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DEVICE AND METHOD FOR CULTURING CELLS

Cross-Reference to Related Applications

Technical Field

[0002] The present disclosure relates generally to devices and methods for culturing
cells. In particular, the devices and methods may be suitable for culturing stem cells

and/or progenitor cells.

Background

[0003] Umbilical cord blood (UCB) has been used therapeutically as a source of
hematopoietic stem cells (HSCs). Although these cells have several advantages, the
limited number of primitive progenitors and long-term repopulating stem cells in an
UCB unit may limit its utility. Efforts to expand UCB in vitro have included
optimizing cytokine levels, co-culturing with stromal cells, selecting the starting cell
population, overexpressing target genes, and removing unwanted factors [1-3].
Although relatively significant expansions of total cell and committed progenitor cell
numbers have been achiecved, the current ability to expand primitive human
progenitors and stem cell numbers remains modest, which may be due to a relative
lack of understanding of how complex microenvironments can be specifically

modified to target the growth of these cells.

[0004] The in vitro hematopoietic cell culture system is influenced by exogenous
factors that are added directly to culture and endogenous factors secreted by the
heterogeneous cell populations typically present or emerging in these cultures. Under
traditional culture conditions, the cell population begins to lose its stem cell
characteristics as the population of mature terminally differentiated cells greatly
increases and the concentrations of factors secreted by these mature and progenitor
cells subsequently increases. It may be that inhibitory factors drive down the self-

renewal of the stem cell population.
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[0005] The in vitro heterogeneous hematopoietic stem cell culture system is a
complex system in which the secretion of endogenous regulatory factors is a dynamic
function of the changing cell population. Even in examples where the culture begins
in an essentially homogeneous state, the culture system becomes heterogeneous due to
emergence of different cell types over time. Although some efforts have been made to
inhibit specific negative factors (or add specific positive factors), these approaches
have been met with limited success, possibly because they do not take into account
the complexity or the dynamic nature of the system. It has been shown that a very
large number of factors are secreted by the heterogeneous cell pdpulation, and it may
not be possible or feasible to add or remove all of these factors in a combined
optimized manner. Moreover, the dynamics of the system are such that concentrations
of negative secreted factors are continuously changing over time, which may not be

easily neutralized by inhibiting individual factors.

Summary

[0006] In some example aspects there is provided a device for culturing cells
comprising: a cell vessel for culturing cells, having an inlet for receiving culture
media; and a delivery mechanism connected to the inlet of the cell vessel for
delivering the culture media to the cell vessel, the delivery mechanism being
controlled to continuously or intermittently deliver the culture média at a determined
culture media delivery rate; wherein the culture media delivery rate is determined for

diluting the concentration of at least one marker component in the cell vessel.

[0007] In some example embodiments, the concentration of the at least one marker
component is measured continuously or intermittently; and the culture media delivery
rate is determined based on the measured concentration or density of the at least one

marker component.

[0008] In some example aspects, there is provided a method of culturing cells
comprising: measuring, continuously or intermittently, a concentration or a density of
at least one marker component in a cell culture; calculating, continuously or
intermittently, using a culture behavior model, a culture media delivery rate based on
the measured concentration or density of the at least one marker component; and

delivering, continuously or intermittently, culture media to the cell culture at the
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calculated culture media delivery rate, in order to dilute concentration of the at least

one marker component in the cell culture.

[0009] In some example embodiments, the culture media delivery rate is determined
in order to maintain the measured concentration or density of the at least one marker

component below a predetermined threshold value.

[0010] The disclosed devices and methods may be useful for culturing stem cells

and/or progenitor cells, among other cell types.

Brief Description of the Drawings

[0011] Reference will now be made to the drawings, which show by way of example

embodiments of the present disclosure, and in which:
[0012] FIG. 1 is a schematic illustration of an example device for culture cells;

[0013] FIG. 2 shows charts illustrating simulated cell output, using an example

mathematical model;

[0014] FIG. 3 shows charts illustrating simulated cell growth, using an example

mathematical model;

[0015] FIG. 4 shows charts illustrating cell output using an example device for

culturing cells compared to conventional cell culture;

[0016] FIG. 5 shows charts illustrating cell growth at different culture media dilution

rates using an example device for culturing cells;

[0017] FIG. 6 shows charts illustrating cell growth using an example device for

culturing cells compared to conventional cell culture using an inhibitor;

[0018] FIG. 7 shows charts illustrating cell output using an example device for

culturing cells compared to conventional cell culture;

[0019] FIG. 8 shows charts illustrating simulated results comparing output using an
example device for culturing cells compared to conventional cell culture with

perfusion;
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[0020] FIG. 9 shows a chart comparing an example mathematical model with

example experimental results for certain cell outputs at day 8;

[0021] FIG. 10 shows a chart comparing an example mathematical model with

example experimental results for certain cell outputs at day 12;

[0022] FIG. 11 shows a chart illustrating simulated secreted factor profiles from

conventionally grown cells, using an example model;

[0023] FIG. 12 shows a chart illustrating simulated secreted factor profiles, using an
example model, from cells grown using an example method of the present disclosure;

and
[0024] FIGS. 13A-13D show tables listing example stimulators and inhibitors.

Detailed Description

[0025] Existing conventional bioreactors typically are not specifically designed for
expansion of stem cell populations. For example, such conventional bioreactors
typically do not include tight control of components (e.g., concentration of secreted
factors and other proteins) that may be important for stem cell (e.g., hematopoietic
stem cells) growth. Existing conventional fedbatch systems and perfusion systems

typically do not provide specifically for expansion of stem cell populations.

[0026] Typically, conventional fedbatch bioreactors have been used to monitor and
control levels of nutrients and/or waste (e.g., glucose and/or other cell metabolites).
However, such traditional metabolites may not be limiting factors for certain cells,
such as stem cells (e.g., hematopoietic stem cells). Thus, conventional bioreactors
typically do not have any mechanism or strategy for monitoring and/or controlling for
components (e.g., concentration of secreted factors and other proteins) that are
important for stem cell growth. As such, culturing stem cells using such conventional

systems may not achieve a desired stem cell population expansion.

[0027] In the present disclosure, the accumulation of one or more components (e.g.,
growth inhibiting factors) that impact cell growth, such as stem cell growth, is taken
into account. For example, a fedbatch system that includes monitoring (e.g., on-line or

off-line monitoring) and control (e.g., through continuous or intermittent dilution) of

-4 -
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such component(s) (e.g., inhibiting factors) may be used for control and growth of cell

populations, such as stem cell populations.

[0028] The present disclosure describes examples of devices for culturing cells. The
example devices may be useful for propagating human blood stem and progenitor
cells, or other stem and/or progenitor cell populations. In the device, accumulation of
inhibiting factor(s) of cell growth (e.g., endogenously produced negative regulator(s))
may be controlled by measuring their concentration (e.g., directly measured or
indirectly measured via surrogates) and by using this measurement to control the rate
of media supplementation or negative component (e.g., cell(s) or inhibiting factor(s))
removal. Such monitoring of marker components (e.g., the factor(s) of interest or
surrogate(s) for such factor(s)) may allow for feedback control. The control strategy
for the device may be based on a mathematical model and/or sofiware program that

predicts endogenous factor concentrations and regulates bioprocess parameters.

[0029] In some example embodiments, the device includes a cell vessel for culturing
cells. The cell vessel may have one or more inlets for introducing culture media, as
well as any other suitable agents or components. The culture media may be delivered
via a controllable delivery mechanism, such as a pump or a valve connected to the
inlet(s). The culture media may be continuously or substantially continuously (e.g.,
periodically or regularly, such as on an hourly basis, or intermittently) delivered,
which results in continuous or intermittent dilution of component (e.g., including
biological factors) within the culture vessel. The delivery mechanism may be
controllable, for example by coupling to a processor or other controller device, to
control the rate of delivéry of the culture media and/or other agent. In some examples,
the delivery mechanism may itself have a processor that may be programmed to
control the rate of delivery. In some examples, the delivery rate is controlled
according to a mathematical model of cell culture behavior. In some examples, the
delivery rate is controlled based on feedback information derived from continuous,

periodic or intermittent monitoring of media and/or cells from the cell vessel.

[0030] In example systems-level molecular profiling studies, sets of positive and
negative factors present in UCB conditioned media were determined and experimental
validation showed that the identified factors did have a positive or negative impact of

functional culture outputs, as was predicted [4], [10]. Given the complexity and

-5-
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dynamic nature of typical stem cell (e.g., hematopoietic cell) cultures, the effect of
adding a single factor or small combinations of factors is typically fairly minimal to
the overall system. A more global regulation approach may allow for improvements
~in culture outputs, over what has been achieved with single factor addition or
inhibition. By diluting the culture volume over time, all factors (e.g., including
endogenously secreted inhibiting factors) will decrease in concentration and this may
serve to counteract the rising levels of inhibitory factors. The effects of any
stimulatory factors may be augmented, for example by adding any such factors with

the delivered culture media.

[0031] The device may include a controllable or automated delivery mechanism to
allow for the continuous, periodic or intermittent delivery of culture media, which
may include factors (e.g., unstable proteins), to cell culture (e.g., hematopoietic stem
cell culture). For example an automated system as described in [5] may be suitable.
Using this device, a fed-batch media delivery strategy may be implemented, in which
fresh culture media may be added to the cell culture continuously or substantially
continuously over time, thereby increasing the culture volume at a predetermined rate
or rates. The rate(s) of dilution may be controlled by a user, or may be based on a
predictive or theoretical model, or may be controlled by a controller device (e.g.,
based on feedback information), and may be a constant rate or a variable rate.
Previous mathematical simulations on the in vitro UCB culture system has provided
validated temporal data on the rate of cell expansion and the rate of endogenous factor
secretion [4]. Thus, the algorithm for the dilution of the cell culture media may be
based on these known rates in order to specifically maintain a constant level of one or
more selected marker components (e.g., factor(s) and/or surrogate(s)) as cell culture

progresses.

[0032] A general dilution approach may eliminate or reduce the need to precisely
control the addition or removal (or inhibition) of large combinations of factors. The
fed-batch delivery strategy globally decreases the concentration of all endogenously
secreted factors present in culture and the continuous or substantially continuous
nature of the approach may take into account dynamically changing culture
conditions. By continuously or substantially continuously diluting the culture media,

for example at a determined (e.g., relatively optimal) rate, the inhibitory effect felt by
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the cell (e.g., stem cell) population as a result of paracrine and/or autocrine signaling
loops may be decreased. As a result, it may not be necessary to specifically account
for each factor individually in culture. By controlling the rate of media dilution based
on the dynamics of cell culture (e.g., in terms of cell expansion and/or factor
secretion) the overall culture system may be controlled, for example by maintaining at

least one or more inhibitory secreted factors below a predetermined threshold level.

[0033] The disclosed devices and methods may allow for a variable flow rate (e.g.,
exponential or feedback-based) which may allow the dynamic nature of the cell
culture to be taken into account. The device may also provide global control over the
culture with relatively minimal manipulations, compared to conventional bioreactors.
The device may avoid the need to select for cells, or to retain cells that are cultured in
a media perfusion configuration. The device may allow for improved expansion of
both stem cells and progenitor cells. The delivery rate of culture media may be
predicted (e.g., using a predictive model) and may be set based on measured levels of
one or more representative factors or marker components (e.g., transforming growth
factor (TGF £)) in the cell vessel, for example such that the levels of these inhibitory
factor(s) are maintained below a threshold value. Such representative factors or
marker components may be considered “sentinel” factors, in that control of such
factors may be adequate to control the global cell vessel environment, however the
intention may not be to control such factors specifically or solely, but rather as a way

to control for other unmonitored factors in the global cell vessel environment.

[0034] Reference is now made to FIG. 1, showing an example embodiment of a
device for culturing cells. In the example shown, the device includes a cell vessel,
which may be a sterile, closed bioreactor, such as but not limited to a flask, a culture
bag (e.g., made of Teflon or other suitable plastic), an array of microwells or a stirred
tank. The device setup may be similar to a fed-batch bioreactor setup. In the example
shown, the cell vessel includes both an inlet and an outlet (both of which may be
sterile), although in other examples, the cell vessel may include only an inlet or may
have additional ports. Fresh culture media is delivered into inlet of the cell vessel, for
example from a culture media reservoir, via a delivery mechanism, such as a pump or
a valve. The pump is controlled (e.g., by a processor or other controller device) such

that the culture media is delivered at a controlled rate. Where the cell vessel inciudes
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an outlet, spent or waste media may be removed from the outlet, for example for
perfusion-type feeding or for continuous or semi-continuous compositional analysis.
The delivery rate of the culture media is regulated by the controlled delivery
mechanism which may regulate flow rate, for example at a constant value, along a
fixed trajectory, as a function of endogenous protein concentrations or cell population
densities, or according to any other suitable regulation strategy (e.g., based on a

model or based on feedback).

[0035] In some examples, the device includes a controller device (in this example,
shown as a computer) configured for on-line (i.e., real-time) or off-line (i.e., not real-
time) continuous or periodic sampling of the cell vessel, for measurement of one or
more marker components (e.g., secreted factor levels) which may be used as a
feedback control mechanism for delivery of the culture media. In some examples, the
marker component may be a surrogate for a secreted factor, where the surrogate is
indicative of the level of the secreted factor, such as in cases where the secreted factor
itself is hard to detect directly. Although the controller device is shown as a computer,
other controller devices may be suitable, including, for example, a processor, an
embedded computer chip, or a server. Although the controller device is shown as a
separate component from the delivery mechanism, in some examples the delivery
mechanism itself may include the controller device (e.g., as a processor or microchip

embedded in the delivery mechanism).

[0036] This feedback approach, in some examples with real-time continuous or
periodic sampling to monitor factor concentration and adjust the culture system
correspondingly in real-time, may allow for tighter control of the system and a greater
abiiity to deal with sample to sample variability. The device may be set to dilute
culture media in order to maintain one or more marker components (e.g., specific
endogenous secreted molecules) below, at, or above a predetermined threshold value.
The threshold value may be predetermined based on predictive model(s) and/or
experimental data. For example, a technique using a sandwich ELISA-based
nanotechnology can be adapted to detect the presence of TGFS, or other secreted
factors, at the picomolar level, with a detection time of less than 1h [9]. This

biosensor approach may allow for the detection of TGF@ levels, which could then be
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fed back to the controller device or the delivery mechanism to adjust the culture

media delivery rate accordingly.

[0037] The fresh media delivery rate (and in some examples, the spent media removal
rate, where applicable) may be constant or variable and may be a function of the
concentration of one or more marker components, such as one or more endogenously
produced negative regulators. A variable delivery rate may be set, for example, as a
function of the total culture volume in the celi vessel, a preset trajectory, or regulated
by feedback control to maintain specific marker component(s) (e.g., one or more
endogenous secreted molecules or cell sub-populations) at, above or below a
predetermined threshold value. Endogenous secreted molecules used for the marker
component may include, for example, ADIPOQ, CCL2, CCL3, CCL4, CCLS,
CXCL7, CXCL8, CXCL10, EGF, PDGF, TGFB1, TGFB2, TNFSF9, or VEGF. Cell
populations used for the marker component may include, for example, cells that
express CDI4, CD15, CD33, CD41, CD235a, CD133, C34, CD38, CD71, Rho123 or
a lineage set of cell antigens (i.e., lineage-positive or Lin+), or cells that express a
lack of a lineage set of cell antigens (i.e., lineage-negative or Lin-). The total number
of nucleated cells (TNC) in a cell population may also be used as a marker. Other
inhibitory factors that may be monitored as a marker component may include, for
example, monocyte-derived inhibitory factors (e.g., CCL3, CCL4, CXCL10, TGFB2
and TNFSF9, as described above)

[0038] Compositional analysis for feedback control may include, for example,
measuring the concentration of a secreted marker molecule or measuring the density
or number of cells expressing a marker or markers, or a surrogate marker of a specific
cell type or molecule. In some examples, the cultured cell population may be
subjected to éontinuous or substantially continuous cell sub-population selection for
one or a combination of certain phenotypes during the culture. In some examples, the
device may include one or more sensors (e.g., a bead-based barcoding sensor, as
described in Klostranec et al. [9]) for monitoring (e.g., on-line) of one or more marker

components.

[0039] In some examples, the composition (e.g., cytokine composition) of the fresh
culture media may be varied in accordance to the measured concentration or density

of one or more of the marker components (e.g., endogenous secreted molecule

-9.
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concentrations or phenotypic profiles) described above. Examples of cytokines that
may be added to the culture media include stem cell factors (e.g., KITL), flt3 ligand
(FLT3L), and thrombopoietin (THPO), among others.

[0040] The use of this device may be useful for improving culture growth of cells,
such as human or non-human blood stem and progenitor cells (e.g., including

hematopoietic cells).

Examples

[0041] Examples of the disclosed devices and methods, including studies comparing
its use to conventional cell culture methods, are described below. These examples are
for the purposes of illustration only and are not intended to be limiting. Although
certain theories and models are put forth, the disclosure may not be held to any such

theories or models and may not be dependent on any such theories or models.

[0042] Mathematical simulations may be performed using a model for the cell
culture, for example the model described in [4], to explore the impact of culturing
cells with a controlled culture media delivery approach. The simulated i vitro and in
vivo functional assay outputs included total nuclear cells (TNC), colony-forming cells
(CFC), long term culture-initiating cells (LTCIC) and Scid mouse repopulating cells
(SRC), which have been shown to be robust assays for the quantification of the
expansion of total cells, committed progenitors, primitive progenitors, and stem cells,

respectively.

[0043] FIG. 2 illustrates the results of example mathematical simulations for
controlled culture media delivery, in this example using the model described in [4].
The simulations predicted that controlled culture media delivery would lead to
significant increases in all functional assay outputs using an example of the disclosed
devices and methods, with outcomes being dependent on the rate of culture media
delivery. For example, FIG. 2A shows predicted day 8 functional outputs for total
nuclear cells (TNC), colony forming cells (CFC), long term culture-initiating cells
(LTCIC) and Scid mouse repopulating cells (SRC) at various dilution rates.
Additional simulations suggested that these improvements may be a result of
decreased concentrations of inhibitory secreted factors in culture in the cell vessel as

the culture media in the cell vessel was continuously diluted. For example, FIG. 2B

-10 -
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shows simulated day 8 concentrations of hypothetical negative secreted factors (SF1

and SF2) at various dilution rates.

[0044] A mathematical model, such as one which specifies certain timing and amount
of medium supplementation and selection as in the example described above, may be
used to predicatively guide delivery of culture media. FIG. 3 shows outputs from an
example computational model for predicting the effects of culture media control on
stem and progenitor cell growth. 8-day cultures using an example of the disclosed
device were simulated with culture media dilutions rates based on controlling secreted
inhibitory protein concentration (left) or cell density (right), over a range of controller

set points.

[0045] Mathematical models may also be used together with a feedback control
strategy. For example, such mathematical models may be used to set predetermined
initial media delivery rates and/or set predetermined threshold level(s) for marker

component(s).

[0046] FIG. 4 illustrates an example study comparing functional outputs of cell
culture using an example of the disclosed device versus conventional methods. For
initial experimental validation, cells were cultured in serum-free media, for example
as described in [6]. For controlled culture media delivery, culture media was delivered
to the cell vessel semi-continuously or substantially continuously, at a constant
delivery rate, again with the dilution rate, D, indicating the fold increase of media that
was delivered to the culture vessel each day, as compared to the starting volume. For
example, FIG. 4A shows media volume in the cell vessel over time at different
constant dilution rates. Thus, for a constant dilution rate of D = 1, the volume of
culture media that was added over each 24h period would be equal to the initial

culture volume in the cell vessel.

[0047] The functional assay outputs achieved from a controlled culture media
delivery strategy at two different dilution rates are shown for cells on day 8 and day
12 of culture in FIGS. 4B-C and FIGS. 4D-E, respectively. FIGS. 4B and 4C shows
the day 8 expansion data of total nucleated cells (TNC), colony-forming cells (CFC),
and long term-culture initiating cells (LTCIC), comparing a fed-batch delivery of

dilution rate D=0.5 and D=1, to control cells cultured in a standard constant volume

-11 -
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culture with a media exchange every 4 days (D=0). FIGS. 4D and 4E shows similar
data to FIGS. 4B and 4C for day 12 of culture. At both time points, the controlled
culture media delivery approach outperformed the cells subject to conventional
culture conditions (D=0), based on all assays performed, which appears to agree with

predictions by the model in [4].

[0048] At day 8, the level of LTCIC expansion obtained from the controlled culture
media delivery approach at D=1 was more than double what is secen with the
conventional culture (15.0X as compared to 6.5X). Notably, whereas previous UCB
culture strategies have seen a decline in primitive progenitor numbers after 8 days, the
controlled culture media delivery approach may allow for continued primitive
progenitor expansion up to the 12 day time-point. The LTCIC expansion reached
28.6X on day 12 in the controlled culture media delivery (D=1) cultures.

[0049] Other controlled culture media delivery rates may be used (e.g., with more
complexity), which may more closely mimic the culture dynamics of specific cells
and/or factors of interest. In the example below, a variety of variable delivery
schemes were compared that each gave the same level of total culture volume in the

cell vessel on day 8 but which used different dynamics of dilution.

[0050] Reference is now made to FIG. 3, illustrating different example dilution rates
using an example of the disclosed device, and the results of using the different
dilution rates. The different culture media delivery rates are shown in FIG. 5A as the
change of culture media volume in the cell vessel over time. The functional assay
outputs are shown in FIGS. 5B, 5C, 5D, 5E, 5F and 5G. FIG. 5B shows day 8 total
nucleated cell expansions comparing the delivery strategies illustrated in FIG. 5. FIG.
5C shows day 8 colony forming cell expansions. FIG. 5D shows day 8 long term
culture-initiating cell expansions. Interestingly, the exponential strategy of culture
media delivery seemed to produce the greatest expansions on day 8 compared to the
other example delivery strategies, giving rise to population expansion folds of 63X,
39X and 28X for TNC, CFC and LTCIC respectively. FIGS. 5E, 5F and 5G show
similar data to FIGS. 5B, 5C and 5D for day 12 of culture. Referring to FIGS. 5SH and
51, respectively showing the time course of total cell expansion in.-a standard 8 day
culture; and the time course of TGF@ secretion in a standard 8 day culture, using an

ELISA assay, it appears that both cell growth rate and rate of secretion of critical

-12-



CA 02780573 2012-05-10
WO 2011/057380 PCT/CA2010/001180

factors follow an exponential curve in standard culture conditions. It may be that a
corresponding exponential culture media delivery rate most closely tracks one of

these critical parameters and thus may provide improved results.

{0051] In an example study, the results of controlled culture media delivery were
compared to the direct inhibition of negative factors on the cell culture. Previous work
has identified several secreted factors that have a negative influence on HSC self-
renewal [4]. Of these, TGF@ emerged as a very strongly negative factor, as has also
been previously reported [7, 8]. The results of controlled culture media delivery using
the disclosed device was compared to results from the addition of a TGFg inhibitor in
order to determine whether simply adding a small molecule inhibitor would produce

comparable results.

[0052] FIG. 6 illustrates a comparison of culture growth using an example. of the
disclosed devices and methods versus a conventional method with the additional of an
inhibitor, in an example study. FIG. 6A and 6B show day 12 population expansions
comparing the growth of cells in a controlled culture media delivery strategy of
constant dilution rate D=1 to that using a conventional culture method with the
addition of 1pM of the TGF} inhibitor, SB431542 (TBi).. As shown in FIGS. 6A and
6B, the controlled culture media delivery approach outperforms the results achieved
with the TGF@ inhibitor alone in a conventional method. These results suggest that a
more global regulation of the culture system (e.g., by general dilution of the culture
media in the cell vessel) may be more effective than the inhibition of a single factor.
Moreover, inhibitors may not be available for all negative factors present in culture
and a controlled culture media delivery method may relatively easily achieved, such
as without the need to test, combine, and/or optimize the use of many different
inhibitors.

[0053] In some examples, the disclosed devices and methods may control the culture
media delivery rate using a dynamic strategy (e.g., using monitoring of one or more
marker components and feedback control), which may be based on counteracting the
increasing concentration of endogenously produced negative regulators. As the
accumulation of many secreted factors follow similar temporal trajectories as cell
culture progresses, monitoring and controlling the culture system based on the level of

one or more marker components (c.g., a single representative critical factor, such as
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TGFB) may be a feasible strategy to be used. The concentration of the marker
component(s), in some examples secreted factor(s), can be measured periodically,
continuously or intermittently for example as sampled by a controller device or
manually (e.g., using conventional methods, such as an enzyme-linked
immunosorbent assay (ELISA)) or using on-line sensors, and the culture media
delivery rate (which affects the dilution in the cell vessel) may be adjusted
accordingly (e.g., through manual or automatic control of a delivery mechanism) to
maintain the concentration of the marker component at, above or below a

predetermined threshold.

[0054] An example of such feedback control is shown in FIG. 7. In this example,
control of the culture media delivery rate is based on monitored levels of
endogenously secreted factors. FIG. 7A shows total TGF@ (pg) present in cultures
using an example of the disclosed device (D=1) and a conventional method (D=0)
using ELISA assay. FIG. 7B shows TGF@ concentration (pg/mL) in cultures using an
example of the disclosed device (D=1) and a conventional method (D=0), which
explicitly takes into account the difference in culture volume. The controlled culture
media delivery approach, using an example of the disclosed devices and methods,
increases the culture volume, thereby decreasing the concentration of TGFS and
maintaining it at a level where its inhibitory effect on the stem cell population may be
reduced. FIG 7C shows a time course of TGF concentration (pg/mL) comparing an

example of the disclosed device (D=1) and a conventional method (D=0).

[0055] Reference is now made to FIG. 8, showing the results of an example
simulation comparing examples of controlled culture media delivery without
perfusion to a conventional culture method using perfusion. In the charts shown, “fed-
batch” is used to refer to controlled culture media delivery. FIG. 8 shows 8-day fold
expansions of TNC (FIG. 8A), CFC (FIG. 8B), LTCIC (FIG. 8C), SRC (FIG. 8D),
and final (day-8) media concentrations of theoretical proliferation inhibitor SF1 (FIG.
8E) and self-renewal inhibitor SF2 (FIG. 8F) as functions of media dilution rate,
normalized to total volume (Vr) of media required. The results suggest that a cell
culture method using controlled culture media delivery, such as in the disclosed
devices and methods, may provide improved output compared to a conventional

culture method using perfusion. The absence of perfusion in the controlled culture
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media delivery method may help to avoid the need to remove media from the cell

vessel, which may reduce disturbances to the culture.

[0056] In some examples, the disclosed devices and methods may allow for the use of
perfusion in addition to controlled culture media delivery, for example by providing
an outlet in the cell vessel for removing media. The combination of controlled culture
media delivery and perfusion (or removal of culture media) may be useful. For
example, removal of waste media from the cell vessel may be useful in further
removing inhibitors that inhibit cell growth or output, and/or allowing the control of
the concentration of inhibitory factors or of inhibitory cell types without substantially
increasing the culture volume. Removal of waste media may also be controlled in a
manner similar to the control of culture media delivery (e.g., continuous,

substantially-continuous or feedback-based).

Example stimulators

[0057] Using controlled culture media delivery, all endogenous factors are diluted at
the same rate, including both inhibitors and stimulators. Stimulators may be positive
endogenous factors (e.g., certain proteins) that help to promote a desired cell output or
cell behavior. In some examples, one or more stimulators may be added and/or
reintroduced back into the cell vessel, for example as a soluble factor, to counteract
the fact that endogenous positive factors are being diluted. In some examples, in
addition to controlled delivery of culture media to the cell vessel, the device may also

include controlled delivery of stimulators to the cell vessel.

[0058] For example, growth factors or cytokines such as SCF, TPO, FLT-3L, and
others, or the role of the transcription factors HOXB4 and the engineered fusion gene
between NUP98 and the homeodomain of HOXA10 (NUP98A10HD), provided as
soluble membrane-permeable proteins, have been considered as clinically relevant
reagents to enhance in vitro HSC self-renewal. Other suitable stimulators may
include, for example, megakaryocyte-derived stimulatory growth factors (e.g., VEGF,
PDGF, EGF and serotonin). Strategies for the delivery of the TAT-HOXB4 and TAT-
NUP98A10HD fusion proteins to umbilical cord blood cultures may be developed
and carried out using an example of the disclosed devices and methods, for example

to achieve continuous or semi-continuous protein delivery, and may be based on a
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suitable predictive model, for example to predict dynamic infracellular protein
concentrations. It may be that a continuous or substantially continuous delivery
approach is useful for unstable proteins, such as TAT-HOXB4, and the delivery of
such unstable factors, may be suitable with a culture media dilution strategy as

described above.

[0059] In some example studies, it has been found that an optimized delivery scheme
of 1.5nM (from day 0-4) and 6nM (from day 4-8) every 30min, produces stable
intracellular levels of TAT-HOXB4, and results in a increase of primitive progenitor
cells, as measured by colony counts from bulk long term culture-initiating cell (L.TC-
IC) assays, of 1.9x greater than the classic, non-optimized TAT-HOXB4 delivery
scheme (40nM every 4h) and 3.1x greater than untreated control cells. Other example
studies consider HSC self-renewal using the NOD/SCID repopulating cell assay.
These example studies may suggest that endogenously produced secreted factors limit
HSC output, and that TAT-HOXB4 acts to desensitize the pﬁmitive blood progenitor
cells to negative feedback regulation by secreted factors. Other suitable stimulators
may include, for example, the growth factors SCF, TPO and FLT-3L, as well as EGF,
VEGF, PDGF, and other suitable growth factors. Other suitable stimulators may
include, for example, those listed in FIGS. 13A-13D, described below.

[0060] In some examples, one or more stimulators may be delivered to the cell vessel
through the addition of the stimulator(s) directly to the culture media being delivered.
The stimulator(s) may be directly added to the culture media in a fixed concentration.
In this way, the delivery of stimulator(s) may be indirectly controlled (i.e., through the
control of culture media delivery). In some examples, the delivery of one or more
stimulators may be directly controlled, for example by using another controlled
delivery mechanism (e.g., a controlled valve or pump) for delivering the stimulator(s)
to the cell vessel (e.g., through an additional inlet separate from the delivery of culture
media). Such direct control of stimulator delivery may be similar to the control of
culture media delivery. For example, the delivery of one or more stimulators may be
controlled based on a predetermined delivery rate, such as determined by a

mathematical model or based on feedback information.
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Mathematical model

[0061] An example mathematical model is now described that may be suitable as a
basis for controlling culture media delivery. Although an example model is described,
this is only for the purpose of illustration and is not intended to be limiting. The

present disclosure may not be dependent on the model and its workings.

[0062] An example of a suitable mathematical model, for example of hematopoiesis,
may integrate findings from various experimental and/or theoretical studies. Such an
example model may be implemented as series of ordinary differential equations
wherein cell-level kinetic parameters (e.g., proliferation and self-renewal rates) are
defined as functions of secreted molecule-mediated inter-cellular networks. By
relation to quantitative cellular assays, such an example model may be useful for
predictively simulating features of both normal and malignant hematopoiesis, which
may be useful for relating internal parameters and microenvironmental variables to

measurable cell fate outcomes,

[0063] In one example, which may be suitable for blood cell' cultures, the
mathematical model is a feedback-based cell-cell interaction network model of
hematopoiesis. In the example model, the hematopoietic lﬁerarchy can be divided into
discrete cellular compartments, wherein compartment transitions are typically
coincident with compartment size amplifying cell divisions. Taking advantage of
differentiation-state-associated in vitro and in vivo assays, functional readouts have
been defined as overlapping series of consecutive compartments. The functional
readouts considered are the immuno-deficient (Non-Obese Diabetic (NOD)/Scid)
mouse repopulating cell (SRC) assay for quantifying stem cells, the long-term culture-
initiating cell (LTC-IC) assay for quantifying primitive progenitors, and the colony
forming cell (CFC) assay for quantifying committed progenitors. Hematopoietic cell
populations are also broadly classified phenotypically based on their expression
(Lin"), or lack of expression (Lin) of cell surface antigens associated with
differentiated blood cells. Estimates for cell compartment-assay relationships, were

undertaken as described in [4].

[0064] Gaussian-type functions were used to define the proliferation rate (x;) and the

self-renewal probability (f}) as a function of compartment number (i) based on the
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internal constants uux, Paax, Dor, and Dsg (detailed further in [4]). A branching
model of hematopoiesis was simulated by lumping differentiated (Lin") cells into 3
functional classes based on their functional feedback interactions with stem and
progenitor cells during propagation; populations that secrete inhibitors, populations
that secrete stimulators, and populations that secrete molecules with no net effect.
Compartment-specific self-renewal and proliferation rates were designated as
regulated by the balance of endogenously secreted inhibitors (negative feedback) and
stimulators (positive feedback). Based on the above, the resultant example
mathematical model includes of 24 state variables [20 cell compartments (X;) and 4
secreted regulatory molecules (SF1-4)], and 16 internal parameters, their definitions

and theoretically constrained ranges given in [4].

[0065] The example mathematical model described may be used to predict the
functional culture outputs at different dilution rates, thereby allowing for in silico
optimization of the culture system, which may be experimentally validated. As shown
in FIGS. 9 and 10, the model predictions of outputs resulting from a controlled culture
media delivery at fixed dilution rates D=0.5 and D=1 agree with the experimental
results at both the 8 day point and 12 day point, suggesting that the model may be
useful for the disclosed devices and methods. Additionally, model simulations may be
used to investigate the effects of different variable culture media delivery strategies,

to help predict the effects of different delivery rates on culture outputs.

[0066] Within the example model, all secreted factors are represented by four
categories: proliferation inhibitors (SF1), self-renewal inhibitors (SF2), proliferation
stimulators (SF3) and self-renewal stimulators (SF4). Although each individual factor
may be secreted at a different rate, the model predicts that the secretion rate of each
category of factor will follow an exponential curve, as shown in FIG. 11. When
controlled culture media delivery is carried out, the concentrations of all of these
factors are decreased, as indicated in FIG. 12, thereby reducing their paracrine impact

on the cells in culture.

[0067] The controlled culture media delivery approach may involve the continuous or
substantially continuous (e.g., periodically or intermittently) dilution of the culture
media in the cell vessel, in some examples with fresh serum-free media being

supplemented with stimulators to help promote culture output, for example with the
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cytokines, stem cell factor (SCF) at 100ng/mL, Flt-3 ligand (FL) at 100ng/ml. and
thrombpoietin (TPO) at 50ng/mL. By continuously or substantially continuously
adding this stimulatory media, while simultaneously diluting all endogenously
produced factors, the culture system may be skewed towards a stem-cell supportive

environment.

[0068] In some examples, in addition to the cytokine supplementation described
above, the addition of other factors can be combined with the continuous or
substantially continuous controlled culture media delivery. For example, using a
continuous or substantially continuous delivery approach for the delivery of unstable
TAT-fusion proteins (TAT-HOXB4, TAT-NUP9SHOXA10) may be useful, and in
some examples the continuous or substantially continuous delivery of these types of

labile proteins may be used with controlled culture media delivery.

[0069] A large variety of endogenous factors are typically secreted in hematopoietic
cell culture. Examples of these factors have been identified from literature as well as
through a culture systems-level molecular profiling study and categorized as
stimulators or inhibitors of stem cell expansion (for example in [4]) and they are
summarized in FIGS. 13A-13D. In these tables, column 2 indicates Entrez gene ID
numbers. Under the “Effect” column “+” indicates that the factor has known

6 e

stimulatory effects, indicates that the factors has known inhibitory effects, and “0”
indicates that the factor has no known effect. Where there is a gene alias for the
factor, it is provided in parentheses in column 1. A number of these factors have been
experimentally validated and several have been categorized more specifically as
stimulators or inhibitors of self-renewal or proliferation, which correlate to secreted

factor categories, SF1-SF4, in the example mathematical model.

Example system

[0070] An example embodiment of the device for culturing cells is now described.
The device may be based on a fed-batch delivery mechanism and may include a
control process to modulate the concentration level of certain components (e.g.,

critical secreted factors) in the cell culture.

[0071] In an example embodiment, the cell vessel may be a bag (e.g., a flexible bag

made of a plastic such as Teflon), a culture flask or plate (e.g., made of a plastic such
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as polystyrene), or a stirred bioreactor vessel, among others. The example cell vessel
includes one or more inlets or ports for receiving, for example, culture media. The cell
vessel may be relatively small in size (e.g., about 1 mL in volume) or may be larger
(e.g., on the order of several litres), depending on the required media volumes used

and/or cell population sizes.

[0072] Culture media may be delivered to the cell vessel via the inlet(s). In this
example, a reservoir of culture media may be kept in a syringe or other container
(e.g., in a temperature-controlled environment), and may be connected to the inlet(s)
(e.g., via a capillary or tubing) for controlled delivery to the cell vessel. A delivery
mechanism delivers the culture media to the cell vessel. In this example, the delivery
mechanism may be a pumping system (e.g., a syringe-loaded pump, a peristaltic pump
or other suitable pump). The delivery mechanism may be controlled using, for
example, a processor. In this example, a software program, such as a Labview-based
program, may be executed by a processor and used to control operation of the

pumping system, to allow for user-defined control of media delivery.

[0073] An example of a suitable bag-based cell vessel system is described in Csaszar

et al. [5]. Other variations of such systems may be used.

[0074] In this example embodiment, delivery of the culture media may be controlled
based on predetermined fixed or variable volume addition, or may be based on more
complex delivery profiles based on, for example, model simulation predictions, off-
line (e.g., static or not real-time) measurement of certain variable(s) and/or on-line
(c.g., dynamic or real-time) measurement or certain variable(s). Delivery of the
culture media may be controlled to be, for example, substantially continuously (e.g.,
at a steady or changing rate), intermittent (e.g., at itregular intervals), periodic (e.g., at
regular intervals) or combinations therefore. Delivery of the culture media may be
based on, for example, a predetermined schedule or may be dynamic based on
monitoring of the system conditions (e.g., concentration of certain factors in the

vessel media).

[0075] For example, mathematic models (e.g., the model described in Kirouac et al.
(4] or variations thereof) may be used to predict or determine delivery profiles for a

desired cell culture behaviour, such as expansion of cell (e.g., stem cell) population.
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Such models may be based on predetermined and/or monitored information including,
for example, information about cell culture conditions (e.g., cell population size)

and/or accumulation of certain factors in the cell vessel.

[0076] In an example study, based on the model described in Kirouac et al. [4], it was
validated that a substantially continuous delivery of culture media where the media is
delivered following an exponentially increasing delivery rate, over a 12 day period,
resulted in a significant expansion of primitive progenitor stem cell populations. It has
also been found that media delivery strategies in which the volume of culture media in
the cell vessel is diluted (e.g., in the range of about 5 to about 25 times dilution from
the starting volume by the end of the incubation period, such as 12 days) resulted in

positive cell population expansion for umbilical cord blood cells.

[0077] In some example embodiments, monitoring of marker component(s) in the
culture media in the cell vessel may be performed with the aid of one or more sensors.
The use of sensor(s) may allow for on-line (e.g., dynamic or real-time) monitoring.
For example, Kirouac et al. [10] describes secreted proteins in a cell culture that may
be monitored and their concentrations controlled, using the above-described device,
for example. The monitoring may be based on a marker component that may be the
secreted factors that are to be controlled or may be a surrogate that is indicative of or

associated with the secreted factors.

[0078] In the example embodiment, off-line (e.g., static or not real-time) monitoring
of the marker component(s) may be based on intermittent or periodic sampling of the
culture media in the cell vessel (e.g., through the inlet(s) or other ports). Monitoring
may involve, for example, performing a concentration quantification assay (e.g., an
ELISA assay). For example, the concentration of the factor TGF3 may be monitored
using an off-line ELISA assay. In an example study, control of the concentration of
TGFB was found to be useful for promoting expansion of progenitor stem cell
populations. Additionally or alternatively, monitoring of the marker component(s)
may be performed on-line (e.g., dynamically or real-time). In an example
embodiment, on-line monitoring may be performed using one or more sensors, such

as a bead-based barcoding sensor, for example as described in Klostranec et al. [9].
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[0079] In some examples, such as where one or more sensors are used for on-line
monitoring of marker component(s), data obtained from monitoring may be
transmitted, for example to a processor running software controlling the delivery
mechanism, to control the delivery mechanism dynamically or in real-time. This may
allow the delivery of fresh culture media to be controlled in order to maintain
concentration of marker component(s) (and by extension certain factors of interest)
below predetermined threshold concentrations. For example, an example study has
found that in some cases maintaining the concentration of secreted TGFS below a
concentration of about 300 pg/mL through dilution of the culture media, such as
described above, results in improved cell population expansion as compared to a
conventional system. Conventionally, over a culture period of 12 days, TGFB

concentration levels may reach 3000 pg/mL or higher.

[0080] While the present disclosure refers to the use of the device and the controlled
culture media delivery method for culturing stem cells, the present disclosure may be
applicable to other cell tyﬁes, including, for example, stem cells, progenitor cells, and
non-stem cells, for both human and non-human cells. Although certain culture media
delivery strategies and rates have been described, other delivery rates may be suitable,
including, for example, constant rate, linear rate, exponential rate, sinusoidal rate, step
rate, among others. Where the present disclosure refers to continuous or substantially
continuous control or delivery of culture media, it should be understood that regular
or periodic control or delivery of culture media may also be suitable. For example,
within the time frame of a typical culture, which is on the order of days, periodic
control or delivery of culture media on the order of hours may be considered to be
substantially continuous. Although certain marker components, stimulators and
mhibitors have been described, it should be understood that these are for the purpose
of illustration only and other marker components, stimulators and/or inhibitors may be

considered.

[0081] The embodiments of the present disclosure described above are intended to be
examples only. Alterations, modifications and variations to ’the disclosure may be
made without departing from the intended scope of the present disclosure. In
particular, selected features from one or more of the above-described embodiments

may be combined to create alternative embodiments not explicitly described. The
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subject matter described herein intends to cover and embrace all suitable changes in

technology.
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Claims

1. A system for culturing hematopoietic stem cells and/or progenitor cells

comprising:

- a cell vessel for culturing cells, having an inlet for receiving culture media;

- a delivery mechanism connected to the inlet of the cell vessel for delivering the
culture media to the cell vessel, the delivery mechanism being controlled to continuously
or intermittently deliver the culture media at a determined culture media delivery rate; and

- a controller device configured to:

- receive, continuously or intermittently, signals representing measurement of at
least one marker component, wherein the measurement is a concentration or

density of the at least one marker component;

- determine the culture media delivery rate for diluting concentration of the at least
one marker component in the cell vessel based on the measurement of the at least
one marker component in order to maintain the measured concentration or
density of the at least one marker component below a predetermined

threshold value; and
- control the delivery mechanism;

wherein the marker component is at least one of: an endogenous secreted
factor, wherein the endogenous secreted factor is selected from: ADIPOQ,
CCL2, CCL3, CCL4, CCL5, CXCL7, CXCL8, CXCL10, EGF, PDGF, TGFB1,
TGFB2, TNFSF9 and VEGF; and a cell population, wherein the cell population
is selected from: CD14, CD15, CD33, CD41, CD235a, CD133, CD34, CD38,
CD71, and Rhol23 expressing cells.

2. The system of claim 1, wherein the controller device is further configured to:

- receive, continuously or intermittently, signals representing measurement of the
number of cells and/or a total number of nucleated cells (TNC) of the cell population; and
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- determine the culture medium delivery rate for diluting the concentration of the at least
one marker in the cell vessel based on the measurement of the number of cells and/or
the TNC.

3. The system of claim 1 or 2 wherein the information on the concentration of the at least

one marker component is based on a sample of cell vessel media.

4. The system of any one of claims 1 to 3 further comprising a sensor for monitoring,

continuously or intermittently, the concentration of the at least one marker component.

5. The system of any one of claims 1 to 4 wherein the cell vessel further comprises an outlet

for removing waste media.

6. The system of claim 5 further comprising a waste removal mechanism controlled to

remove the waste media at a determined waste media removal rate.

7. The system of any one of claims 1 to 6 wherein the at least one marker component is
TGFB1.
8. The system of any one of claims 1 to 7 wherein the cell vessel further comprises a

second inlet for continuously or intermittently receiving at least one stimulator at a

determined stimulator delivery rate.

9. A use of the system of any one of claims 1 to 8 for culturing at least one of hematopoietic

stem cells and progenitor cells.

10. A method of culturing hematopoietic stem cells and/or progenitor cells comprising:

- measuring, continuously or intermittently, a concentration or a density of at least one

marker component in a cell culture;

- calculating, continuously or intermittently, using a culture behavior model, a culture
media delivery rate based on the measured concentration or density of the at least
one marker component, wherein the culture media delivery rate is determined in order to
maintain the measured concentration or density of the at least one marker component
below a predetermined threshold value, and wherein the marker component is at least
one of: an endogenous secreted factor, wherein the endogenous secreted factor is
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11.

12.

13.

14.

16.

16.

selected from: ADIPOQ, CCL2, CCL3, CCL4, CCL5, CXCL7, CXCL8, CXCL10O, EGF,
PDGF, TGFB1, TGFB2, TNFSF9 and VEGF; and a cell population, wherein the cell
population is selected from: CD14, CD15, CD33, CD41, CD235a, CD133, CD34,
CD38, CD71, and Rho123 expressing cells; and

- delivering, continuously or intermittently, culture media to the cell culture at the
calculated culture media delivery rate, in order to dilute concentration of the at least

one marker component in the cell culture.
The method of claim 10, further comprising:

- measuring, continuously or intermittently, the number of cells and/or a total number of

nucleated cells (TNC) in the cell culture of the cell population; and

- calculating, continuously or intermittently, the culture media delivery rate based on
the concentration of the at least one marker in the cell culture based on the

measurement of the number of cells and/or the TNC.
The method of claim 10, wherein the at least one marker component is TGFB1.

The method of any one of claims 10 to 12 further comprising continuously or
intermittently removing waste media from the cell culture at a calculated waste media

removal rate.

The method of claim 13 wherein the waste media removal rate is calculated based on
the measured concentration of the at least one marker component or at least another

one marker component.

The method of any one of claims 10 to 14 further comprising continuously or
intermittently delivering one or more stimulators to the cell culture at a calculated

stimulator delivery rate.

The method of claim 15 wherein the stimulator delivery rate is calculated based on
the measured concentration of the at least one marker component or at least another
one marker component,
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17.  The method of claim 15 or claim 16 wherein the at least one stimulator is at least one

of a growth factor, a cytokine and a fusion protein.

18. The method of claim 17, wherein the at least one stimulator is at least one growth factor,
and the at least one growth factor is at least one of: EGF, VEGF, PDGF, SCF, TPO,

serotonin and fit3 ligand.

19. The method of claim 17 or 18, wherein the at least one stimulator is at least one cytokine,
and the at least one cytokine is at least one of: a stem cell factor, a fit3 ligand, and

thrombopoietin.

20. The method of any one of claims 17 to 19, wherein the at least one stimulator is at least
one fusion protein, and the at least one fusion protein is at least one of: a TAT-HOXB4
fusion protein and a TAT-NUP98A10HD fusion protein.
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