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CELL EXPANSION

Background

[0001] Cell Expansion Systems (CES’s) may be used to expand and differentiate a
variety of cell types that may be used for both research and therapeutic purposes. As one
example, CD34+ progenitor cells hematological progenitor stem cells (HSC’s) have been
identified as possible treatments in diseases such as cancers (e.g., lymphoma, leukemia,
myeloma, etc.). HSC's may be collected from bone marrow, cord blood, and or peripheral
blood. It has been suggested that a minimum number of HSC’s should be given as an
effective dose. Accordingly, the HSC’s may be grown from an initial amount to at least an

amount that may be considered an effective dose.

[0002] Embodiments have been made in light of these and other considerations.
However, the relatively specific problems discussed above do not limit the applicability of

the embodiments of the present disclosure.

Summary

[0003] The summary is provided to introduce aspects of some embodiments in a
simplified form, and is not intended to identify key or essential elements, nor is it intended

to limit the scope of the claims.

[0004] Embodiments relate to cell expansion systems (CES’s) and methods of growing
cells in a bioreactor of a cell expansion system. Embodiments provide methods for
expanding cells in a bioreactor, such as a hollow fiber bioreactor. Embodiments may
provide for introducing cells, e.g., hematopoietic stem cells (HSC's) (for example, CD34+
cells) into a hollow fiber bioreactor, wherein the hollow fiber bioreactor includes a plurality
of hollow fibers. Embodiments may provide for exposing the first plurality of cells to growth
conditions. The growth conditions may include exposing the first plurality of cells to a
combination of growth factors in the hollow fiber bioreactor. In embodiments, the growth
conditions may include, but are not limited to, co-cultured cells and a combination of

growth factors. After exposing the cells to the growth conditions, the cells may be
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expanded to generate a second plurality of expanded cells. The second plurality of

expanded cells may then be removed from the bioreactor.

Brief Description of the Drawings

[0005] Non-limiting and non-exhaustive embaodiments are described with reference to

the following figures.

[0006] FIG. 1 depicts a perspective view of a hollow fiber bioreactor, in accordance with

embodiments.

[0007] FIG. 2 illustrates a perspective view of a cell expansion system with a

premounted fluid conveyance device, in accordance with embodiments.

[0008] FIG. 3 depicts a perspective view of a housing of a cell expansion system, in

accordance with embodiments.

[0009] FIG. 4 illustrates a perspective view of a premounted fluid conveyance device, in

accordance with embodiments.

[0010] FIG. 5 depicts a schematic of a cell expansion system, in accordance with

embodiments.

[0011] FIG. 6 illustrates a schematic of another embodiment of a cell expansion system,

in accordance with embodiments.

[0012] FIG. 7 illustrates a flow of a process for expanding cells according to

embodiments.

[0013] FIG. 8 illustrates a flow of a process for expanding cells according to another

embodiment.

[0014] FIG. 9 illustrates a flow of a process for expanding cells according to yet another

embodiment.
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[0015] FIGS. 10A-D illustrate a cross section of a hollow fiber during rotation of a

bioreactor, according to embodiments.

[0016] FIG. 11 illustrates components of a computing system that may be used to

implement embodiments.

[0017] FIG. 12 illustrates a bar graph of the number of cells grown according to one

embodiment for expansion of CD34+ cells in a bioreactor system.

[0018] FIG. 13 illustrates a graph showing metabolic profile according to one

embodiment for expansion of CD34+ cells.

[0019] FIG. 14 illustrates a graph showing metabolic rates according to one

embodiment for expansion of CD34+ cells.

[0020] FIG. 15 illustrates a graph showing cell counts according to one embodiment for

expansion of CD34+ cells.

[0021] FIG. 16 illustrates a graph showing cell counts according to another embodiment

for expansion of CD34+ cells.

[0022] FIG. 17 illustrates a graph showing cell counts according to another

embodiment for expansion of CD34+ cells.

[0023] FIG. 18 illustrates a bar graph showing different types of biomarkers on cells

grown according to embodiments.

Detailed Description

[0024] The principles of the present disclosure may be further understood by reference
to the following detailed description and the embodiments depicted in the accompanying
drawings. It should be understoaod that although specific features are shown and described
below with respect to detailed embodiments, the present disclosure is not limited to the

embodiments described below.
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[0025] Reference will now be made in detail to the embodiments illustrated in the
accompanying drawings and described below. Wherever possible, the same reference

numerals are used in the drawings and the description to refer to the same or like parts.

[0026] Referring to FIG. 1, an example of a hollow fiber bioreactor 100, which may be
used with the present disclosure is shown in front side elevation view. Hollow fiber
bioreactor 100 has a longitudinal axis LA-LA and includes chamber housing 104. In at least
one embodiment, chamber housing 104 includes four openings or ports: intracapillary (IC)

inlet port 108, IC outlet port 120, extracapillary (EC) inlet port 128, and EC outlet port 132.

[0027] According to embodiments of the present disclosure, fluid in a first circulation
path enters hollow fiber bioreactor 100 through IC inlet port 108 at a first longitudinal end
112 of the hollow fiber bioreactor 100, passes into and through the intracapillary side
(referred to in various embaodiments as the intracapillary (“IC”) side or “IC space” of a hollow
fiber membrane) of a plurality of hollow fibers 116, and out of hollow fiber bioreactor 100
through IC outlet port 120 located at a second longitudinal end 124 of the hollow fiber
bioreactor 100. The fluid path between the IC inlet port 108 and the IC outlet port 120
defines the IC portion 126 of the hallow fiber bioreactor 100. Fluid in a second circulation
path flows in the hollow fiber bioreactor 100 through EC inlet port 128, comes in contact
with the extracapillary side or outside (referred to as the “EC side” or “EC space” of the
membrane) of the hallow fibers 116, and exits hallow fiber bioreactor 100 via EC outlet port
132. The fluid path between the EC inlet port 128 and the EC outlet port 132 comprises the
EC portion 136 of the hollow fiber bioreactor 100. Fluid entering hollow fiber bioreactor
100 via the EC inlet port 128 may be in contact with the outside of the hollow fibers 116.
Small molecules (e.g., ions, water, oxygen, lactate, etc.) may diffuse through the hollow
fibers 116 from the interior or IC space of the hollow fiber to the exterior or EC space, or
from the EC space to the IC space. Large molecular weight molecules, such as growth
factors, may be too large to pass through the hollow fiber membrane, and remain in the IC
space of the hollow fibers 116. The media may be replaced as needed, in embodiments.
Media may also be circulated through an oxygenator or gas transfer module to exchange
gasses as needed (see e.g., cell expansion systems 500 (FIG. 5) and 600 (FIG. 6)). Cells may

be contained within a first circulation path and/or a second circulation path, as described
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below, and may be on either the IC side and/or EC side of the membrane, according to

embodiments.

[0028] The material used to make the hollow fiber membrane may be any
biocompatible polymeric material which is capable of being made into hollow fibers. One
material which may be used is a synthetic polysulfone-based material, according to an
embodiment of the present disclosure. In order for the cells to adhere to the surface of the
hollow fibers, the surface may be modified in some way, either by coating at least the cell
growth surface with a protein, e.g., a glycoprotein such as fibronectin or collagen, or by
exposing the surface to radiation. Gamma treating the membrane surface may allow for
attachment of adherent cells without additionally coating the membrane with fibronectin or
the like. Bioreactors made of gamma treated membranes may be reused. Other coatings
and/or treatments for cell attachment may be used in accordance with embodiments of the

present disclosure.

[0029] Turning to FIG. 2, an embodiment of a cell expansion system 200 with a
premounted fluid conveyance assembly is shown in accordance with embodiments of the
present disclosure. The CES 200 includes a cell expansion machine 202 that comprises a
hatch or closable door 204 for engagement with a back portion 206 of the cell expansion
machine 202. An interior space 208 within the cell expansion machine 202 includes features
adapted for receiving and engaging a premounted fluid conveyance assembly 210 that
includes a bioreactor 100. The premounted fluid conveyance assembly 210 may be
detachably-attachable to the cell expansion machine 202 to facilitate relatively quick
exchange of a new or unused premounted fluid conveyance assembly 210 at a cell
expansion machine 202 for a used premounted fluid conveyance assembly 210 at the same
cell expansion machine 202. A single cell expansion machine 202 may be operated to grow
or expand a first set of cells using a first premounted fluid conveyance assembly 210 and,
thereafter, may be used to grow or expand a second set of cells using a second premounted
fluid conveyance assembly 210 without needing to be sanitized between interchanging the
first premounted fluid conveyance assembly 210 for the second premounted fluid
conveyance assembly 210. The premounted fluid conveyance assembly includes a

bioreactor 100 and an oxygenator or gas transfer module 212. Tubing guide slots are shown
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as 214 for receiving various media tubing connected to premounted fluid conveyance

assembly 210, according to embodiments.

[0030] Next, FIG. 3 illustrates the back partion 206 of cell expansion machine 202 prior
to detachably-attaching a premounted fluid conveyance assembly 210 (FIG. 2), in
accordance with embodiments of the present disclosure. The closable door 204 (shown in
FIG. 2) is omitted from FIG. 3. The back portion 206 of the cell expansion machine 202
includes a number of different structures for waorking in combination with elements of a
premounted fluid conveyance assembly 210. More particularly, the back portion 206 of the
cell expansion machine 202 includes a plurality of peristaltic pumps for cooperating with
pump loops on the premounted fluid conveyance assembly 210, including the IC circulation
pump 218, the EC circulation pump 220, the IC inlet pump 222, and the EC inlet pump 224.
In addition, the back portion 206 of the cell expansion machine 202 includes a plurality of
valves, including the IC circulation valve 226, the reagent valve 228, the IC media valve 230,
the air removal valve 232, the cell inlet valve 234, the wash valve 236, the distribution valve
238, the EC media valve 240, the IC waste valve 242, the EC waste valve 244, and the
harvest valve 246. Several sensors are also associated with the back portion 206 of the cell
expansion machine 202, including the IC outlet pressure sensaor 248, the combination IC
inlet pressure and temperature sensors 250, the combination EC inlet pressure and
temperature sensars 252, and the EC outlet pressure sensor 254. Also shown is an optical

sensor 256 for an air removal chamber.

[0031] In accordance with embodiments, a shaft or rocker control 258 for rotating the
bioreactor 100 is shown in FIG. 3. Shaft fitting 260 associated with the shaft or rocker
control 258 allows for proper alignment of a shaft access aperture, see e.g., 424 (FIG. 4) of a
tubing-organizer, see e.g., 300 (FIG. 4) of a premounted conveyance assembly 210 or 400
with the back portion 206 of the cell expansion machine 202. Rotation of shaft or rocker
control 258 imparts rotational movement to shaft fitting 260 and bioreactor 100. Thus,
when an operator or user of the CES 200 attaches a new or unused premounted fluid
conveyance assembly 400 (FIG. 4) to the cell expansion machine 202, the alignment is a
relatively simple matter of properly orienting the shaft access aperture 424 (FIG. 4) of the

premounted fluid conveyance assembly 210 or 400 with the shaft fitting 260.
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[0032] Turning to FIG. 4, a perspective view of a detachably-attachable premounted
fluid conveyance assembly 400 is shown. The premounted fluid conveyance assembly 400
may be detachably-attachable to the cell expansion machine 202 to facilitate relatively quick
exchange of a new or unused premounted fluid conveyance assembly 400 at a cell
expansion machine 202 for a used premounted fluid conveyance assembly 400 at the same
cell expansion machine 202. As shown in FIG. 4, the bioreactor 100 may be attached to a
bioreactor coupling that includes a shaft fitting 402. The shaft fitting 402 includes one or
mare shaft fastening mechanisms, such as a biased arm or spring member 404 for engaging

a shaft, e.g., 258 (shown in FIG. 3), of the cell expansion machine 202.

[0033] In embodiments, the shaft fitting 402 and the spring member 404 connect to
mechanisms of a cell expansion system that rotate the bioreactor 100. For example, in
some embodiments, the cell expansion system may be part of a QUANTUM® Cell Expansion
System (CES), manufactured by Terumo BCT, Inc. of Lakewood, CO, which provides for
rotation of a bioreactor. Examples of cell expansion systems that provide for rotation of the
bioreactor are described in at least: U.S. Patent No. 8,399,245, issued March 19, 2013,
entitled “ROTATION SYSTEM FOR CELL GROWTH CHAMBER OF A CELL EXPANSION SYSTEM
AND METHOD OF USE THEREFOR;” U.S. Patent No. 8,809,043, issued February 13, 2013,
entitled “ROTATION SYSTEM FOR CELL GROWTH CHAMBER OF A CELL EXPANSION SYSTEM
AND METHOD OF USE THEREFOR;” and U.S. Patent No. 9,057,045, issued June 16, 2015,
entitled “METHOD OF LOADING AND DISTRIBUTING CELLS IN A BIOREACTOR OF A CELL
EXPANSION SYSTEM;” all three of which are hereby incorporated by reference in their

entirety as if set forth herein in full.

[0034] According to embodiments, the premounted fluid conveyance assembly 400
includes tubing 408A, 408B, 408C, 408D, 408E, etc., and various tubing fittings to provide
the fluid paths shown in FIGS. 5 and 6, as discussed below. Pump loops 406A, 406B, and
406C are also provided for the pump(s). In embodiments, although the various media may
be provided at the site where the cell expansion machine 202 is located, the premounted
fluid conveyance assembly 400 may include sufficient tubing length to extend to the exterior
of the cell expansion machine 202 and to enable welded connections to tubing associated

with the media bags, according to embodiments.
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[0035] FIG. 5 illustrates a schematic of an embodiment of a cell expansion system 500,
and FIG. 6 illustrates a schematic of another embodiment of a cell expansion system 600. In
the embodiments shown in FIGS. 5 and 6, and as described below, the cells are grown in the
IC space. However, the disclosure is not limited to such examples and may in other
embodiments provide far cells to be grown in the EC space. In yet other embodiments, such
as when co-culturing cells, first cells may be grown in the EC space, while second cells may
be grown in the IC space. Co-culturing of cells may also be performed by growing first cells

and second cells in the EC space, or growing first cells and second cells in the IC space.

[0036] FIG. 5 illustrates a CES 500, which includes first fluid circulation path 502 (also
referred to as the “intracapillary loop” or “IC loop”) and second fluid circulation path 504
(also referred to as the “extracapillary loop” or “EC loop”), according to embodiments. First
fluid flow path 506 may be fluidly associated with hollow fiber bioreactor 501 to form, at
least in part, first fluid circulation path 502. Fluid flows into hollow fiber bioreactor 501
through IC inlet port 501A, through hollow fibers in hollow fiber bioreactor 501, and exits
via IC outlet port 501B. Pressure gauge 510 measures the pressure of media leaving hollow
fiber bioreactor 501. Media flows through IC circulation pump 512 which may be used to
control the rate of media flow/rate of fluid circulation. IC circulation pump 512 may pump
the fluid in a first direction (e.g., clockwise) or second direction opposite the first direction
(e.g., counter clockwise). Exit port 501B may be used as an inlet in the reverse direction.
Media entering the IC loop 502 may then enter through valve 514. As those skilled in the art
will appreciate, additional valves and/or other devices may be placed at various locations to
isolate and/or measure characteristics of the media along portions of the fluid paths.
Accordingly, it is to be understood that the schematic shown represents one possible
configuration for various elements of the CES 500, and modifications to the schematic

shown are within the scope of the one or more present embodiments.

[0037] With regard to the IC loop 502, samples of media may be obtained from sample
port 516 or sample coil 518 during operation. Pressure/temperature gauge 520 disposed in
first fluid circulation path 502 allows detection of media pressure and temperature during
operation. Media then returns to IC inlet port 501A to complete fluid circulation path 502.

Cells grown/expanded in hollow fiber bioreactor 501 may be flushed out of hollow fiber
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bioreactor 501 into harvest bag 599 through valve 598 or redistributed within the hollow

fibers for further growth.

[0038] Fluid in second fluid circulation path 504 enters hollow fiber bioreactor 501 via
EC inlet port 501C, and leaves hollow fiber bioreactor 501 via EC outlet port 501D. Media in
the EC loop 504 may be in contact with the outside of the hollow fibers in the hollow fiber
bioreactor 501, thereby allowing diffusion of small molecules into and out of the hollow

fibers.

[0039] Pressure/temperature gauge 524 disposed in the second fluid circulation path
504 allows the pressure and temperature of media to be measured before the media enters
the EC space of hollow fiber bioreactor 501. Pressure gauge 526 allows the pressure of
media in the second fluid circulation path 504 to be measured after it leaves hollow fiber
bioreactor 501. With regard to the EC loop, samples of media may be obtained from sample

port 530 or a sample coil during operation.

[0040] In embodiments, after leaving EC outlet port 501D of hollow fiber bioreactor
501, fluid in second fluid circulation path 504 passes through EC circulation pump 528 to
oxygenator or gas transfer module 532. EC circulation pump 528 may also pump the fluid in
opposing directions. Second fluid flow path 522 may be fluidly associated with oxygenator
or gas transfer module 532 via oxygenator inlet port 534 and oxygenator outlet port 536. In
operation, fluid media flows into oxygenator or gas transfer module 532 via oxygenator inlet
port 534, and exits oxygenator or gas transfer module 532 via oxygenator outlet port 536.
Oxygenator or gas transfer module 532 adds oxygen to and removes bubbles from media in
the CES 500. In various embodiments, media in second fluid circulation path 504 may be in
equilibrium with gas entering oxygenator or gas transfer module 532. The oxygenator or
gas transfer module 532 may be any appropriately sized oxygenator or gas transfer device.
Air or gas flows into oxygenator or gas transfer module 532 via filter 538 and out of
oxygenator or gas transfer device 532 through filter 540. Filters 538 and 540 reduce or
prevent contamination of oxygenator or gas transfer module 532 and associated media. Air
or gas purged from the CES 500 during portions of a priming sequence may vent to the

atmaosphere via the oxygenator or gas transfer module 532.
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[0041] In the configuration depicted for CES 500, fluid media in first fluid circulation
path 502 and second fluid circulation path 504 flows through hollow fiber bioreactor 501 in
the same direction (a co-current configuration). The CES 500 may also be configured to flow

in a counter-current configuration.

[0042] In accordance with at least one embodiment, media, including cells (from bag
562), and fluid media from bag 546 may be introduced to first fluid circulation path 502 via
first fluid flow path 506. Fluid container 562 (e.g., Cell Inlet Bag or Saline Priming Fluid for
priming air out of the system) may be fluidly associated with the first fluid flow path 506 and

the first fluid circulation path 502 via valve 564.

[0043] Fluid containers, or media bags, 544 (e.g., Reagent) and 546 (e.g., IC Media) may
be fluidly associated with either first fluid inlet path 542 via valves 548 and 550,
respectively, or second fluid inlet path 574 via valves 548, 550, and 570. First and second
sterile sealable input priming paths 508 and 509 are also provided. An air removal chamber
(ARC) 556 may be fluidly associated with first circulation path 502. The air removal chamber
556 may include one or more ultrasonic sensors including an upper sensor and lower sensor
to detect air, a lack of fluid, and/or a gas/fluid interface, e.g., an air/fluid interface, at certain
measuring positions within the air removal chamber 556. For example, ultrasonic sensors
may be used near the bottom and/or near the top of the air removal chamber 556 to detect
air, fluid, and/or an air/fluid interface at these locations. Embodiments provide for the use
of numerous other types of sensors without departing from the spirit and scope of the
present disclosure. For example, optical sensors may be used in accordance with
embodiments of the present disclosure. Air or gas purged from the CES 500 during portions
of the priming sequence or other protocols may vent to the atmosphere out air valve 560

via line 558 that may be fluidly associated with air remaval chamber 556.

[0044] EC media (from bag 568) or wash solution (from bag 566) may be added to
either the first or second fluid flow paths. Fluid container 566 may be fluidly associated with
valve 570 that may be fluidly associated with first fluid circulation path 502 via distribution
valve 572 and first fluid inlet path 542. Alternatively, fluid container 566 may be fluidly
associated with second fluid circulation path 504 via second fluid inlet path 574 and EC inlet

path 584 by opening valve 570 and closing distribution valve 572. Likewise, fluid container

10
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568 may be fluidly associated with valve 576 that may be fluidly associated with first fluid
circulation path 502 via first fluid inlet path 542 and distribution valve 572. Alternatively,
fluid container 568 may be fluidly associated with second fluid inlet path 574 by opening
valve 576 and closing valve distribution 572. An optional heat exchanger 552 may be

provided for media reagent or wash solution introduction.

[0045] In the IC loap, fluid may be initially advanced by the IC inlet pump 554. In the EC
loop, fluid may be initially advanced by the EC inlet pump 578. An air detector 580, such as

an ultrasonic sensor, may also be associated with the EC inlet path 584.

[0046] In at least one embodiment, first and second fluid circulation paths 502 and 504
are connected to waste line 588. When valve 590 is opened, IC media may flow through
waste line 588 and to waste or outlet bag 586. Likewise, when valve 582 is opened, EC

media may flow through waste line 588 to waste or outlet bag 586.

[0047] In embaodiments, cells may be harvested via cell harvest path 596. Here, cells
from hollow fiber bioreactor 501 may be harvested by pumping the IC media containing the

cells through cell harvest path 596 and valve 598 to cell harvest bag 599.

[0048] Various components of the CES 500 may be contained or housed within a
machine or housing, such as cell expansion machine 202 (FIGS. 2 and 3), wherein the

machine maintains cells and media at a predetermined temperature.

[0049] Turning to FIG. 6, a schematic of another embodiment of a cell expansion
system 600 is shown. CES 600 includes a first fluid circulation path 602 (also referred to as
the “intracapillary loop” or “IC loop”) and second fluid circulation path 604 (also referred to
as the “extracapillary loop” or “EC loop”). First fluid flow path 606 may be fluidly associated
with hollow fiber bioreactor 601 to form first fluid circulation path 602. Fluid flows into
hollow fiber bioreactor 601 through IC inlet port 601A, through hollow fibers in hollow fiber
bioreactor 601, and exits via IC outlet port 601B. Pressure sensor 610 measures the
pressure of media leaving hollow fiber bioreactor 601. In addition to pressure, sensor 610
may, in embodiments, also be a temperature sensor that detects the media pressure and

temperature during operation.

11
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[0050] Media flows through IC circulation pump 612 which may be used to control the
rate of media flow or rate of circulation. IC circulation pump 612 may pump the fluid in a
first direction (e.g. counter clockwise) or second direction opposite the first direction (e.g.,
clockwise). Exit port 601B may be used as an inlet in the reverse direction. Media entering
the IC loop may flow through valve 614. As those skilled in the art will appreciate, additional
valves and/or other devices may be placed at various locations to isolate and/or measure
characteristics of the media along portions of the fluid paths. Samples of media may be
obtained from sample coil 618 during operation. Media then returns to IC inlet port 601A to

complete fluid circulation path 602.

[0051] Cells grown/expanded in hollow fiber bioreactor 601 may be flushed out of
hollow fiber bioreactor 601 into harvest bag 699 through valve 698 and line 697.
Alternatively, when valve 698 is closed, the cells may be redistributed within hollow fiber
bioreactor 601 for further growth. It is to be understood that the schematic shown
represents one possible configuration for various elements of the CES 600, and
madifications to the schematic shown are within the scope of the one or more present

embodiments.

[0052] Fluid in second fluid circulation path 604 enters hollow fiber bioreactor 601 via
EC inlet port 601C and leaves hollow fiber bioreactor 601 via EC outlet port 601D. Media in
the EC loop may be in contact with the outside of the hollow fibers in the hollow fiber
bioreactor 601, thereby allowing diffusion of small molecules into and out of the hollow

fibers that may be within chamber 601, according to an embaodiment.

[0053] Pressure/temperature sensor 624 disposed in the second fluid circulation path
604 allows the pressure and temperature of media to be measured before the media enters
the EC space of the hollow fiber bioreactor 601. Sensor 626 allows the pressure and/or
temperature of media in the second fluid circulation path 604 to be measured after it leaves
the hollow fiber bioreactor 601. With regard to the EC loop, samples of media may be

obtained from sample port 630 or a sample coil during operation.

[0054] After leaving EC outlet port 601D of hollow fiber bioreactor 601, fluid in second

fluid circulation path 604 passes through EC circulation pump 628 to oxygenator or gas

12
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transfer module 632. EC circulation pump 628 may also pump the fluid in opposing
directions, according to embodiments. Second fluid flow path 622 may be fluidly associated
with oxygenator or gas transfer module 632 via an inlet port 632A and an outlet port 632B
of oxygenator or gas transfer module 632. In operation, fluid media flows into oxygenator
or gas transfer module 632 via inlet port 632A, and exits oxygenator or gas transfer module
632 via outlet port 632B. Oxygenator or gas transfer module 632 adds oxygen to and

removes bubbles from media in the CES 600.

[0055] In various embodiments, media in second fluid circulation path 604 may be in
equilibrium with gas entering oxygenator or gas transfer module 632. The oxygenator or
gas transfer module 632 may be any appropriately sized device useful for oxygenation or gas
transfer. Air or gas flows into oxygenator or gas transfer module 632 via filter 638 and out
of oxygenator or gas transfer device 632 through filter 640. Filters 638 and 640 reduce or
prevent contamination of oxygenator or gas transfer module 632 and associated media. Air
or gas purged from the CES 600 during portions of a priming sequence may vent to the

atmosphere via the oxygenator or gas transfer module 632.

[0056] In the configuration depicted for CES 600, fluid media in first fluid circulation
path 602 and second fluid circulation path 604 flows through hollow fiber bioreactor 601 in
the same direction (a co-current configuration). The CES 600 may also be configured to flow

in a counter-current configuration.

[0057] In accordance with at least one embodiment, media, including cells (from a
source such as a cell container, e.g. a bag) may be attached at attachment point 662, and
fluid media from a media source may be attached at attachment point 646. The cells and
media may be introduced into first fluid circulation path 602 via first fluid flow path 606.
Attachment point 662 may be fluidly associated with the first fluid flow path 606 via valve
664, and attachment point 646 may be fluidly associated with the first fluid flow path 606
via valve 650. A reagent source may be fluidly connected to point 644 and be associated

with fluid inlet path 642 via valve 648, or second fluid inlet path 674 via valves 648 and 672.

[0058] Air removal chamber (ARC) 656 may be fluidly associated with first circulation

path 602. The air remaoval chamber 656 may include one or mare sensars including an
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upper sensor and lower sensor to detect air, a lack of fluid, and/or a gas/fluid interface, e.g.,
an air/fluid interface, at certain measuring positions within the air removal chamber 656.
For example, ultrasonic sensors may be used near the bottom and/or near the top of the air
removal chamber 656 to detect air, fluid, and/or an air/fluid interface at these locations.
Embodiments provide for the use of numerous other types of sensors without departing
from the spirit and scope of the present disclosure. For example, optical sensors may be
used in accordance with embodiments of the present disclosure. Air or gas purged from the
CES 600 during portions of a priming sequence or other protocol(s) may vent to the
atmosphere out air valve 660 via line 658 that may be fluidly associated with air removal

chamber 656.

[0059] An EC media source may be attached to EC media attachment point 668 and a
wash solution source may be attached to wash solution attachment point 666, to add EC
media and/or wash solution to either the first or second fluid flow path. Attachment point
666 may be fluidly assaciated with valve 670 that may be fluidly associated with first fluid
circulation path 602 via valve 672 and first fluid inlet path 642. Alternatively, attachment
point 666 may be fluidly associated with second fluid circulation path 604 via second fluid
inlet path 674 and second fluid flow path 684 by apening valve 670 and closing valve 672.
Likewise, attachment point 668 may be fluidly associated with valve 676 that may be fluidly
associated with first fluid circulation path 602 via first fluid inlet path 642 and valve 672.
Alternatively, fluid container 668 may be fluidly associated with second fluid inlet path 674

by opening valve 676 and closing valve distribution 672.

[0060] In the IC loap, fluid may be initially advanced by the IC inlet pump 654. In the EC
loop, fluid may be initially advanced by the EC inlet pump 678. An air detector 680, such as

an ultrasonic sensor, may also be associated with the EC inlet path 684.

[0061] In at least one embodiment, first and second fluid circulation paths 602 and 604
are connected to waste line 688. When valve 690 is opened, IC media may flow through
waste line 688 and to waste or outlet bag 686. Likewise, when valve 692 is opened, EC

media may flow to waste or outlet bag 686.
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[0062] After cells have been grown in hollow fiber bioreactor 601, they may be
harvested via cell harvest path 697. Here, cells from hallow fiber bioreactor 601 may be
harvested by pumping the IC media containing the cells through cell harvest path 697, with

valve 698 open, into cell harvest bag 699.

[0063] Various components of the CES 600 may be contained or housed within a
machine or housing, such as cell expansion machine 202 (FIGS. 2 and 3), wherein the
machine maintains cells and media at a predetermined temperature. It is further noted
that, in embodiments, components of CES 600 and CES 500 (FIG. 5) may be combined. In
other embodiments, a CES may include fewer or additional components than those shown
in FIGS. 5 and 6 and still be within the scope of the present disclosure. In embodiments,
portions of CES 500 and 600 may be implemented by one or more features of the
QUANTUM® Cell Expansion System (CES), manufactured by Terumo BCT, Inc. of Lakewood,
co.

[0064] In ane specific emboadiment of using CES 600, hematopoietic stem cells (HSC's),
e.g., CD34+ cells, may be expanded in an embodiment of CES 600. In this embodiment,
HSC’s (including CD34+ cells), which may be collected using a leukapheresis process or a
manual process (e.g., umbilical cords), may be introduced into the bioreactor 601. The

HSC’s (including CD34+ cells) may be introduced into the bioreactor 601 through path 602.

[0065] In some embaodiments, the HSC’s (including CD34+ cells) may be subjected to a
selection process (e.g., a purification process) befare introduction into bioreactor 601. The
process may involve the use of a centrifuge, purification column, magnetic selection,
chemical selection, etc. Some examples of cell selection/ purification procedures include
use of isolation columns from, for example, Miltenyi Biotec of Bergisch Gladbach, Germany.
In one example, cord blood is first subjected to a cell selection process that selects for HSC's
(including CD34+ cells) before the cells are introduced into the bioreactor 601. Other
examples may utilize apheresis machines to deplete other cells that may be included with
the HSC’s (including CD34+ cells) when ariginally collected. For example, the HSC's may be
sourced from cord blood, bone marrow, or peripheral blood. After initial collection, but
befare being introduced into the bioreactor 601, a volume of HSC’s including CD34+ cells

may be processed to deplete red blood cells, specific leukocytes, granulocytes, and/or other
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cells from the volume. These are merely some examples, and embodiments of the present

invention are not limited thereto.

[0066] In other embodiments, the HSC's (including CD34+ cells) may be added directly
to the bioreactor 601 after collection without any additional purification. For example, cord
blood (with HSC’s) may be added to the bioreactor. In addition to a number of proteins and
other bioactive malecules, the cord blood may include HSC’s (including CD34+ cells), red

blood cells, platelets, granulocytes, and/or leukocytes.

[0067] It is noted that in some embodiments, the HSC’'s may be added to bioreactor
601, after a priming step. As may be appreciated, the cells being expanded may not be
adherent and therefore it may not be required that they adhere to the hollow fiber walls of
bioreactor 601 for expansion/proliferation. In these embodiments, it may be unnecessary
to coat the inside of the hollow fibers with a coating to promote adhesion, e.g., fibronectin.
In these embodiments, the HSC’s (including CD34+ cells) (purified or unpurified) may be
introduced into the bioreactor 601 after a priming step and without a bioreactor coating
step. If the cells were adherent cells, a coating step may be performed after the priming

step and before introduction of the HSC’s.

[0068] Once in the bioreactor 601, the cells may be exposed to growth factors,
activators, hormones, reagents, proteins, and/or other bioactive molecules that may aid in
the expansion of the cells. In one example, a co-culture cell line may have been previously
grown/introduced, in the bioreactor 601, to optimize the conditions for growing the HSC’s
(including CD34+ cells). In one specific embodiment, human mesenchymal stem cells
(hMSC’s) may be co-cultured with the HSC's (including CD34+ cells) to promote growth of
CD34+ cells. Without being bound by theory, it is believed that MSC’s may emit factors
(e.g., SDF-1 factors) that interact with HSC’s (e.g., CD34+ cells) and promote proliferation of
these cells. In some embodiments, use of the co-cultured hMSC’s may involve a growing
process that is performed initially, under conditions optimized for proliferating the hMSC’s,
befare the HSC’s (including CD34+ cells) are introduced into the bioreactor 601. The hMSC’s
may be derived in embodiments from bone marrow, peripheral blood, cord cells, adipose

tissue, and/or molar tissue.
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[0069] In addition to co-culture cells, a supplement including one or more growth
factors, activators, hormones, reagents, proteins, and/or other bioactive molecules may be
added to bioreactor 601 to grow and expand the HSC’s. The supplement may be added as a
single volume addition or over a period of time (e.g., continuously, intermittently, or on a
regular schedule). In one embodiment, a combination of cytokines and/or other proteins,
e.g., recombinant cytokines, hormaones, etc., may be included as part of the supplement. As
one example, a supplement may include one or mare of: recombinant human FIt3 ligand
(rhFIt-3L), recombinant human stem cell factor (rhSCF), recombinant human thrombopoietin
(rhTPO), recombinant human (rh) Glial-derived neurotrophic factors and/or combinations
thereof. One example of a supplement that may be used with embodiments is

STEMCELL2MAX™ supplement (stemcell2MAX, Cantanhede, Portugal).

[0070] It is noted that in some embodiments, the combination of factors may be
included in the media in which the cells are suspended. For example, the HSC's may be
suspended in media and introduced into the bioreactor in the media. In embodiments, the

media may include a combination of growth factors that aid in proliferation of the HSC’s.

[0071] After the cells have been introduced into the bioreactor with the supplement,
co-culture cells, and/or other material for expanding the cells, the cells are allowed to
expand in bioreactor 601. During the expansion, there may be a number of materials that
may be added or removed from bioreactor 601. As one example, additional proteins (e.g.,
cytokines) may be may be added to bioreactor 601. In some embodiments, more than one
protein or other bioactive agent may be used. The additional material may be added
individually, at the same time, at different times, or may be combined and added in

combination.

[0072] It is noted that some embodiments may provide for adding material more
directly into the bioreactor 601, such as through port 618. In other embodiments, however,
the materials may be added in a location, e.g., through path 606, so that the materials may

be perfused more slowly into bioreactor 601.

[0073] In addition to materials for aiding in growing the HSC’s (including CD34+ cells),

the HSC’s may also be fed, such as by addition of a media that may include a number of
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nutrients. In some embodiments, the media may be commercially available media that may
include serum. In other embodiments, the media may be serum free and include other
additives. The media may be modified by the addition of other materials, some non-limiting
examples including salts, serum, proteins, reagents, bioactive maolecules, nutrients, etc. One
example of media that may be used to feed the HSC's (including CD34+ cells) includes

CELLGRO® serum free media (CellGenix, Freiburg, Germany).

[0074] In some embodiments, while the co-culture cells are located in the IC space,
feeding may occur in the EC space. Feeding through the EC space may, in embodiments,
reduce the amount of force that may be felt by the cells from circulating fluid in the IC
space. Circulation of media in the EC space may, in embodiments, provide sufficient

nutrients for the expansion of the HSC’s (including CD34+ cells).

[0075] As part of the expansion of the HSC's (including CD34+ cells), other conditions
such as temperature, pH, oxygen concentration, carbon dioxide concentration, waste
concentration, metabolite concentration etc. may also be controlled in bioreactor 601. In
some embodiments, the flow rates of the EC side, e.g., path 604 may be used to control
various parameters. For example, if it is desired to reduce waste or metabolite
concentrations on the IC side, where the cells are growing, flow rate an the EC side may be
increased to ensure that the waste and/or metabolites are removed from the IC side by

migration through the hollow fibers from the IC side to the EC side.

[0076] After the CD34+ cells have been expanded, the cells may be removed from the
bioreactor 601. The CD34+ cells may be collected in container 699. In embodiments, the
collected CD34+ cells may be administered to a patient to reestablish hematopoiesis. Some
non-limiting examples including patients undergoing treatment for various cancers, e.g.,
leukemia, myelodysplasia, non-Hodgkin lymphoma, etc., which may effect hematopoiesis.

The cells may be administered with other compounds or molecules.

[0077] In some embodiments, use of CES 600 may provide advantages in growing HSC's
(including CD34+ cells) aver conventional processes. For example, the use of hollow fibers
allows close cell to cell communication, which may enhance the growth of the CD34+ cells

to start and continue to proliferate. Also, the use of a hollow fiber bioreactor, such as
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bioreactor 601, may provide a large surface area for cell growth, which may vyield a higher

concentration or higher volume of CD34+ cells.

[0078] Further, the conditions in bioreactor 601 may be controlled using a number of
different components of the CES 600, including IC flow rates and EC flow rates. Also, CES
600 provides various locations for the addition of materials, which allows mare direct, or

indirect, e.g., perfusion, of cytokines into bioreactor 601.

[0079] Additionally, CES 600 provides a closed system. That is, the steps for growing
the CD34+ cells may be performed without direct exposure to the ambient environment,
which may contaminate the cells, or be contaminated by the cells or materials used in
growing the cells. It is also believed that some embodiments may provide for using a
smaller starting concentration of CD34+ cells for expansion, compared to other
methods/systems. In these embodiments, CD34+ cells may also be expanded to yield larger
amounts than from other methods/systems. It is also believed that some embodiments

may provide for shartening the time for growing an effective dose of CD34+ cells.

[0080] FIGS. 7-9 illustrate flows 700, 800, and 900 that may be performed in
embodiments to grow cells, e.g., HSC. Although specific devices may be described below for
performing steps in flows 700, 800, and 900, embodiments are not limited thereto. For
example, some steps may be described as performed by parts of a cell expansion system
(e.g., CES’s 500 or 600) or a processor (1100 (FIG. 11)), which may execute steps based on
software provided as processor executable instructions. This is done merely for illustrative
purposes, and flows 700, 800, and 900 are not limited to being performed by any specific

device.

[0081] Flow 700 starts at step 704 and proceeds to optional step 708 where cells (e.g.,
HSC’s including CD34+ cells) may be collected/prepared. As one example, step 708 may
involve an apheresis process, e.g., a leukapheresis process. In one specific embodiment, an
apheresis process is performed as part of step 708. Devices capable of collecting the cells
include in an apheresis process include the SPECTRA OPTIA® apheresis system, COBE®
spectra apheresis system, and the TRIMA ACCEL® automated blood collection system, all

manufactured by Terumo BCT, of Lakewood, Colorado.

18



WO 2017/205667 PCT/US2017/034544

[0082] In other embodiments, optional step 708 may involve thawing or otherwise
preparing cells (e.g., from cord blood). In some embodiments, the preparation of the cord
blood cells may involve processing the cord blood cells through a selection process that
selects CD34+ cells. The process may be either a positive or a negative selection process.
The process may involve the use of purification columns, magnetic columns, functionalized
magnetic beads, reagents, or other materials that separate CD34+ cells from other cells. As
one example, the selection process may involve the use of magnetic beads, functionalized
with antigens, and devices such as the CLINIMACS PRODIGY® system (Miltenyi Biotec,

Bergisch Gladbach, Germany) that utilizes a magnetic column to complete the separation.

[0083] In other embodiments, apheresis machines may be used to deplete other cells
that may be included with the cells when ariginally collected. For example, the cells may be
sourced from cord blood, bone marrow, or peripheral blood. After initial collection, but
befare being introduced into a bioreactor, a volume of target cells may be processed to
deplete red blood cells, specific leukocytes, granulocytes, and/or other cells from the
volume before introduction into a bioreactor. This is merely ane example and embodiments

may utilize other materials and systems to effect the separation.

[0084] Flow 700 passes from step 708 to step 712, where cells may be introduced into a
cell expansion system, in particular, a bioreactor of a cell expansion system. As noted
above, in some embodiments, flow 700 may begin at step 712. In embodiments, the
bioreactor may be a hollow fiber bioreactor such as bioreactor 100 (FIG. 1). In these
embodiments, step 712 may involve flowing cells into one or mare individual hollow fibers.
Step 712 may involve the use of a processor, pumps, valves, fluid conduit, etc. to introduce
cells into a bioreactor. In one embodiment, step 712 may involve opening valves (e.g., 564,

514, 664, and/or 614) and activating pumps (e.g., 554 and 654).

[0085] After step 712, flow 700 passes to step 716 where the cells are exposed to one
or more growth conditions. As may be appreciated, certain cell types require specific
growth conditions to expand. The growth conditions may for example include exposure to
certain proteins. One example of this type of cell includes CD34+ cells. Step 716 provides
for exposing cells to any necessary growth factors, proteins, reagents, nutrients, etc. that

may promote cell expansion and growth.
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[0086] Step 716 may invalve a number of steps that may be performed as part of step
716, or precede step 716. For example, in some embodiments, step 720 may be performed
to grow co-culture cells that may generate material that promotes growth of the target cell
line. In one embodiment, step 720 may be performed prior to step 716, or even prior to
step 708. In one specific example, human mesenchymal stem cells (hMSC’s) may be grown
in the bioreactor. In these embodiments, step 720 may involve a number of steps (e.g.,
collecting hMSC’s from bone marrow, peripheral blood, cord cells, adipose tissue, and/or
molar tissue) that result in co-culture cells being present in the bioreactor during step 716.

As may be appreciated, these steps may be performed prior to step 712.

[0087] With respect to growing the co-culture cells, several steps for conditioning the
bioreactor for growing the co-culture cells may be performed. In embodiments, the steps
may include priming the bioreactor, coating the bioreactor with materials that promote the
attachment of the co-culture cells (e.g., when the co-culture cells are adherent cells),
washing to remove materials prior to introduction of the co-culture cells into the bioreactor,

attaching the co-culture cells, and expanding the co-culture cells.

[0088] In other embodiments, step 716 may involve step 724, where growth factors
may be added to the bioreactor. As may be appreciated, in some embodiments, one or
maore growth factors, e.g., cytokines, may be added to promaote the proliferation of cells. As
one example, when growing CD34+ cells, the growth factor(s) may include one or more of:
recombinant human Flt3 ligand (rhFlt-3L), recombinant human stem cell factor (rhSCF),
recombinant human thrombaopoietin (rhTPO), recombinant human (rh) Glial-derived
neurotrophic factors, and combinations thereof. This is merely one example and in other
embodiments, different growth factors, combination of growth factors, or other proteins

may be used as part of step 724.

[0089] In one embodiment, at least a portion of the growth factors may be introduced
with the cells at step 712. For example, the media in which the cells are in when introduced
into the bioreactor may be conditioned with a combination of growth factors including one
or more of recombinant human Flt3 ligand (rhFlt-3L), recombinant human stem cell factor
(rhSCF), recombinant human thrombopoietin (rhTPO), recombinant human (rh) Glial-

derived neurotrophic factors, and combinations thereof. In these embodiments, step 716,
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and optional step 724, may involve supplementing growth factors that may have already

been added to the bioreactor with the cells.

[0090] After step 716, flow may pass to step 728, where cells are expanded, i.e.,
proliferated. Step 728 may invalve a number of sub-steps. For example, at sub-step 732,
the cells may be exposed to additional growth factors, proteins, bioactive molecules, etc.

The exposure may provide for the cells to continue to proliferate.

[0091] In embodiments, step 728 may occur during a period of time of several hours,
several days, or even several weeks. During this period of time, the various sub-steps (e.g.,
732, 736, and/or 740) may be performed at various times during this period. For example,
during the period, additional substances such as growth factors may be perfused or directly
injected into the bioreactor to supplement and continue to expose the cells and promote

proliferation.

[0092] Step 728 may also involve a feeding cells step 736. Step 736 may involve adding
various nutrients, including glucose, phosphates, salts, etc. Step 736 may in embodiments
involve sensing a concentration of a nutrient and in response to a relatively low
concentration, adding nutrient(s) to the bioreactor. Step 736 may involve the use of a
processar, pumps, valves, fluid conduit, etc. to add nutrients to feed the cells. Alternatively,
the additions of nutrients, such as glucose may be added based on a predetermined

schedule.

[0093] In some embodiments, step 728 may involve circulating media in the EC space.
The media may include nutrients necessary for expansion of the CD34+ cells. Feeding
through the EC space may, in embodiments, reduce the amount of force that may be felt by
the cells if media is circulated in the IC space. Circulation of media in the EC space may, in
embodiments, provide sufficient nutrients (e.g., glucose) for the expansion of the HSC's
(including CD34+ cells) through diffusion of the nutrients through hollow fibers. In other
embodiments, step 728 may involve circulating media, with nutrients (e.g., glucose), in the

IC space for more direct feeding.

[0094] Step 740 may involve cantrolling the growth environment of the bioreactor. As

may be appreciated, in addition to nutrients, the environment for optimizing growth of cells
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may involve a number of different parameters. For example, the temperature, pH, oxygen
concentration, carbon dioxide concentration, waste concentration, metabolite
concentration etc. may be monitored and controlled as part of step 740. In one specific
embodiment, a flow rate of a fluid flowing through an extracapillary space (EC) side of a
bioreactor may be used in controlling the pH, oxygen concentration, carbon dioxide
concentration, waste concentration, metabolite concentration etc. in the intracapillary

space where the cells are expanding.

[0095] Flow 700 proceeds from step 740 to step 744 where cells are removed from the
bioreactor. Step 744 may involve a number of sub-steps. For example, a harvest process
748, which itself includes a number of steps, may be performed as part of step 744. In
embodiments, step 748 may involve changing circulation rates on the intracapillary space
(IC) and extra capillary space (EC) sides of the bioreactor. In other embodiments, step 744
may involve circulating various materials to ensure that any cells that may have attached
themselves to the inside surface of fibers are released and removed from the bioreactor. As
one example, a protease may be added to break down proteins, such as glycoproteins that

may aid in binding of the cells to the fibers.

[0096] In one embadiment, as part of a harvest process 748, fluid within the bioreactor
(e.g., intracapillary space) may be circulated at a relatively high rate. The circulation of the
fluid may promote suspension of the cell expanded at step 728. The circulation may occur
for a predetermined period of time to ensure that the expanded cells are suspended in the
fluid and as many as possible may be recaovered from the bioreactor. Flow 700 ends at step

752,

[0097] Flow 800 may be performed in embodiments to grow cells, such as CD34+ cells
in co-culture. In embodiments, the co-culture may improve growth of the CD34+ cells. Flow
800 starts at step 804 and proceeds to step 808 where first cells (e.g., human mesenchymal
stem cells (hMSC’s)) may be introduced into a bioreactor. In embodiments, the bioreactor
(e.g., bioreactor 100 (FIG. 1)) may be a hollow fiber bioreactor that includes a number of

hollow fibers (e.g., hollow fibers 116 (FIG. 1)).
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[0098] In embodiments, hollow fibers in the hollow fiber bioreactor may be
conditioned prior to step 808. For example, in order to allow the hMSC’s to adhere to the
interior wall of the hollow fibers, the hollow fibers may be coated with for example a
glycoproteins (fibronectin, collagen). The coating process may involve a number of

substeps.

[0099] The cells introduced at step 808 may be introduced into the intracapillary space,
e.g., in the interior of the hollow fibers, of the hollow fiber bioreactor. Step 808 may involve
the use of a processor (1100, (FIG. 11)), pumps, valves, fluid conduit, etc. to introduce cells
into a bioreactor. In one embodiment, step 808 may involve opening valves (e.g., 564, 514,

664, and/or 614) and activating pumps (e.g., 554 and 654).

[00100] In other embodiments, step 808 may introduce the cells into an extracapillary
space, e.g., on the outside of the hollow fibers, of the hallow fiber bioreactor. Step 808 may
involve the use of a processor (1100, (FIG. 11)), pumps, valves, fluid conduit, etc. to
introduce cells into a bioreactor. In one embodiment, step 808 may involve opening valves

(e.g.,570, 576, 670, and/or 676) and activating pumps (e.g., 578 and/or 678).

[00101] Flow passes from step 808 to step 812, where the first cells are exposed to first
growth conditions. The first growth conditions may be optimized for growing the first cells
introduced at step 808. For example, step 812 may involve feeding the first cells with a first
growth media (optional step 816) that includes nutrients for growing the first cells. The
growth media may include one or mare of various nutrients, including glucose, phosphates,

salts, etc.

[00102]  After a predetermined period of time (which may depend on a certain number
of the first cells having been grown within the bioreactor), flow 800 passes to 820 where
second cells {(e.g., HSC’s, hematopoietic progenitor cells (CD34+), etc.) may be introduced
into the bioreactor. In embodiments, the second cells are introduced into an intracapillary
space just like the first cells. In other embodiments, as noted abave, the first cells may be in
the extracapillary space, while the second cells may be introduced into the intracapillary

space.
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[00103] In some embodiments, prior to introducing second cells, a washout procedure
may be performed to remove the previous fluid from the bioreactor. As may be
appreciated, the fluid in the bioreactor may include nutrient tailored for growing the first
cells. Embodiments may provide for flushing this fluid out of the bioreactor prior to, or as

part of step 820, and introducing the second cells in to the bioreactor.

[00104] Step 820 may involve the use of a processor (1100, (FIG. 11)), pumps, valves,
fluid conduit, etc. to introduce second cells into a bioreactor. In one embodiment, step 820
may involve opening valves (e.g., 564, 514, 664, and/or 614) and activating pumps (e.g., 554
and 654).

[00105] Flow passes from step 820 to step 824, where the second cells are exposed to
second growth conditions. The second growth conditions may be optimized for growing the
second cells introduced at step 820. For example, step 820 may involve feeding the second
cells with a second growth media (at optional step 828) that includes nutrients for growing
the second cells. The second media may include one or mare of various nutrients, including

glucose, phasphates, salts, etc.

[00106]  Additionally, in some embodiments, step 820 may involve the optional step of
832 adding growth factors that promote growth of the second cells, e.g., CD34+ cells. In
embodiments, the growth factors, e.g., cytokines, may be added to promote the
proliferation of cells. As one example, when growing CD34+ cells, the growth factor(s) may
include one or mare of: recombinant human Flt3 ligand (rhFlt-3L), recombinant human stem
cell factor (rhSCF), recombinant human thrombopoietin (rhTPO), recombinant human (rh)
Glial-derived neurotrophic factors, and combinations thereof. This is merely one example
and in other embaodiments, different growth factors, combination of growth factors, or
other proteins may be used. In embodiments, the growth factors may be added to the

intracapillary space of the hollow fiber bioreactor.

[00107] In embodiments, at least a portion of the growth factors may be introduced with
the cells at step 820. For example, the media in which the cells are in when introduced into
the bioreactor may be conditioned with a combination of growth factors including one or

more of recombinant human Flt3 ligand (rhFIt-3L), recombinant human stem cell factor
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(rhSCF), recombinant human thrombopoietin (rhTPO), recombinant human (rh) Glial-
derived neurotrophic factors, and combinations thereof. In these embodiments, step 820,
and optional step 832, may involve supplementing growth factors that may have already

been added to the bioreactor with the cells.

[00108] Flow passes from step 824 to step 836, where cells are expanded in co-culture.
Step 836 may involve a number of optional sub-steps. For example, the cells may be fed at
optional sub-step 840. Additional glucose or other nutrients may be provided to the cells as
they expand in co-culture. At sub-step 844, other conditions may be controlled to expand
the cells. For example, temperature, pH, gas concentrations, etc. may be monitored and

changed in order to contral the environment for expansion of the cells.

[00109] Flow 800 proceeds from step 836 to step 848 where cells are removed from the
bioreactor. Step 848 may involve a number of sub-steps. For example, a harvest process
852, which itself includes a number of steps, may be performed as part of step 848. In
embodiments, step 848 may involve changing circulation rates on the intracapillary space
(IC) and extra capillary space (EC) sides of the bioreactor. In other embodiments, step 848
may involve circulating various materials to ensure that any cells that may have attached
themselves to the inside surface of fibers are released and removed from the bioreactor. As
one example, a protease may be added to break down proteins, such as glycoproteins

(fibronectin, collagen) that may aid in binding of the cells to the fibers.

[00110] In one embadiment, as part of a harvest process 852, fluid within the bioreactor
(e.g., intracapillary space) may be circulated at a relatively high rate. The circulation of the
fluid may promote suspension of the cell expanded at step 836. The circulation may occur
for a predetermined period of time to ensure that the expanded cells are suspended in the
fluid and as many as possible may be recaovered from the bioreactor. Flow 800 ends at step

856.

[00111] Flow 900 starts at step 904 and proceeds to step 908 where first cells (e.g.,
human mesenchymal stem cells (hMSC’s)) may be grown in a static growth chamber. Step

908 may involve use of a flask or a gas permeable reactor, where fluid is not moved by
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pumps. Rather, the growth chamber remains stationary and fluid does not flow after being

added to the chamber.

[00112] Flow 900 may then pass from step 908 to step 912 where second cells are grown
statically in the static growth chamber. In embodiments, the second cells may be
hematopoietic progenitor cells (e.g., CD34+ cells). After step 912, the second cells, which
may have been expanded in the static growth chamber, may be removed from the growth
chamber, for additional expansion in a dynamic cell expansion system (e.g., CES’s 500

and/or 600) where fluid may be circulated (e.g., automatically) as the cells are expanded.

[00113] Flow 900 may then pass to step 920, where first cells (e.g., hMSC’s) may be
introduced into a hollow fiber bioreactor that includes a number of hollow fibers. The cells

introduced at step 920 may be introduced into the interior (lumen) of the hollow fibers.

[00114] In embodiments, hollow fibers in the hollow fiber bioreactor may be
conditioned prior to step 920. For example, in order to allow the hMSC’s to adhere to the
interior wall of the hollow fibers, the hollow fibers may be coated with for example a
glycoproteins (fibronectin, collagen). The coating process may involve a number of

substeps.

[00115] Step 920 may involve the use of a processor (1100, (FIG. 11)), pumps, valves,
fluid conduit, etc. to introduce first cells into a bioreactor. In one embodiment, step 920
may involve opening valves (e.g., 564, 514, 664, and/or 614) and activating pumps (e.g., 554
and 654).

[00116] Step 920 may involve a number of sub-steps. In embodiments, as part of
introducing cells into the hollow fiber bioreactar, the bioreactor may be rotated at sub-step
922. For example, in order to have the first cells attach to as much of the interior (lumen) of

the hollow fibers as possible, the bioreactor may be rotated in a specific pattern.

[00117] FIGS. 10A-D illustrate a cross-section of a hollow fiber 1000 (e.g., fibers 116 (FIG.
1)) during a process of introducing, and attaching, first cells to an interior of hollow fibers.

In FIG. 10A, fluid 1004 with first cells 1008 is circulated around an intracapillary space of a
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hollow fiber membrane with a pump (see FIGS. 5 and 6 and description above). As shown in

FIG. 104, initially 1008 cells are distributed throughout the fluid.

[00118] The pump may then be stopped, which results in the first cells settling, and after
a period of time, attaching onto a portion of the inside 1012 of the hollow fiber, as shown in
FIG. 10B. In embodiments, the hollow fiber may have previously been coated with a
compound to promote adhesion of the cells to the hollow fiber inside wall. For example,
the lumen of the hollow fiber may have been coated with a glycoprotein, such as

fibronectin.

[00119]  After the first cells 1008 have settled and attached, the bioreactor (and
consequently fiber 1000) may be rotated 180 degrees. Examples of methods for rotating a
bioreactor when loading cells, in order to distribute cells more evenly on the inside surface
of hollow fibers, is described in at least U.S. Patent No. 9,617,506, issued April 11, 2017,
entitled “EXPANDING CELLS IN A BIOREACTOR,” which is hereby incorporated by reference

in its entirety as if set forth herein in full.

[00120] In some embodiments, after the rotation, the pump may be activated again to
circulate the remaining, unattached, first cells 1008 in the intracapillary space of the hollow

fiber membrane. In other embodiments, the pump may not be reactivated.

[00121] As shown in FIGS. 10C, a second portion of the first cells 1008 may then begin to
settle and attach to a second portion of the inside 1012 of the hollow fiber 1000. After a
period of time, a second portion of the first cells 1008 may attach as shown in FIG. 10D. In
this way, the first cells 1008 (e.g., hMSC’s) may be distributed mare evenly around an entire

inside surface 1012, e.g., both top and bottom of the inside of a hallow fiber.

[00122] Referring again to FIG. 9, flow passes from step 920 to step 924, where the first
cells are exposed to first growth conditions. The first growth conditions may be optimized
for growing the first cells introduced at step 920. For example, step 924 may involve
feeding the first cells with a first growth media (optional step 928) that includes nutrients
for growing the first cells. The growth media may include one ar more of various nutrients,

including glucose, phosphates, salts, etc.
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[00123]  After a predetermined period of time (which may depend on a certain number
of the first cells having been grown within the bioreactor), flow 900 passes to 932 where
second cells (e.g., HSC’s, hematopoietic progenitor cells (CD34+) etc.) may be introduced
into the bioreactor. In embodiments, the second cells are introduced into an intracapillary
space just like the first cells. In other embodiments, as noted abaove, the first cells may be in
the extracapillary space, while the second cells may be introduced into the intracapillary

space.

[00124] In some embodiments, prior to introducing second cells, a washout procedure
may be performed to remove the previous fluid from the bioreactor. As may be
appreciated, the fluid in the bioreactor may include nutrient tailored for growing the first
cells. Embodiments may provide for flushing this fluid out of the bioreactor prior to, or as

part of step 932, and introducing the second cells in to the bioreactor.

[00125] Step 932 may involve the use of a processor (1100, (FIG. 11)), pumps, valves,
fluid conduit, etc. to introduce second cells into a bioreactor. In one embodiment, step 932
may involve opening valves (e.g., 564, 514, 664, and/or 614) and activating pumps (e.g., 554
and 654).

[00126] Flow passes from step 932 to step 936, where the second cells are exposed to
second growth conditions. The second growth conditions may be optimized for growing the
second cells introduced at step 932. For example, step 936 may involve feeding the second
cells with a second growth media (at optional step 940) that includes nutrients for growing
the second cells. The second media may include one or mare of various nutrients, including

glucose, phasphates, salts, etc.

[00127] Additionally, in some embodiments, step 936 may involve the step 944 of
adding growth factors that promote growth of the second cells, e.g., CD34+ cells. In
embodiments, the growth factors, e.g., cytokines, may be added to promote the
proliferation of cells. As one example, when growing CD34+ cells, the growth factor(s) may
include one or mare of: recombinant human Flt3 ligand (rhFlt-3L), recombinant human stem
cell factor (rhSCF), recombinant human thrombopoietin (rhTPO), recombinant human (rh)

Glial-derived neurotrophic factors, and combinations thereof. This is merely one example
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and in other embodiments, different growth factors, combination of growth factors, or
other proteins may be used. In embodiments, the growth factors may be added to the

intracapillary space of the hollow fiber bioreactor.

[00128] In one embodiment, at least a portion of the growth factors may be introduced
with the cells at step 936. For example, the media in which the cells are in when introduced
into the bioreactor may be conditioned with a combination of growth factors including one
or more of recombinant human Flt3 ligand (rhFlt-3L), recombinant human stem cell factor
(rhSCF), recombinant human thrombopoietin (rhTPO), recombinant human (rh) Glial-
derived neurotrophic factors, and combinations thereof. In these embodiments, step 936,
and optional step 944, may involve supplementing growth factors that may have already

been added to the bioreactor with the cells.

[00129] Flow passes from step 936 to step 948, where cells are expanded in co-culture.
Step 948 may involve a number of optional sub-steps. For example, the cells may be fed at
optional sub-step 952. Additional glucose or other nutrients may be provided to the cells as
they expand in co-culture. At sub-step 956, other conditions may be controlled to expand
the cells. For example, temperature, pH, gas concentrations, etc. may be monitored and

changed in order to contral the environment for expansion of the cells.

[00130] Flow 900 proceeds from step 948 to step 960 where cells are removed from the
bioreactor. Step 960 may involve a number of sub-steps. For example, a harvest process
964, which itself includes a number of steps, may be performed as part of step 960. In
embodiments, step 964 may involve changing circulation rates on the intracapillary space
(IC) and extra capillary space (EC) sides of the bioreactor. In other embodiments, step 964
may involve circulating various materials to ensure that any cells that may have attached
themselves to the inside surface of fibers are released and removed from the bioreactor. As
one example, a protease may be added to break down proteins, such as glycoproteins that

may aid in binding of the cells to the fibers.

[00131] In one embadiment, as part of a harvest process 964, fluid within the bioreactor
(e.g., intracapillary space) may be circulated at a relatively high rate. The circulation of the

fluid may promote suspension of the cell expanded at step 948. The circulation may occur
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for a predetermined period of time to ensure that the expanded cells are suspended in the
fluid and as many as possible may be recaovered from the bioreactor. Flow 900 ends at step

968.

[00132] With respect to flows 700, 800, and 900 illustrated in FIGS. 7-9, the operational
steps depicted are offered for purposes of illustration and may be rearranged, combined
into other steps (e.g., add steps 908 and/or 912 into flows 700 and/or 800), used in parallel
with other steps, etc., according to embodiments of the present disclosure. Fewer or
additional steps may be used in embodiments without departing from the spirit and scope
of the present disclosure. Also, steps (and any sub-steps) may be performed automatically
in some embodiments, such as by a processor (1100 (FIG. 11)) executing pre-programmed

tasks stored in memary, in which such steps are provided merely for illustrative purposes.

[00133] Also, it is noted that although flows 700, 800, and 900 have been described
above with various steps in particular order, the present invention is not limited thereto. In
other embodiments, the various steps and sub-steps may be performed in a different order,
in parallel, partially in the order shown in FIGS. 7-9, and/or in sequence as shown in FIGS. 7-
9. Also, the description above indicating that the step or sub-steps are performed by
particular features or structures is not intended to limit the present invention. Rather, the
description is provided merely for illustrative purposes. Other structures or features not
described above may be used in other embodiments to perform one or more of the steps of
flows 700, 800, and 900. Furthermare, flows 700, 800, and 900 may include some optional
steps. However, those steps above that are not indicated as optional should not be
considered as essential to the invention, but may be performed in some embodiments of

the present invention and not in others.

[00134] FIG. 11 illustrates example components of a computing system 1100 upon which
embodiments of the present disclosure may be implemented. Computing system 1100 may
be used in embadiments, for example, where a cell expansion system uses a processor to
execute tasks, such as custom tasks or pre-programmed tasks performed as part of

processes, such as the process illustrated by flows 700, 800, and 900 and described above.
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[00135] The computing system 1100 may include a user interface 1102, a processing
system 1104, and/or storage 1106. The user interface 1102 may include output device(s)
1108, and/or input device(s) 1110 as understood by a person of skill in the art. Output
device(s) 1108 may include one or more touch screens, in which the touch screen may
comprise a display area for providing one or more application windows. The touch screen
may also be an input device 1110 that may receive and/or capture physical touch events
from a user or operator, for example. The touch screen may comprise a liquid crystal
display (LCD) having a capacitance structure that allows the processing system 1104 to
deduce the location(s) of touch event(s), as understood by those of skill in the art. The
processing system 1104 may then map the location of touch events to user interface (Ul)
elements rendered in predetermined locations of an application window. The touch screen
may also receive touch events through one or more other electronic structures, according to
embodiments. Other output devices 1108 may include a printer, speaker, etc. Other input
devices 1110 may include a keyboard, other touch input devices, mouse, voice input device,

etc., as understood by a person of skill in the art.

[00136] Processing system 1104 may include a processing unit 1112 and/or a memory
1114, according to embodiments of the present disclosure. The processing unit 1112 may
be a general purpose processor operable to execute instructions stored in memory 1114,
Processing unit 1112 may include a single processar or multiple processars, according to
embodiments. Further, in embodiments, each processor may be a multi-core processor
having one or more cores to read and execute separate instructions. The processors may
include general purpose processors, application specific integrated circuits (ASICs), field
programmable gate arrays (FPGAs), other integrated circuits, etc., as understood by a

person of skill in the art.

[00137] The memory 1114 may include any short-term or long-term storage for data
and/or processor executable instructions, according to embodiments. The memory 1114
may include, for example, Random Access Memory (RAM), Read-Only Memary (ROM), or
Electrically Erasable Programmable Read-Only Memory (EEPROM), as understood by a

person of skill in the art. Other storage media may include, for example, CD-ROM, tape,
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digital versatile disks (DVD) or other optical storage, tape, magnetic disk storage, magnetic

tape, other magnetic storage devices, etc., as understood by a person of skill in the art.

[00138] Storage 1106 may be any long-term data storage device or component. Storage
1106 may include one or more of the systems described in conjunction with the memaory
1114, according to embodiments. The storage 1106 may be permanent or removable. In

embodiments, storage 806 stores data generated or provided by the processing system 104.

EXAMPLES

[00139] Some examples that may implement aspects of the embodiments are provided
below. Although specific features may be described in these examples, they are provided
merely for illustrative and descriptive purposes. The present invention is not limited to the

examples provided below.
EXAMPLE 1

[00140] Initial expansion of unselected cord blood-derived (CB) HSCs, CD34+ cells from
three (3) donars are acquired from AllCells® (Alameda, CA) by positive immunomagnetic
selection of cord blood and grown in co-culture with bone marrow-derived hMSCs under
static conditions (5%CO, & 37.0°C) with serum-free CellGenix (Freiburg, Germany) CellGro®
GMP SCGM with the addition of StemCell2MAX™ supplement (rhFlt-3L, rhSCF, rhTPO,
rhGlial-derived neurotrophic factors) at a 1:100 concentration to develop the inoculum for a
hollow fiber cell expansion system, e.g., the Quantum® Cell Expansion System (CES). Each of
the Quantum CES bioreactors is coated with five (5) mg of human fibronectin overnight and
seeded with unmatched hMSCs at 3.0x10%/cm? five (5) days in advance of HSC introduction.
The bioreactors are seeded with CB-derived CD34+ cells in CellGro® GMP SCGM +
StemCell2MAX at a cell density of 3.0x10%/mL for a total seeding of 5.7x10° cells and
subsequently expanded for 6.6 days using a mixed gas (5%C0,, 20%0,, balance N,) at 37.0°C
in co-culture. Cells are seeded to the bioreactor, expanded, and harvested using
automated tasks on the Quantum® CES. Specifically, cells are grown in the intracapillary

loop of the bioreactor and base media additions are made through the extracapillary loop of
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the system in order to enhance hMSC-CB CD34+ cell interactions. Metabolites are
guantified daily with Abbott i-STAT® analyzers. Cells are counted with a Beckman Coulter Vi-
CELL™ XR Cell Viability Analyzer using a diameter size range of 5-50 um. Harvested cells are
stained for surface biomarkers with BD Mouse Anti-Human CD34-FITC, BD Mouse Anti-
Human CD34-PE, BD Mouse Anti-Human CD38-APC, MB CD133/1-PE, and eBioscience
Fixable Viability Dye eFluor® 780 and analyzed by flow cytometry using a BD FACSCanto |l
equipped with BD FACSDiva software. Fluorescent microscopy images are captured with a
Zeiss Axio Observer A1l microscope equipped with ZEN pro software. The Stem Cell
Technologies Human CFU Methocult™ Assay is used to induce the differentiation of

harvested CB-derived CD34+ cells.

[00141] Table 1: CB-derived CD34" Cell Seeding and Harvest Cell Numbers

CES System

Yield Bioreactor Bioreactor Vi-CELL Fold Expansion

CES Run Seeding Harvest Viability  Increase Days DS DT (hrs)

Donor 1 5.70x10°  7.95x10’ 83.8% 13.9 6.6 3.8 41.7

Donor 2 5.70x10°  9.94x10’ 85.1% 17.4 6.6 4.1 38.4

Donor 3 5.70x10°  8.89x10’ 89.2% 15.6 6.6 4.0 40.0

Average 5.70x10°  8.93x10° 86.0% 15.7 6.6 4.0 40.0
[00142] FIG. 12 illustrates a bar graph of some of the data shown above in Table 1,

namely showing the average number of cells harvested from the various donors. FIG. 13
illustrates a graph showing metabolic profile for the various donors. FIG. 14 illustrates a

graph showing metabalic rates for the various runs.

[00143] The results may suggest that the Quantum CES hollow fiber membrane
bioreactor can support the expansion of CB-derived CD34+, CD38-CD133+ progenitor cells in
co-culture using an automated CES. The growth factor supplement of rhFlt-3L, rhSCF,
rhTPO, rhGlial-derived neurotrophic factors may support the co-culture of CB-derived CD34+
lineage cells. Expanded CB-derived CD34+ cells may demanstrate lineage differentiation in
the presence of appropriate cytokines and supplements (SCF, GM-CSF, IL-3, GSF, EPO).

Table 2 below provides a summary of flow cytometry results.
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[00144] Table 2: Summary Of Flow Cytometry Results

Quantum Run CD34'CD38° C€D34'CD38'" (D34'CD133"

Donor 1 4.3% 4.9% 1.0%
Donor 2 5.1% 6.8% 2.5%
Donor 3 4.3% 7.3% 0.8%
Average 4.6% 6.3% 1.4%

EXAMPLE 2

[00145] The culture of I-Mag selected human HSC CB CD34+ cells (frozen CBOOSF-2)
obtained from AllCells using IMDM media supplemented with FBS or human AB serum in
mono- or co-culture with human mesenchymal stem cells (hMSCs) to improve the media
cost framewark of CD34+ expansion is explored. Cell culture devices include the Wilson G-
Rex 10 Gas Permaeable Membrane devices and conventional tissue culture polystyrene
flasks. After the results of the first experiment, a decision is made to switch to a StemSpan
SPEM Il media containing modified IMDM (BSA, rh-insulin, transferrin) plus FBS or Human
Serum AB as well as to increase the cell seeding density in order to improve cell growth and

biomarker expression.
[00146] Experiment 1

[00147]  T25 TCPS Flasks are seeded with hMSC-P2T1 at 1,000 cells/cm? in Gibco alpha-
MEM (Cat. No. 32561-037) Complete Medium (CM224), incubated at 37°C (5% CO,), and
grown to 80% confluency on Day-6 prior to seeding with thawed CB CD34+ cells. By
comparison, no hMSCs are seeded into the Wilson G-Rex gas permeable cell culture device.
CB CD34+ cells are seeded at a concentration of 2.0x10%*/mL and grown with 7 mL of Gibco
IMDM (Cat. No. 31980-030), 20% HyClone FBS (Cat. No. SH30070.03) or 18% Akron HS-AB
(Cat. No. AK9340-0100), plus Gibco Penicillin/Streptomycin/Neomycin antibiotics (Cat. No.
15640-055) for four (4) days. The CD34+ cell seeding density is based on a recommendation

to maintain the cell concentration below 3.0x104/mL. Culture vessels are weighed to
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determine culture volumes and cell counts are captured with a calibrated Beckman Coulter

Vi-Cell XR Cell Viability Analyzer on Days 0, 2, and 4.
[00148] Experiment 2

[00149]  Six (6) T25 TCPS Flasks are seeded with hMSC-P2T1 at 8.48x10%/cm? in Gibco
alpha-MEM Complete Medium (CM231), incubated at 37°C (5% CO,), and grown to 80%
confluency on Day-3 prior to seeding with thawed (37°C) CB CD34+ cells (AllCells CB-CD34+,
Cat. No. CBOO8F-2, ID No. CBP140129C). CB CD34+ cells (2.5 mL) are resuspended in 22.5
mL of StemSpan SFEM Il media, centrifuged at 500xg for 7 minutes, resuspended in 10 mL of
respective complete media, and counted with a calibrated Beckman Coulter Vi-Cell NR Cell
Viability Analyzer. Each flask media is exchanged with 6 mL of sterile filtered (Corning 0.22
um PES) StemSpan SFEM Il Complete Media 20%FBS (HyClone Cat. No. SH30070.03) or 20%
HS-AB (Innovative Research (Cat. IPLA-SERAB-OTC-16138), Gibco
Pennicillin/Streptomycin/Neomycin Antibiotics (Cat. No. 15640-055). A total of four (4) T25
co-culture flasks are seeded with CB CD34+ cells at 3.00x104/mL or 3.00x105/mL into 6 mL
per flask with StemSpan SFEM Il media supplemented with either 20% FBS or 20% HS-AB,
incubated at 37°C (5% CO,) for four (4) days. Suspension cells from each flask are removed
on Day-2, transferred to a 15 mL sterile centrifuge tube, centrifuged at 500xg for 7 minutes,
resuspended in 6 mL of their respective Complete StemSpan SFEM Il media, and returned to
T25 co-culture flasks for incubation. On Day-4, images of suspension cells are captured by
phase-contrast photomicroscopy (Olympus CKX41 with QCapture Pro 6.0 software), flasks
are weighed to determine flask volume, and cells are counted as previously described.
Aliquots (1.25x10° cells) of the high cell seeding density are prepared for flow cytometry
staining (BD Pharmingen FITC Mouse Anti-human CD34 Cat. 555821, BD Pharmingen FITC
Mouse IgG1k isotype control Cat. 555748, BD Pharmingen APC Mouse Anti-human CD38
Cat. 555462, BD Pharmingen Mouse IgG1k Isotype Control Cat. 555751, BD Pharmingen PE
Mouse Anti-human CD34 Cat. 555822, BD Pharmingen PE Mouse IgG1k Isotype Control Cat.
555749, Miltenyi Biotec CD133/1-PE Cat. 180-080-801) using a modified version of the Flow
Cytometry Prep Protocol. Flow data are acquired and analyzed without fixative using a BD

FACSCanto® Il flow cytometer equipped with BD FACSDiva® v6.1.3 software.
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[00150] Experiment 1 may evaluate the mono- and co-culture of cord blood derived
CD34+ cells at the low seeding density of 2.00x10%/mL in a total volume of 7mL using IMDM
base media supplemented with 20% FBS or 18% HS. T25 tissue culture polystyrene (TCPS)
flasks and gas permeable G-Rex-10 vessels are used as the primary static culture

environment.

[00151] FIG. 15 illustrates a graph showing cell counts from Experiment 1 with FBS. FIG.

16 illustrates a graph showing cell counts from Experiment 1 with Human Serum.

[00152] Both the FBS and HS supplemented IMDM demonstrate an increase in cell count
by Day-2. However, there is also a decrease in cell concentration by Day-4. There is also
reduction in cell membrane integrity from Day-2 to Day-4 in both of the supplemented
media from 87% to 76.4% with FBS and from 88.5% to 76.3% with HS. In our case, this may
be due to the lack of a media change on Day-3 or the low cell seeding density of
2.00x10°/mL. In summary, the 20% FBS supplemented media may generate a 7.5-7.6 fold-
increase in flask co-culture, 7.1 fold-increase in flask mono-culture, and a 7.0-7.2 fold-
increase in the G-Rex-10 mono-culture by Day-4. By comparison, the 18% HS supplemented
media may generate a 7.3-7.5 fold-increase in flask co-culture, 6.8 fold-increase in flask

mono-culture, and a 6.7-6.9 fold-increase in the G-Rex10 mono-culture by Day-4.

[00153] Experiment 2 may evaluate both low and high seeding densities. FIG. 17
illustrates a graph showing CD34+ cells in both low and high seeding density conditions.
Both the low (3.00x10%/mL) and high (3.00x10°/mL) CB CD34+ cell seeding density in 6 mL of
StemSpan SFEM Il supplemented with 20% FBS may generate an increase of suspension cell
count on Day-4 of 57% and 36% respectively. In contrast, the 20% HS-AB supplemented
media may generate a reduced suspension cell count over the same time 4-day culture

period.

FIG. 18 illustrates a bar graph showing flow cytometry results. These flow cytometry results
suggest that the majority of the CD34+ cells may also express the CD38+ biomarker in either
the FBS or HS-AB supplemented media at the high cell seeding condition. The CD38
biomarker may be indicative of early progenitor CD34+ cell populations. More mature

CD34+ cells may gradually become CD38 low/- during expansion in short-term culture after
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Day-4. (CD133+CD34+ blood progenitor cells may be putitive markers of platelet
engraftment in patients undergoing autologous peripheral blood stem cell transplantation.
These data also indicate that the FBS and HS-AB supplemented media may support a

CD133+ cell subpopulation, 30% and 47% respectively, in static co-culture.

EXAMPLE 3

[00154] Below is an example of a protocol that may be used in embodiments. The
protocaol indicates possible modification from a conventional protocol(s) utilized when using

a cell expansion system (CES).

[00155] CES Cell Load Madification 3 — Load with Circ. Distribution & Rotation

[00156] A conventional Pre-selected MSC Expansion Protocal, may be performed with
the following modifications shown in combined bold, underline, and italics below. Rotate
the bioreactors 180 degrees and allow the cells to settle to the top of the hollow fiber
membrane (HFM) for 5 minutes. Then rotate the bioreactor back to the “home” harizontal
position and proceed with the expansion protocal. The rationale for the madification is to

distribute the cells aver the entire surface area of the bioreactor hollow fiber (FIGS. 10A-D).

[00157] Day 0: Attach Feeder Cells with Rotation

[00158] Purpose: enables adherent cells to attach to the bioreactor membrane while

allowing flow on the EC circulation loop. The pump flow rate to the IC loop is set to zero.

[00159] Prior to loading the cells into all a CES with Distribution and Rotation, install a
Custom Task using the following existing/modified steps: Config>Task via the touch screen
display or GUI. These solutions and corresponding volumes are based on the either default

or modified settings for these custom tasks.
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[00160] Table 3: Solutions for Attaching Cells, Modification
Table 3: Solutions for Attach Cells
Bag Solution in Bag Volume
Cell Inlet None N/A
Reagent None N/A
IC Media Media with FBS or Serum- 6 mL/hour
Free
Wash None N/A
EC Media None N/A
[00161] Table 4: hMSC Feeder Layer Loading & Seeding
Table 4: Custom 3 Task Settings to Load hMSCs
Setting Step 1 Step 2 Step 3 Step 4 Step 5
IC Inlet Cell IC Media None None IC Media
IC Inlet Rate 25 25 0.00 0.00 0.1
IC Circulation Rate 150 150 200 0.00 20
EC Inlet None None None IC Media None
EC Inlet Rate 0.00 0.00 0.00 0.1 0.00
EC Circulation Rate 30 30 30 30 30
Outlet EC Waste EC Waste EC Waste EC Waste IC Waste
Rocker Control In Motion: In Motion: In Motion: Stationary: | Stationary:
{-90° to {-90° to {-90° to 180° 0°
180°) 180°) 180°)
Stop Condition Empty Bag IC Volume: Time: Time: Manual:
22 mL 2 min 1,440 min
Estimated Fluid Unknown <0.1L Unknown <0.2L Unknown
Omit or Include Include Include Include Include Include

[00162]

with the pre-cultured hMSC expansion protocol using Feed Cells Task.

[00163]

[00164]
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[00165]

Condition Media Tasks respectively.

[00166]

Attach SCGM Base Media to IC Media line.

PCT/US2017/034544

Perform IC/EC Washout and

Attach Cell Inlet bag with CB CD34+ cell suspension of SCGM (98 mL) +

StemCell2MAX 100X supplement (2 mL) to Cell Inlet line of the System with a sterile welder.

[00167] Table 5: CB CD34+ Cell Loading & Seeding
Table 5: Custom Task 7 Settings to Load CB CD34+ Suspension Cells

Setting Step 1 Step 2 Step 3 Step 4

IC Inlet Cell IC Media None None

IC Inlet Rate 25 25 0.00 0.00

IC Circulation Rate 150 150 200 0.00

EC Inlet None None None IC Media
EC Inlet Rate 0.00 0.00 0.00 0.1

EC Circulation Rate 30 30 30 60
Outlet EC Waste EC Waste EC Waste EC Waste
Rocker Control In Motion: In Motion: In Motion: Stationary:

{-90° to 180°) {-90° to 180°) {-90° to 180°) 0°
Stop Condition Empty Bag IC Volume: Time: Manual:
22 mL 2 min

Estimated Fluid Unknown <0.1L Unknown Unknown
Omit or Include Include Include Include Include

[00168]

[00169]

Resuspension of Cells Prior to Harvest

The purpose of this Circulation Task is to resuspend those cells that may be

attached to the hMSC feeder layer during co-culture prior to initiating the Harvest Task.
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[00170] Table 6: Circulation and Resuspension of Cells
Table 6: Custom Task 1 Settings to Resuspend Settled CB CD34+ Cells
Setting Step 1
IC Inlet None
IC Inlet Rate 0
IC Circulation Rate 200
EC Inlet None
EC Inlet Rate 0
EC Circulation Rate 60
Outlet EC Waste
Rocker Control In Motion:
(-90° to 180°)

Dwell Time: 1
sec

Stop Condition Time:

2 min
Estimated Fluid Unknown
Omit or Include Include

[00171] Harvest
[00172] CES Harvest Task with maodification.
[00173] Table 7: Harvest, Modification
Table 7: Harvest, Modified
Setting Step 1
IC Inlet IC Media
IC Inlet Rate 400
IC Circulation Rate -70
EC Inlet IC Media
EC Inlet Rate 60
EC Circulation Rate 30
Outlet Harvest
Rocker Control In Motion:

(-90° to 180°)
Dwell Time: 1 sec

Stop Condition IC Volume:

378 mL
Estimated Fluid IC Media: 0.5 L
Omit or Include Include
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[00174] It will be apparent to those skilled in the art that various modifications and
variations can be made to the methods and structure of the present invention without
departing from its scope. Thus it should be understood that the present invention is not be
limited to the specific examples given. Rather, the present invention is intended to cover

madifications and variations within the scope of the following claims and their equivalents.

[00175] While example embodiments and applications of the present invention have
been illustrated and described, it is to be understood that the invention is not limited to the
precise configuration and resources described above. Various modifications, changes, and
variations apparent to those skilled in the art may be made in the arrangement, operation,
and details of the methods and systems of the present invention disclosed herein without

departing from the scope of the present invention.
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WHAT IS CLAIMED IS:

1. A methad of expanding cells, the method comprising:

introducing a first plurality of cells comprising CD34+ cells into a hollow fiber
bioreactar, wherein the hollow fiber bioreactor comprises a plurality of hollow fibers;

exposing the first plurality of cells to growth conditions, wherein the growth
conditions comprise exposing the first plurality of cells to a combination of growth factors,
wherein the growth factors comprise one or more of: rhFlt-3L, rhSCF, rhTPO, rhGlial-derived
neurotrophic factors, and combinations thereof;

expanding at least a partion of the first plurality of cells in the plurality of hollow
fibers of the bioreactor to generate a secand plurality of expanded cells; and

removing the second plurality of expanded cells from the bioreactor.

2. The method of claim 1, wherein the portion of the first plurality of cells

comprises CD34+ cells.

3. The method of claim 1, wherein the first plurality of cells is derived from cord

blood.

4, The method of claim 1, wherein the first plurality of cells is added to the

hollow fiber bioreactor without additional purification.

5. The method of claim 1, further comprising:

prior to the introducing, growing first co-culture cells.

6. The method of claim 5, wherein the first co-culture cells comprise human

mesenchymal stem cells.

7. The method of claim 6, wherein the human mesenchymal stem cells are bone

marrow derived.
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8. The method of claim 7, further comprising:
administering the second plurality of expanded cells to a patient to

reconstitute hematopoeisis in the patient.

9. A methad of expanding cells, the method comprising:

introducing a first plurality of cells comprising mesenchymal stem cells into an
intracapillary side of a hollow fiber bioreactor, wherein the hollow fiber bioreactor
comprises a plurality of hollow fibers;

exposing the first plurality of cells to first growth conditions, wherein the growth
conditions comprise exposing the first plurality of cells to first growth media;

introducing a second plurality of cells comprising CD34+ cells into the intracapillary
side of the hollow fiber bioreactor;

exposing the second plurality of cells to second growth conditions, wherein the
second growth conditions comprise expasing the second plurality of cells to a plurality of
growth factors;

expanding at least a portion of the second plurality of cells in the plurality of hollow
fibers in co-culture with the mesenchymal stem cells to generate a third plurality of
expanded cells; and

removing the third plurality of expanded cells from the bioreactor.

10. The method of claim 9, wherein the exposing the first plurality of cells to first
growth conditions comprises circulating base media through an extracapillary side of the

hollow fiber bioreactor.

11. The method of claim 9, wherein the exposing the first plurality of cells to first

growth conditions comprises circulating base media through the intracapillary side of the

hollow fiber bioreactor.
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12. The method of claim 9, wherein the exposing the second plurality of cells to
second growth conditions comprises circulating base media through an extracapillary side of

the hollow fiber bioreactor.

13. The method of claim 9, wherein the exposing the second plurality of cells to
second growth conditions comprises circulating base media through the intracapillary side

of the hollow fiber bioreactor.

14. The method of claim 9, wherein the plurality of growth factors comprise

rhGlial-derived neurotrophic factors.

15. The method of claim 9, wherein the second plurality of cells is derived from
cord blood.

16. A methaod of expanding blood cord derived CD34+ cells, the method
comprising:

growing a first plurality of mesenchymal stem cells in a static growth chamber;

growing CD34+ cells in the static growth chamber in co-culture with the
mesenchymal stem cells;

removing a first plurality of cells comprising CD34+ cells from the static growth
chamber;

introducing a second plurality of mesenchymal stem cells into a hollow fiber
bioreactar, wherein the hollow fiber bioreactor comprises a plurality of hollow fibers;

expaosing the second plurality of cells to first growth conditions;

introducing the first plurality of cells comprising CD34+ cells into the hollow fiber
bioreactor;

exposing the first plurality of cells comprising CD34+ cells to growth conditions,
wherein the growth conditions comprise exposing the first plurality of cells to a combination
of growth factors, wherein the growth factors comprise rhGlial-derived neurotrophic
factors;

expanding at least a partion of the first plurality of cells in the plurality of hollow
fibers of the bioreactor in co-culture with the second plurality of mesenchymal stem cells in

the bioreactor to generate a plurality of expanded cells; and
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removing the plurality of expanded cells from the bioreactor.

17. The method of claim 16, further comprising:
prior to the introducing a secaond plurality of mesenchymal stem cells into a hollow

fiber bioreactor, coating the bioreactor with a glycoprotein.

18. The method of claim 16, wherein the introducing the second plurality of
mesenchymal stem cells into a hollow fiber bioreactor comprises:

circulating, with a pump, the second plurality of mesenchymal stem cells within an
intracapillary space of the hollow fiber bioreactor;

stopping the pump to allow a first portion of the second plurality of mesenchymal
stem cells to attach to a first portion of the inside of hollow fibers;

rotating the bioreactor 180 degrees from an initial position;

circulating, with the pump, the remaining second plurality of mesenchymal stem
cells within the intracapillary space of the hollow fiber bioreactor; and

stopping the pump to allow a second portion of the second plurality of mesenchymal

stem cells to attach to a second portion of the inside of the hollow fibers.
19. The method of claim 18, further comprising: after the stopping the pump to
allow a secand portion of the second plurality of mesenchymal stem cells to attach, rotating

the bioreactor 180 degrees to the initial position.

20. The method of claim 16, wherein the growth factors further comprise rhFlt-

3L, rhSCF, rhTPO, and neurotrophic factors.
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