any particular embodiment
described herein. Thus, for example, those skilled in the art will recognize that the methods
can be performed in a manner that achieves or optimizes one advantage or group of advantages
as taught herein without necessarily achieving other objectives or advantages as may be taught
or suggested herein. A variety of advantageous and disadvantageous alternatives are
mentioned herein. It is to be understood that some preferred embodiments specifically include
one, another, or several advantageous features, while others specifically exclude one, another,
or several disadvantageous features, while still others specifically mitigate a present

disadvantageous feature by inclusion of one, another, or several advantageous features.
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[0057] Furthermore, the skilled artisan will recognize the applicability of various features from
different embodiments. Similarly, the various elements, features and steps discussed above, as
well as other known equivalents for each such element, feature or step, can be mixed and
matched by one of ordinary skill in this art to perform methods in accordance with principles
described herein. Among the various elements, features, and steps some will be specifically
included and others specifically excluded in diverse embodiments.

[0058] Although the invention has been disclosed in the context of certain embodiments and
examples, it will be understood by those skilled in the art that the embodiments of the invention
extend beyond the specifically disclosed embodiments to other alternative embodiments and/or
uses and modifications and equivalents thereof.

[0059] Many variations and alternative elements have been disclosed in embodiments of the
present invention. Still further variations and alternate elements will be apparent to one of skill
in the art. Among these variations, without limitation, are apparatus designs, processes of using
such designs, cells compatible with such apparatuses and, methods and compositions for
production of such cells, including media formulations, related bioprocess techniques and other
variations of the invention. Various embodiments of the invention can specifically include or
exclude any of these variations or elements.

[0060] In some embodiments, the numbers expressing quantities of ingredients, properties such
as concentration, reaction conditions, and so forth, used to describe and claim certain
embodiments of the invention are to be understood as being modified in some instances by the
term “about.” Accordingly, in some embodiments, the numerical parameters set forth in the
written description and attached claims are approximations that can vary depending upon the
desired properties sought to be obtained by a particular embodiment. In some embodiments,
the numerical parameters should be construed in light of the number of reported significant
digits and by applying ordinary rounding techniques. Notwithstanding that the numerical
ranges and parameters setting forth the broad scope of some embodiments of the invention are
approximations, the numerical values set forth in the specific examples are reported as
precisely as practicable. The numerical values presented in some embodiments of the invention
may contain certain errors necessarily resulting from the standard deviation found in their
respective testing measurements.

[0061] In some embodiments, the terms “a” and “an” and “the” and similar references used in
the context of describing a particular embodiment of the invention (especially in the context of
certain of the following claims) can be construed to cover both the singular and the plural. The

recitation of ranges of values herein is merely intended to serve as a shorthand method of
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referring individually to each separate value falling within the range. Unless otherwise
indicated herein, each individual value is incorporated into the specification as if it were
individually recited herein. All methods described herein can be performed in any suitable
order unless otherwise indicated herein or otherwise clearly contradicted by context. The use
of any and all examples, or exemplary language (e.g. “such as”) provided with respect to certain
embodiments herein is intended merely to better illuminate the invention and does not pose a
limitation on the scope of the invention otherwise claimed. No language in the specification
should be construed as indicating any non-claimed element essential to the practice of the
invention.

[0062] Groupings of alternative elements or embodiments of the invention disclosed herein are
not to be construed as limitations. Each group member can be referred to and claimed
individually or in any combination with other members of the group or other elements found
herein. One or more members of a group can be included in, or deleted from, a group for
reasons of convenience and/or patentability. When any such inclusion or deletion occurs, the
specification is herein deemed to contain the group as modified thus fulfilling the written
description of all Markush groups used in the appended claims.

[0063] Preferred embodiments of this invention are described herein, including the best mode
known to the inventor for carrying out the invention. Variations on those preferred
embodiments will become apparent to those of ordinary skill in the art upon reading the
foregoing description. It is contemplated that skilled artisans can employ such variations as
appropriate, and the invention can be practiced otherwise than specifically described herein.
Accordingly, many embodiments of this invention include all modifications and equivalents of
the subject matter recited in the claims appended hereto as permitted by applicable law.
Moreover, any combination of the above-described elements in all possible variations thereof
is encompassed by the invention unless otherwise indicated herein or otherwise clearly
contradicted by context.

[0064] Furthermore, numerous references have been made to patents and printed publications
throughout this specification. Each of the above cited references and printed publications are
herein individually incorporated by reference in their entirety.

[0065] In closing, it is to be understood that the embodiments of the invention disclosed herein
are illustrative of the principles of the present invention. Other modifications that can be
employed can be within the scope of the invention. Thus, by way of example, but not of

limitation, alternative configurations of the present invention can be utilized in accordance with
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the teachings herein. Accordingly, embodiments of the present invention are not limited to that

precisely as shown and described.



