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1 | INTRODUCTION

Brenden Fraser-Hevlin? | Eric S. Barrow? |

Bernard J. Van Wie?

Abstract

One of the current difficulties limiting the use of adoptive cell therapy (ACT) for
cancer treatment is the lack of methods for rapidly expanding T cells. As described in
the present report, we developed a centrifugal bioreactor (CBR) that may resolve this
manufacturing bottleneck. The CBR operates in perfusion by balancing centrifugal
forces with a continuous feed of fresh medium, preventing cells from leaving the
expansion culture chamber while maintaining nutrients for growth. A bovine CD8
cytotoxic T lymphocyte (CTL) cell line specific for an autologous target cell infected
with a protozoan parasite, Theileria parva, was used to determine the efficacy of the
CBR for ACT purposes. Batch culture experiments were conducted to predict how
CTLs respond to environmental changes associated with consumption of nutrients
and production of toxic metabolites, such as ammonium and lactate. Data from these
studies were used to develop a kinetic growth model, allowing us to predict CTL
growth in the CBR and determine the optimal operating parameters. The model pre-
dicts the maximum cell density the CBR can sustain is 5.5 x 107 cells/mL in a single
11-mL conical chamber with oxygen being the limiting factor. Experimental results
expanding CTLs in the CBR are in 95% agreement with the kinetic model. The proto-
type CBR described in this report can be used to develop a CBR for use in cancer

immunotherapy.

KEYWORDS
biomanufacturing, bioprocessing, immunotherapy, mammalian cell kinetics, T cells

using drugs designed to target gene mutations that occur in some

types of malignancies as reviewed in Nature Communications.® The

Cancer remains one of the leading causes of death in the United States
and worldwide.}? This is attributable in part to the difficulties in
detecting cancers early before they begin to metastasize and in part
the challenges in developing targeted therapies specific for the dif-
ferent forms of cancer. Most of the current therapies are non-
targeted, where the strategy is to treat with radiation or different
drugs in which the level of toxicity is greater for the malignant cell
than toxicity for normal cells; however, negative side effects are

prevalent. Some progress has been made in developing therapies

most promising form of therapy, still in the early stages of develop-
ment though, is immunotherapy. Studies focused on explaining the
basis for spontaneous resolution of some forms of cancer revealed
resolution was associated with the development of an immune
response that cleared the malignancy. Analysis at the cellular level
demonstrated clearance was mediated by CD8 cytotoxic T lympho-
cytes (CTLs). Follow-up studies have demonstrated that CD8 CTLs
could be isolated and used to clear some forms of cancer as

reviewed recently by authors Farhood et al.*
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Extensive investigations are now in progress to develop strate-
gies to bring the potential of immunotherapy from the bench to
the bedside: (1) modulate the host immune system to potentiate
the capacity of CD8 CTLs to kill cancer cells, (2) develop methods
to generate genetically modified CTLs that are able to kill cancer
cells, and (3) develop a bioreactor for culture and rapid expansion
of natural or genetically modified CTLs for use in immunotherapy.®
The latter approach offers an opportunity to provide a continuous
source of host-derived or genetically modified CTLs in case multi-
ple infusions are needed. A review of current approaches to cell
manufacturing has shown further research is needed to develop a
bioreactor for the rapid expansion of CTLs. Current solutions
include the G-Rex® by Wilson Wolf Manufacturing,® the Xuri™
W25 by Cytiva Life Sciences,” the CliniMACS Prodigy® by Miltenyi
Biotec,® and the Cocoon® by Lonza.? The G-Rex® system expands
T cells much like traditional static culture solutions but incorpo-
rates a gas-permeable membrane to promote gas exchange. The
Xuri™, CliniMACS Prodigy®, and Cocoon® are all automated sys-
tems that operate in fed-batch or continuous modes each
equipped with their own mechanism for gas exchange. Although
the automation and mitigation of certain steps in the overall cell
culturing process make these systems easier to use, none of the
expansion systems developed thus far have resolved key
manufacturing bottlenecks in continuous cell culture—prevention
of cell product loss or washout while simultaneously removing
inhibitory waste product.*®

The approach we have taken to overcome this manufacturing
bottleneck is development of a centrifugal bioreactor (CBR). The bio-
reactor design was inspired by COBE® instrumentation intended for
on-site separation of blood by density gradient for continuous harvest
and return of specific blood components.*! An anti-twister mecha-
nism was devised to maintain individual streams for separation. These
design concepts were used to develop the CBR intended to maintain
cells in suspension in a conical culture chamber by balancing high cen-
trifugal forces with opposing drag and buoyant forces provided by a
constant stream of medium introduced into the chamber toward the
rotor disc center.'? Early experiments were conducted by modifying a
COBE® Spectra Apheresis machine and replacing the blood separation
components with conical cell culture chambers.*® Results from these
studies demonstrated it is possible to expand and maintain cell cul-
tures at high densities on the order of 108 cells/mL. The initial
research provided the basic technical information needed to develop
a prototype CBR for use in cancer immunotherapy.

In the present report, we describe engineering innovations used
to construct and test a prototype CBR with a proof-of-concept CD8
CTL target cell system. Static culture experiments determine growth
parameters for a kinetic model to optimize cell growth in the CBR,
evaluating consumption of glucose and dissolved oxygen (DO) and
production of inhibitory metabolites, lactate, and ammonium.** The
overarching research question addressed is whether data support
the hypothesis that the CBR technology is useful for biomanufactur-
ing clinically relevant numbers of CTLs in the context of cancer

immunotherapy.

2 | MATERIALS AND METHODS

21 | Construction of a benchtop CBR

The initial proof of concept studies demonstrating cells could be cul-
tured in suspension in a conical CBR culture chamber were performed
during 1986 through 1991.1%1° The results demonstrated the poten-
tial of developing a CBR for use in immunological investigations.
Recent studies reveal a major impediment in the adoption of cancer
immunotherapy is limited manufacturing devices for rapid expansion
of CD8 CTLs.® This provided an incentive to accelerate development
of a CBR for research and cancer immunotherapy. We modified a
COBE® Spectra Apheresis machine for proof-of-concept research
purposes (Figure 1a). Although useful for ongoing studies, it was clear
that a miniaturized, stand-alone CBR would need to be developed and
made available for adoption by the research and clinical immunother-
apy communities.

To allow the prototype to act as a stand-alone system, we
designed a biosafety-cabinet-inspired encasement to house the CBR
with additional cabinets to contain associated operating equipment
and supplies. We integrated a compact, 3 stage, 0.3-micron HEPA fil-
tration system (Koios HA1122-1) and user-controlled 8W T5 germi-
cidal ultraviolet-C (UVC) light (McMaster-Carr 9188K12) to keep an
aseptic environment. For the anti-twister mechanism, gears were
arranged in varying directions and ratio to control the sample disk
rotation speed while counter-rotating the connected tubes as outlined
in a patent application currently in review and prior work.2¢” Safety
measures were integrated such as a fully guarded framework using
3 mm 6061 aluminum side panels along with double layer 6 mm poly-
carbonate and 6 mm acrylic panels for projectile and UV protection
while maintaining a clear view of operation and a separate easy-
to-identify external emergency stop switch. Access to the centrifuge
bay is protected by an auto-stop limit switch to protect the user from
exposure to rapidly rotating hardware, prohibiting operation unless
the door is fully closed with the spring-loaded lock in position. To
drive rotation, we used a Marathon XRI series 0.75 HP vector duty
motor capable of 0-1800 RPM connected via a 6-band v-belt under-
neath the unit, paired with a programmable variable frequency drive
(DURApulse GS20). The user interface incorporates complete digital
control to adjust rotor speeds, motor ramp up and down speed, fluid
flow rates, switches for power, lights, fans, and independent program-
mable temperature control for two housings. PTC ceramic air heaters
and 12 V DC powered fans to maintain temperature at 37°C for cell
cultures. Peristaltic pumps were calibrated in house with Flexelene™
tubing (U.S. Plastic Corp. 65063), which was the tubing chosen for all
connecting lines as it is intended for bioprocesses, and pump speeds
were individually set based on calibration results. DO was continu-
ously monitored through flow cells with fiber optic sensors and com-
plementary DOTS™ software as part of a beta-testing collaboration
with Scientific Bioprocessing, Inc. (SBI). The process flow diagram for
the system is shown in Figure 1b and indicates where individual units
are housed within the different encasements. Not included in the flow

diagram are the electronic units controlling the user interface and
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FIGURE 1 (a) The modified-COBE® centrifugal bioreactor (CBR)

not operating with the front protective panel pulled down for
photographing. Tubing connections to the inoculation tank are made
outside of the biosafety cabinet. (b) The CBR process flow diagram
with dashed lines and corresponding labels indicating where portions
of the system are housed.
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centrifuge. Electronic wiring was routed through guarded raceways to
DIN rail wiring blade arrays and connected to corresponding control
units, mounted on two outward-facing 3 mm aluminum panels within
one bay of the framework, arranged to form an easy-to-access elec-

tronic interface.

2.2 | Culture chamber design for high-density cell
maintenance

The CBR is a perfusion bioreactor, where the balance of centrifugal and
fluid forces acts as the cell retention mechanism to maintain high cell
densities in the reactor chamber rather than the use of membrane fil-
ters, which are prone to fouling, and where replacing filters once they
foul is an expensive and invasive process that can introduce contamina-
tion.*81% The ability to rapidly expand high-density cultures is necessary
for cell-based therapies because of the cell requirements for treatment;
the number of cells needed varies across patients but can reach up to
2 x 108 T cells per infusion.?° Past studies by our group expanding
hybridoma cell lines with a previous model of the CBR have proven its
ability to reach viable cell densities on the order of 10® cells/mL.*3 In
addition to the cell retention mechanism, the cells are continuously, uni-
formly refreshed with fresh medium and nutrients, which is a key factor
in maintaining exponential growth of the cells.

Various sources and protocols suggest not exceeding a relative
centrifugal force (RCF) of 300g for pelleting and washing mammalian
cell cultures.?* Although 300g is a limit to consider for future CBR
builds, the prototype presented in this work has a rotor disc radius of
7.5 cm and, by design, cannot exceed 1800 rpm, resulting in an RCF
of 141g at the cell chamber's furthest point from the center of the
rotor disc. To determine the maximum cell capacity in the chamber,
the cell bed was modeled starting with packing densities for hard
spheres?? while incorporating the fact that cells are compressible or
deformable by nature, as outlined in previous work from our group?S;
however, there is a critical cell density to consider, that of human tis-
sue, which reaches values up to 3 x 107 cells/mL and serves as our
absolute upper limit.2* In practice, though, a much lower density than
human tissue must be selected, otherwise the interstitial medium
velocity required to sustain the cells would be so high as to induce
washout of the cells. Part of this work is to determine a packing den-
sity or overall void space for modeling purposes to obtain a practical
maximum cell capacity in the reactor chamber and design a reactor
shape which will allow a uniform cell density from entrance to exit.

In the case that T cell growth rates may be reduced in dynamic
bioreactor systems due to nonuniform mixing as suggested by other
work,2>?¢ we can compare the forces acting on the cells and fluid
environment between the Xuri™ W25—a disposable bag technology—
and the CBR. In 2019, Zhan et al. studied fluid behavior in a rocking
system similar to the Xuri™ W25 and found that while the
rocking mechanism promotes higher fluid velocities, the culture
remains nonuniform because of the bag—orientation.27 The CBR, how-
ever, acts in a similar manner to a fluidized bed reactor (FBR) as shown

in Figure 2, where the centrifugal force on the CBR replaces what
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FIGURE 2 Centrifugal bioreactor rotor disc schematic and forces
acting on an individual cell suspended in the chamber.

would be gravitational force in an FBR. Previous work on flow profile
visualization of the CBR with cells in the chamber shows the presence
of cells disrupts the Coriolis forces and result in a uniform flow of
medium that suspends the cells within the centrifugal force field.?*2®
While there are many different models that can be used to pre-
dict dense cell settling velocities, v, we chose a relationship devel-
oped by Maude and Whitmore?’ to adjust settling velocity, as shown
in Equation (1), to add an empirically derived correction term to
account for the effects of population densities on apparent void
space, ¢€*¢, and include an overall suspension density, Psusp- The angu-
lar acceleration, w?, and rotor disc radius, rrotor, take the place of what

would be gravitational force.

2 2
Frotor®” deell _
= or18’1 = (ﬂcell _ﬂsus;;)&“"é‘ (1)

Veell =

2.3 | Identification, development, and validation of
a CD8 cytotoxic T cell line for modeling growth and
functionality for immunotherapy

To determine the efficacy of the CBR for immunotherapy, we looked
for an effector target cell combination that would address some of
the current challenges in study of CD8 CTL expansion. The first is the
need for a constant source of a genetically identical target cell to
study functional activity of CD8 CTLs. The second is the need for a
constant source of a lineage of CD8 CTLs that can be expanded in a
CBR to study factors that affect stability and functionality. We
adapted a culture system developed to study the immune response to
protozoan parasite Theileria parva to develop an effector target cell

combination for use with the CBR.

T. parva is a protozoan parasite that causes East Coast Fever in
Africa, a fatal disease in cattle, especially in European breeds of
cattle—ticks are the intermediary host. African Cape buffalo (Syncerus
caffer) is the main carrier of ticks infected with T. parva. They have
developed resistance to the parasite and are the source of infected
ticks. After transmission to cattle, the parasite infects T and B lympho-
cytes and synchronizes replication with replication of the infected cell.
If untreated, the infected lymphocytes proliferate and cause inflam-
mation in the lungs and death.*® When treated with an antibiotic at
the time of experimental exposure, the rate of replication is slowed
allowing for development of CD8 CTLs that control the infection. A
vaccination protocol was developed, using infection and treatment
with an antibiotic as a method (ITM) to protect cattle from Theilerio-
sis. Of interest to the present project, parasite infected cells are able
to proliferate in vitro and serve as a constant source of autologous
target cells to study the functional activity of CTLs.3! Vaccinated cat-
tle that survive infection can be used as an autologous source of
CD8 CTLs.

Peripheral blood mononuclear cells (PBMCs) were isolated from
one steer vaccinated with T. parva and stimulated with irradiated
autologous cells infected with T. parva as described by Elnaggar
et al.’2 After 6 days of culture the PBMCs were collected and sub-
jected to density gradient centrifugation to remove dead cells. Rat
anti-mouse IgG2a+b magnetic microbeads (Miltenyi Biotec, Waltham,
MA, USA) were used to isolate CD4 and CD8 T cells labeled with anti-
CD4 and anti-CD8 monoclonal antibodies. The cell preparation was
subjected to another round of stimulation with irradiated T. parva
infected cells. Following density gradient centrifugation, Rat anti-
mouse IgG2a-+b magnetic microbeads were used to remove CD4 T
cells as described. The remaining CD8 T cells were expanded in
medium containing bovine interleukin 2 (IL-2) (10 ng/mL, Kingfisher,
USA). Flow cytometry was used to verify the phenotypes present in

the culture, confirming a predominantly CD8 cell line.

2.4 | Batch experiments to model culture
conditions required for maintaining exponential
growth in the CBR

241 | Identifying kinetic growth parameters

To determine the Monod constant (K,,,) and maximum specific growth
rate (Umax), cells were expanded in full expansion medium prepared at
concentrations ranging from 2 to 225 mg/dL of glucose. Varied glu-
cose concentrations were obtained by first determining the glucose
concentration of the calf bovine serum (CBS) batch being used, as this
value varies from 85 to 95 mg/dL between lots, then adding low per-
centages of CBS from 2% to 10% for the lower glucose concentra-
tions then additional D-glucose at 200 g/L (Gibco) as necessary in
addition to 10% CBS for higher glucose concentrations. Glucose con-
centrations of the stock solutions were checked with an Accu-Chek
blood glucose meter before adding cells, and actual concentrations

were reflected in the results if they varied from the intended
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concentration. The Accu-Chek blood glucose meter cannot read
glucose concentrations below 20 mg/dL, and it is assumed the lower
glucose concentrations were the intended values. Each glucose con-
centration was tested in quadruplicate in 12-well culture plates with a
seeding density of 5 x 10* viable cells/mL, incubated at standard
culture conditions of 37°C and 5% CO,, and counted every 24 h for
7 days or until cell growth plateaued—the initial cell concentration is
kept low to mitigate inhibitory metabolite effects. Cell concentrations
and viabilities were determined by manually counting using Trypan
Blue Solution, 0.4% (Gibco). The medium recipe used for this growth
experiment is glucose-free 2.05 mM L-Glutamine RPMI 1640 medium
(Gibco) supplemented with 2%-10% CBS, 10 ng/mL Bovine IL-2,
100 U/mL Penicillin-Streptomycin, 1 mM HEPES buffer, and 55 uM
2-mercapto-ethanol. Results from the seven-day study were then
used to produce linearized growth plots and observe growth rates
with respect to glucose concentration.%® Rather than interpolating to
find Ky from the x-axis point at which u = % Umax, Kinetic parameters
were determined from four replicate experiments with Hanes-Woolf/
Langmuir plots, which minimize distortions in experimental error at
the lower glucose concentrations.>?

Critical lactate and ammonium concentrations were assessed
by testing six concentrations of lactate from O to 16 mg/mL and
six concentrations ammonium from O to 25 mM in quadruplicate
with a seeding density of 1 x 10° viable cells/mL—ammonium and
lactate concentrations were tested separately. Our complete
medium recipe is similar to that used for the growth rate experi-
ments; however, the RPMI used is not glucose-free, containing
200 mg/dL glucose, and is supplemented with 2 mM GlutaMAX™
rather than pre-existing 2.05 mM L-Glutamine. Cells were main-
tained at standard incubator conditions and counted every 24 h, as
previously outlined in Section 2.2 at a dilution factor of 5, over a
7-day period to determine the concentrations of inhibitory metab-
olites that cause the cells to have a specific growth rate of 0 h™2,
that is, cells appear to be growing at the same rate as they are
dying based on cell counts.

Lactate, ammonium, and glucose yield coefficients (Y;, where
i =G, A, or L) were determined by expanding quadruplicates of a sin-
gle culture under standard culture conditions with variable seeding
densities depending on the length of the experiment. For one experi-
ment, cells were seeded at low density, 1 x 10° viable cells/mL, and
counted every 24 h over 7 days, and for a separate experiment, cells
were seeded at high density, 1 x 10° viable cells/mL, and counted
every 12 h over 2 days. After every count, 150 puL samples were taken
from each well to be frozen for end-of-study substrate and metabolite
assays. Concentrations of glucose, lactate, and ammonium were
determined using the blood glucose meter previously mentioned and
enzymatic assay kits (AAT Bioquest) with spectrophotometric read-
ings taken on a BioTek Gen5 microplate reader. Glucose, ammonium,
lactate, and cell concentrations were plotted over time to observe
trends and calculations were conducted to determine glucose con-
sumption or ammonium and lactate production with respect to cell
concentration. Instantaneous yields were determined from concentra-

tion changes between each day, and overall yields were determined

PROGRESS

from concentration changes from the beginning to the end of the

entire study.

242 | Oxygen consumption rate

Oxygen consumption rate (OCR) experiments were conducted and
compared to literature values to determine if higher recycle rates
through our oxygenator are required to keep DO at sufficient levels
to maintain growth in the CBR. OCR experiments were conducted by
expanding a CTL culture over 5.17 h in a 50-mL Erlenmeyer flask with
the culture medium completely sealed from the environment, that is,
no air in the headspace. To ensure good mixing and 37°C in the cul-
ture, the flask contained a stir bar and sat on a magnetic hot plate
over the course of the experiment. DO was measured with a portable
oxygen meter (Ohaus ST300D) at the beginning and end of the exper-
iment, t =0 h and t = 5.17 h. Cells were counted manually when DO
measurements were taken. Because oxygen consumed and the num-
ber of cells in the culture both change with time, we determined the
change in DO and set that equal to an integral of OCR times an
expression for the number of cells with respect to time. Integration

and rearrangement for OCR results in Equation (2).

_ (DO —DOy)
OCR={ 2 )

2.5 | Modeling and testing optimized CTL growth
in the CBR
2,51 | Kinetic growth models

To predict cell growth over time with respect to inhibitory metabolites
and optimize expansion in the CBR, we use a form of Han and Leven-
spiel's extended Monod kinetics, where the effects of inhibitory

metabolites of interest are incorporated into the generalized Monod

equation. 1334
Eeemtan) e o
D/z%, @)
c, :C;OQF+Ci,,5;(QR —Qw) (5)
%:D’(cw-ci)w; (%)- (6)

The concentration of cells, glucose, lactate, and ammonium are

represented by Ccai, Cg, Ci, and C,, respectively. Equation (3)
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represents the overall growth rate of cells over time, assuming a well
mixed CBR chamber, with respect to the effects of inhibitory metabo-
lites, lactate, and ammonium, and empirically determined orders of
inhibition, superscripts n and m. C; max and Ca max represent critical
lactate and ammonium concentrations, which are concentrations of
these metabolites that will cause the observable cell growth rate to be
zero. Key assumptions are made to reduce the kinetic growth equa-
tions from that of Han and Levenspiel's work and other generalized
Monod growth models. We note, since the CBR is run in perfusion
mode, cells are always maintained, and Equation (3) contains no terms
to account for infusion or removal of cells. It is also assumed that Cg
will always be significantly greater than the Monod constant, K,
10 times greater for modeling purposes, since we will be increasing
the fresh feed rate into the CBR, or providing a high concentration
glucose makeup stream, during expansion to avoid the lack of this
energy source for cell growth, making K,,, negligible, and canceling out
the Cg terms in the numerator and denominator, or in other words
operating at the maximum specific growth rate as far as glucose is
concerned.

Because the cells are our product of interest and grow while
retained in a chamber, we have two separate dilution rates to con-
sider: the overall dilution rate, D, of fresh medium into the total recy-
cle volume and the dilution rate of the recycled medium flowing into
the reactor chamber, D', shown in Equation (4). Equation (5) is the
concentration of either substrate or metabolites, Cir, where i = G, A,
or L, that is fed into the reactor chamber, which are weighted average
concentrations of substrate or metabolites from the fresh feed and
recycled medium. Equations (4) and (5) are then substituted into
Equation (6), which represents the change in concentration over time
of glucose substrate or lactate and ammonium metabolites, related to
cell growth through respective yield coefficients, Y;. For the purposes
of this article, we assume glucose consumption is predominately
attributed to growth rather than the addition of a maintenance term,

as described by Dimeloe et al. for rapidly proliferating T cells.3®

2.5.2 | Bioreactor operation

Once kinetic parameters were determined, we used the model to pre-
dict fresh medium feeding rates required to maintain glucose sub-
strate at concentrations required for optimal cell growth. A few
scenarios modeled include: (1) feeding rates required if the user were
to increase the flow rate manually every 24 h, (2) use of an automated
pump that would increase the fresh feed rate continuously once the
glucose concentration drops to its critical value, and (3) high-
concentration glucose spiking of the CBR in continuous recycle with
no fresh feed or waste leaving the system. We then modeled the CBR
as a plug flow reactor (PFR) to predict substrate and metabolite
changes over a single pass of fresh medium, allowing us to determine
the maximum cell density the chamber can sustain. Because the CBR
can act as a PFR or continuous stirred tank reactor (CSTR) depending
on use of recycle,'? we compared PFR and CSTR volumes required to

consume from 1% to 99% of the initial glucose at the maximum

sustainable cell density to establish a substrate concentration range at
which the CBR is most efficient. The goal was to optimize CBR opera-
tion by minimizing loss of glucose, inhibitory metabolite concentra-
tions, and the time it takes to produce enough viable cells.

Because we intended to iterate on the CBR prototype design, we
also defined a function to create the ideal CBR chamber shape that
would balance cells at any point of the chamber without needing to
change the recycle balancing flow rate—mitigating user error.
To determine the ideal chamber shapes, we solved for the chamber
radius, r., by matching the balancing fluid velocity with decreases in
centrifugal force as flow proceeds inwardly shown in Equation (7).

3 2'7QR
re= . 7
¢ wdcee33 \ (Peen — Priuia)R )

All modeling aspects were compared to data expanding CTLs over

a 120 h experiment in the CBR prototype. The CBR was cleaned prior
to the experiment by recycling 75 mL of 70% ethanol-water mixture
over 12 h with UV turned on for 4 h. The ethanol-water mixture was
then removed via the waste stream and replaced with 75 mL basal
RPMI for 1 h to remove remaining trace amounts of the ethanol-
water mixture. During the basal RPMI recycle, the heating controls
were started, and the air pump feeding gas from a nearby incubator
into the inoculation tank was turned on. The basal RPMI was then
replaced by supplemented RPMI for culture and the CBR was inocu-
lated with 1.0 x 107 viable CTLs to start the experiment. Balancing
recycle rates and fresh medium feeding rates were chosen based on
the kinetic growth model. Quadruplicate 0.5 mL samples were taken
every 24 h from the inoculation tank for cell counts and glucose
checks. Once all data were collected, it was plotted against the kinetic
model to determine percent agreement.

3 | RESULTS

3.1 | Kinetic growth parameters

As anticipated, batch culture experiments showed a rapid increase
in specific growth rate with increasing glucose concentrations as it
approached its maximum value, resulting in a low Monod constant,
that is, glucose concentration needed to operate at half the maxi-
mum specific growth rate. Between glucose concentrations 2 and
16 mg/dL, the specific growth rate increases 1.8-fold from 0.012
to 0.022 h™?, approaching an average value of 0.023 + 0.002 h~?
between 16 and 225 mg/dL glucose. Hanes-Woolf linearization
results in a Umax and Ky across quadruplicate samples of 0.024
£0.001h™! and 2.5+0.6 mg/dL, respectively with an R? of
0.995, translating to a doubling time of 28 h. The specific growth
rates from the experimental data were within 5% agreement of the
Hanes-Woolf plot for concentrations. The culture environment
must be maintained at a glucose concentration no lower than
50 mg/dL, 20 times greater than Ky, for the cells to grow within
5% of Umax. Therefore, for modeling purposes and bioreactor



KAIPHANLIAM ET AL

(a)
y=0.169x
0 4
31
= y = 0.653x
~.
3
€2
O Lactate AAmmonium
_3 T T T T T
-4 -3 -2 -1 0
In(l - Ci/ci,max)
(b)
1.0+
0.8 4
0.6+ 7 l;I """ '%%'1:0'0‘0
£
I 04+
X
0.2

20 0

A 15 _ M)
z[mM] 20 Calm

FIGURE 3 Bovine CTL growth trends over increasing metabolite
concentrations. (a) Linearized kinetic model with respect to inhibitory
metabolite terms to determine orders of inhibition for ammonium, m,
and lactate, n. (b) Comparison of the singular and multiplicative effects
of ammonium and lactate on normalized specific growth rates over
increasing inhibitor concentration.

operation, the glucose concentrations must be maintained above
50 mg/dL to ensure lack of glucose substrate does not inhibit cell
growth.

Critical metabolite concentration batch experiments revealed that
complete inhibition after one-day exposure by ammonium occurs at a
lower molar concentration than for lactate at 20.4 mM and 84.6 mM,
respectively. Knowing Camax and Cpmax from the cell expansion fold
plots, we show the order for ammonium inhibition is much higher than
that for lactate and, therefore, if they are at the same concentration,
ammonium will have a much greater impact on cell growth. To do this,
we linearized forms of Equation (2) holding glucose at a high and con-
stant concentration and beginning with none of the opposing inhibitor
present. Respective plots of In(u/Hmax) Versus In(1 — Ci/C; max) for both
inhibitory metabolites are shown in Figure 3a, where the slopes reveal
orders of inhibition m for ammonium and n for lactate in Equation (2)
of 0.653 and 0.169, respectively. Because about a 4-fold higher con-
centration of lactate is needed to fully stagnate cell growth, shown in
Figure 3b, ammonium concentration, all else being equal, is of most
concern for this particular cell line. What is important now is to deter-
mine the rates of ammonium and lactate production to see which spe-
cies will reach significantly inhibiting levels first.
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FIGURE 4 Viable cell density, substrate, and metabolite
concentrations over a three-day expansion of bovine cytotoxic T
lymphocytes. As viable cell density increases, glucose concentration
decreases and ammonium concentration increases, as expected;
however, lactate concentrations decrease and may be used faster
than it is produced at the present study cell densities.

With orders of inhibition of 0.653 and 0.169 for ammonium and
lactate, respectively, we make an initial assumption that ammonium is
the primary inhibitory metabolite; however, yield coefficient studies
change one's thinking as lactate is produced at much faster rate than
ammonium with respect to the critical concentrations. When consid-
ering collective effects of maximum inhibitor concentrations, orders
of inhibition, and yield coefficients, we find that glucose consumption
is of greatest concern for the CBR process. Batch culture yield coeffi-
cient experiments revealed changing values or changing consumption
or production rates of glucose, lactate, and ammonium with respect to
cell growth over time. Cell density, glucose, lactate, and ammonium
concentrations are presented in Figure 4 as a function of time
over a 72-h period. For quadruplicate batch cultures inoculated at
2.1+ 0.1 x 10° cells/mL, we observed a 4.4-fold increase in viable
cell concentration and a pmay Of 0.02 h™*—a value slightly lower,
potentially due to being in a lag phase, yet, consistent with the
0.023 h™? pax Value presented in Section 4.1.

Beginning at a glucose concentration of 187 + 3 mg/dL, con-
sumption over 72 h reduced the concentration down to 87.6 + 1.4—a
value 45 times greater than K, such that substrate inhibition is not an
issue for this experiment. Over the course of the batch culture, ammo-
nium began at 0.35+0.18 uM and rose 4.5-fold to 1.6 £ 0.4 uM,
which is not of concern as a 1.6 UM concentration reduces Ymax by
less than 0.01% based on the previously discussed critical concentra-
tion studies. Unexpectedly, average initial lactate concentration was
3.4 £ 0.3 mM and decreased 0.86-fold to 3.0 + 0.1 mM, suggesting the
CTLs utilize lactate as part of a regulatory mechanism or at a rate faster
than it is being produced.

As described by Doran®® and observed in the present study, the
yield coefficients change over time when comparing 24-h blocks
across the 72-h study. The calculated instantaneous yields in compari-
son to the overall yield are shown in Table 1. For our overall yield, we
took into account the concentration change between 24 and 72 h
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At (h) Glucose (%) Lactate (%)
0-24 -98 14
24-48 —147 -1.2
48-72 —158 -0.8
24-72 -155+9 -1.0+0.3

TABLE 2 Kinetic growth parameters.
Parameter Value Units
Uemax 0.024 +0.001 h=?
Km 25+0.6 mg/dL
Camax 204 mM
Cimax 84.6 mM
m 0.653 -
n 0.169 -
Yo —155=9 106rr]cge/II(:I;mL
Ya 20+09 Wlﬁs/m
Y, —-1.0+03 Whﬂm

rather than including the first 24 h, where the cells are acclimating to
the culture environment. Yield coefficients calculated from these
experiments accurately reflected the non-inhibited values for cell cul-
ture. In the following modeling studies, it is assumed the average yield
coefficient values are retained if cells were to undergo inhibited
growth in the presence of lactate and ammonium metabolites.

With the full spectrum of kinetic parameters shown in Table 2,
modeling of the process from inoculation to harvesting of CTLs can
be accomplished. Based on overall yield, ammonium is produced at
less than a fraction of a percent of its critical concentration every
1 x 10° cells/mL increase in density; however, the question remains
whether ammonium concentration reaches inhibiting levels at all
before cells are removed from the CBR. This is determinable by pro-

cess modeling and validated by continuous flow monitoring.

3.2 | The CBR prototype

The final build of the CBR prototype requires 0.28 m® of space and
has a centrifugal range of 0-1800 rpm for a 14 cm rotor disc on which
the cell chamber sits (Figure 5). The small footprint is appropriate for
use on standard laboratory benches and is small enough to transport
through single-panel doors. During operation, we found medium
evaporation was an issue since the inoculation tank has an air head-
space. An open water tray with germicidal fluid was placed in the
inoculation housing area of the CBR, similar to water trays in static
culture incubators, to humidify the enclosure and mitigate medium
evaporation. The electronic units controlling the user interface and
centrifuge are housed in the far-right compartment hidden by the dark
(blue) panel in Figure 5.

Ammonium ( M ) TABLE 1 Instantaneous yields of
10° cells/mL substrate and metabolites.

0.9

44

1.5

20+£09

Initial build cost through the Washington State University (WSU)
Machine Shop for materials and labor was $23,700, taking 310 work
hours to build. Although we expect to make more changes to the pro-
totype with each iteration, the reduced size and simplified user inter-
face are steppingstones to increase market potential of the CBR for

cancer research centers, hospitals, and biopharmaceutical companies.

33 |
the CBR

Experimental data expanding CTLs in

Experimental results strongly support our hypothesis that the CBR is
useful for producing clinically relevant numbers of CTLs. Figure 6a
depicts a 120-h study in the CBR where we expand 1 x 107 viable
CTLs to 1.2 x 10°® viable CTLs. The recycle rate was maintained at
1.1 mL/min to balance the cells in the CBR chamber and provide suffi-
cient DO in the inoculation tank, while the fresh feed rate was
increased from 0.016 to 0.044 mL/min in 0.007 mL/min increments
each day to maintain adequate glucose levels. Moreover, experimental
data agreed with predicted cell numbers to within an average of 95%
when assuming a Hmax of 0.0223 h™2, which is at the lower end of the
experimental error. DO data collected with the SBI fiber optic report
5% higher, on average, than values predicted with our empirically
derived OCR—Figure 6a shows SBI DO values deviate from the model
past 72 h. During operation, despite use of a humidifying open water
tank within the inoculation compartment, approximately 10 mL/day
of medium evaporated from the inoculation tank. We attribute evapo-
ration to the relatively high 37°C environment and deviation from
100% humidity. When incorporating a constant evaporation rate of
0.007 mL/min into the model, results show an apparent increase in
glucose concentration such that data and the model agree within 1%
agreement on average. Initial glucose concentration in the feed was
determined to be 187 mg/dL for this experiment and used in the
model.

At the end of the expansion study, the CTLs were harvested from
the recycle loop and immediately labeled for flow cytometry to deter-
mine phenotypes present in the culture. Cells were labeled with anti-
CD4- and anti-CD8-specific antibodies and flow cytometry was used
to confirm the phenotype of the cells. As shown in the dot plot in
Figure 6b, labeling with anti-CD8 antibodies resulted in a shift toward
the right. All cells had been labeled with both CD8- and CD4-specific
antibodies, so this shift indicates the detection of CD8 cells, with fluo-
rescence specific to CD8 co-receptors detected from light scattering.
The flow cytometry determined that the cell population was 95%
CD8 positive. The dot plot in Figure 6¢ shows that there was no shift
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to the right of cells labeled with anti-CD4, indicating that there was
no fluorescence specific to CD4 co-receptors detected on the cells,
and confirming that nearly all the cells were CD4 negative. The flow
cytometric assays confirm the CTLs maintained their CD8 phenotype,

that is, killing ability, over the course of the expansion in the CBR.

3.4 | CTL growth predictions in the CBR

To grow at least 2 x 108 cells, the maximum dosage of T cells for a single
immunotherapy infusion,?® we devised a process that will take 4.4 days
of operation in the CBR starting with 2 x 107 cells. To obtain this with
the CBR as is, the user can increase the fresh feed rate daily as shown in
Figure 7a to prevent glucose levels from dropping below 49.4 mg/dL, that
is, 20 times Ky, before the next time the user checks the CBR.

Feed rates for each consecutive day were 0.007, 0.019, 0.035,
0.061, and 0.107 mL/min with a constant recycle rate, Qg, of 1.0 mL/
min, requiring a total of 263 mL fresh medium. Under these condi-
tions, lactate and ammonium do not reach concentrations high
enough to inhibit the specific growth rate by more than 5%, when
considering both individual and multiplicative inhibition terms. DO
levels were maintained over the course of the expansion based on an
OCR of 1.9 x 107** mmol O,/cell x h determined experimentally for
our CTLs. The Qg chosen provides a drag force at the centroid of the
suspension sufficient to maintain a suspension density of 2.81 x 107
cell/mL. Based on previously reported modeling,?’ Qr was calculated
by multiplying the cell settling velocity in Equation (1) by the
cross-sectional area for flow and the effective porosity, e.

Another scenario shown in Figure 7b is if the fresh feed pump

rate were automated to increase continuously over time to maintain

The self-contained centrifugal bioreactor prototype on a standard lab bench.

20 x Ky once the glucose concentration drops to that value. The
fresh feed rate, Qf, was calculated by setting the change in glucose
concentration to zero and solving for Qf, using Equations (3)-(6) with
the result shown in Equation (8). The same initial cell number and
recycle rate were used in Figure 7b as portrayed in Figure 7a; how-
ever, we find that 233 mL of fresh medium is required to expand
2 x 108 cells, 30 mL less than if the user were to increase the feed
rate once a day manually.
—YeVc (%) mL
= i)

If glucose was the only substrate pertinent to growth, we can fur-
ther minimize fresh medium requirements by spiking the feed glucose
concentration to its initial concentration, 180 mg/dL, as frequently as
needed to keep existing glucose above 20 x Ky, rather than continu-
ously increasing the fresh medium dilution rate. Figure 7c shows nine
glucose spikes, with increasing frequency, are necessary over the
course of a 3-day expansion if one were operating the CBR with no
fresh feed entering or spent medium leaving the system, maintaining a
recycle rate of 1.0 mL/min, shown to maintain adequate DO levels
due to gas exchange in the inoculation tank. This scenario only
requires 42 mL of fresh medium. We note identifying other critical
growth factors aside from glucose and introducing them at high con-
centrations into the inoculation tank may be necessary.

To determine the maximum cell density the CBR can sustain, the
chamber is modeled as a PFR to observe substrate, metabolite, and
DO changes over a single pass of fresh medium in Figure 8. Previous

tracer studies show without recycle there is little dispersion and PFR-
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FIGURE 6 Experimental data culturing bovine cytotoxic T

lymphocyte (CTL) in the centrifugal bioreactor (CBR) prototype.

(a) Expanding 1.00 x 10° to 1.2 x 102 viable cells over 120 h in
comparison to model predictions. Cell counts and glucose samples
were taken every 24 h. SBI dissolved oxygen (DO) sensors collected
data every 10 min; however, only points from the 1-h increments are
reported. Cells grew at the lower end but within error of the
maximum specific growth rate. The model was updated to account for
medium evaporation in the inoculation tank, affecting the glucose
concentrations. (b) Flow cytometry results of CTLs harvested from the
CBR labeled with anti-CD8 and (c) anti-CD4 confirming 95% of the
cells were CD8.

like behavior dominates.'? Visual observations also made it appear as
though the cell density with respect to volume remains constant
as cells grow; the bed increases in height in the direction of fluid flow,
similar to an upright fluidized bed column.

For our calculations, we selected a cell density that would fill the
space in the chamber up to the greatest cross-sectional area and cal-
culated the appropriate balancing flow rate, in this case the fresh feed
rate, Q. This must be decreased with increasing cell density and
affects the rate at which DO is replenished. By modeling various cell
densities, we find the maximum cell density the reactor can sustain, at
the centroid, is 5.53 x 107 cells/mL with a corresponding Qr of
0.67 mL/min at 1000 RPM, with DO being the limiting factor.

3.5 | Reactorsizing

Analyses revealed the same volume requirements for a PFR and CSTR

until glucose concentrations approach 50 mg/dL, approximately

-
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FIGURE 7 Using kinetic models to maintain substrate levels in

the centrifugal bioreactor (CBR) during different operating scenarios.
(a) Modeling 2 x 107 cells in the CBR at a recycle rate of 1.0 mL/min
and increasing fresh feed once every 24 h at rates 0.007, 0.019,
0.035, 0.061, and 0.107 mL/min to assure that glucose never falls
below 20 x K. It is noted that dissolved oxygen (DO) in this case
does not deplete, as the recycle is saturated with DO. (b) An example
of how an automated pump could increase the fresh feed rate
continuously to maintain 20 x Ky, once the glucose concentration
drops to that value. (c) Expansion over 3 days in continuous recycle at
1.0 mL/min with no fresh feed or waste leaving the system showing
the frequency of substrate spiking needed to maintain glucose levels
exiting the reactor chamber above 20 x Ky, to prevent growth
limitation.

20 x Ky, after which PFR volume requirements are significantly
lower. This is because glucose levels throughout a CSTR were too low
to maintain maximum specific growth rate, while those in the PFR
only became that low near the exit of the CBR. Models for the PFR
and CSTR appear in Equations (9) and (10). Respective volumes plot-
ted in Figure 9 are within 5% agreement until 74% of the initial glu-
cose is consumed, then volumes deviate significantly afterward. For

example, if operation resulted in consumption of 99% of the glucose,
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FIGURE 8 Modeling the centrifugal bioreactor as a plug flow
reactor over a single pass of fresh medium to predict substrate and
metabolite changes. The maximum number of cells the chamber can
sustain is 5.53 x 107 cells/mL at a corresponding balancing flow rate
of 0.67 mL/min and 1000 RPM before dissolved oxygen is completely
depleted after a single pass.
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FIGURE 9 Comparing plug flow reactor (PFR) and continuous
stirred tank reactor (CSTR) volumes required to consume 1%-99% of
the initial glucose in a single pass at the maximum sustainable cell
culture density of 5.53 x 107 cells/mL with a balancing flow rate of
0.67 mL/min.

the CSTR volume required would be more than double that of the

PFR to obtain the same conversion.

Qr(CgoX +Kmin(1-X))
Hmax Ceell Y

; ?)
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MmaxCCellyG(lfx) ( )
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For our modeling purposes based on the current CBR set-up, we
were interested in manipulating the balancing inward fluid velocity
entering the cell chamber with the net cell settling velocity due to the
centrifugal force after adjusting for buoyant forces. We considered
cases where the chamber is filled with 2 x 108 cells, the maximum
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FIGURE 10 Recycle flow rates required to balance 2.82 x 10’
cell/mL, i.e., an effective porosity, ¢, of 0.975, in the current
centrifugal bioreactor chamber design rotating at 1000 rpm. Positive
values of R represent regions of increasing centrifugal force opposed
to the fluid flow direction, whereas negative values are where
centrifugal force is in the same direction as fluid force. R = O is at the
chamber's greatest cross-sectional area before tapering inward
toward the exit port.

number of Yescarta® T cells allowed for transfusion into an adult
patient, at a density of 2.82 x 10’ cell/mL occupying 7.1 mL of the
chamber, that is, the space before reaching the maximum cross-sec-
tional area, Axmax- Since recycle is used to preserve serum compo-
nents and promote oxygenation, the resultant fluid velocity is
calculated by taking the recycle flow rate, Qg, divided by the product
of the cross-sectional area normal to the flow and the porosity e.
Since flow proceeds radially inward, the centrifugal force decreases
linearly with distance, and the CBR taper would ideally be designed so
inward fluid velocity gradually reduces to compensate for decreasing
centrifugal force. Figure 10 is based on how the reactor chamber cur-
rently sits on the rotor disc, and for future chamber designs, the entire
chamber would sit past the center axis, so the fluid force is always
opposing the centrifugal force.

Because the walls of the current CBR chamber are linear, the cell
settling velocity and resulting balancing flow rate needed follow a
nonlinear trend as the fluid approaches the rotor disc center as shown
in Figure 10. The cells will expand up to the point of A max, Where any
cells past this point will elute because the fluid velocity will exceed
the decreasing radial centrifugal force. When modeling the centrifuge
at 1000 rpm, we found the counterbalancing fluid flow rate to main-
tain cells in the chamber, in our case the recycle flow rate, Qg,
increases to a maximum until reaching position R = 1.6 or in other
words, 1.6 cm away from the center of the rotor disc (Figure 10)—this
value would change at different centrifugation rates. Distances below
1.6 cm away from the center of the rotor disc require a decreased
flow rate needed to balance the cell bed, until the cells reach the cen-
ter of the rotor disc, where a flow rate of 0.0 mL/day is needed to bal-
ance the cells at that point.

To determine the ideal chamber shape, we can solve for r. in
Equation (11) by matching the balancing fluid velocity with decreases
in centrifugal force as flow proceeds inwardly. Figure 11a,b show
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FIGURE 11 Ideal centrifugal bioreactor chamber shapes with
respect to balancing flow rate or cell density. (a) Chamber shapes that
will balance 1.11 x 108 cell/mL, at ¢ = 0.90, on a 30-cm rotor disc
rotating at 1000 rpm. Unchanging parameters produce a chamber
constant, K., of 9.98 s%°. Increasing recycle flow rate results in a
larger ideal chamber radius. Tapers at the end are representative of
1/8" ID straight fittings. (b) In another scenario, we maintain a recycle
flow rate of 2.0 mL/min and increase the effective porosity with all
other parameters remaining the same. We determine a new chamber
constant, K.q, of 1.29 cm™>, and find that increasing effective
porosity results in a smaller ideal chamber radius.

idealized chamber shapes when modeling for a 30-cm-diameter rotor
disc spinning at 1000 rpm and cell suspension porosity, €, of 0.95 with
Qr as a parameter (Figure 11a), or with Qg set to 0.1 mL/min and ¢ as
a parameter (Figure 11b). We note r. can be reduced to a very simple
formula for a given set of conditions as shown in Equation (11) with

Kce and K.q as chamber constants.

QR KcQ
re=Ke/—or . 11
=K\ R o (11)

Predictably, chamber radii requirements increase with the inverse

of the half root of R and of Qg since cross-sectional area is propor-
tional to r.2 and centrifugal force varies linearly with R while flow
velocity varies linearly with Qg. Radii also vary with 1/¢%2 because

4.6 29
’

sedimentation rates decrease with & the difference between the

cell and suspension densities decreases with ¢, and interstitial velocity

is a function of 1/¢ making the combined effect dependent on 4.
Therefore, when considering the r.2 dependence on the cross-

sectional area, >3 appears in the denominator.

4 | DISCUSSION

4.1 | Kinetic growth parameters

The bovine CTL pmax and Ky values of 0.024 +0.001 h™! and 2.5
+ 0.6 mg/dL, respectively, are of the same order of magnitude as those
in extant literature. Yahia et al. compared kinetic parameters for mam-
malian cell lines, revealing that pmax and glucose Ky, range from 0.019 to
0.125h7! and 1.5 to 86.2 mg/dL, respectively—our CTL values of
0.024 +0.001 h™* and 2.5 + 0.6 mg/dL are at the lower end of both

ranges found in their report.3

Huynh et al. cultured bovine mammary
alveolar T (MAC-T) cells with a doubling time of 17 h, translating to a
specific growth rate of 0.041 h~.37 The majority of CD8 T cells studies
are in mouse models; De Boer et al. compared CD8 and CD4 T cell
responses in vivo and found their CD8 T cells have a doubling time of
8 h, that is, a specific growth rate of 0.087 h~1.38 Schlub et al. measured
doubling times for murine CD8 T cells in the lung, liver, and spleen to be
7.5, 10, and 12 h, respectively, or a specific growth rate range of 0.058
to 0.092 h™137 It is important to note growth rates vary across animal
sources and location of cells of origin; the closest values to our bovine
CTLs are Chinese Hamster Ovary (CHO) cells, with pmax and glucose Ky
of 0.028 h™t and 1.51 mg/dL, respectively.*

The bovine CTLs must have access to no lower than 50 mg/dL
glucose at any given time during expansion to grow at the maximum
rate of 0.024 h~1, a doubling time of 29.4 h, and high glucose values
above 200 mg/dL become slightly inhibitory. Upon further research,
glucose concentrations approaching 10 mM, or 180 mg/dL, are con-
sidered pre-diabetic, and concentrations past 10 mM would be similar
to diabetic conditions in the cell culture environment.** Furuichi et al.
studied the effects of glucose on an adherent mammalian cell line and
found significantly higher proliferation of cells in low-glucose DMEM,
2mM or 36 mg/dL glucose, than in standard-glucose DMEM, of
19 mM or 342 mg/dL, by approximately 2-fold over a 6-day expan-
sion.*? In comparison to our work, 50 mg/dL glucose is where the
specific growth rate is just approaching, within 5% of its maximum
value, and perhaps the pre-diabetic or diabetic conditions at the
higher glucose concentrations of 134 and 225 mg/dL are slightly
inhibitory, hence the 0.001 h=! and 0.002 h~! drop in growth rate
from the maximum value at those points.

The critical lactate and ammonium concentrations determined for
bovine CTLs, 84.6 mM and 20.4 mM, respectively, are comparable to
inhibiting values for other cell lines. Barbieri et al. showed 38% less
viable cells after 72 h of expanding mouse CD8 T cells in 50 mM of
sodium lactate versus 20 mM.*3 In comparison to our work, 50 mM
lactate is the point at which the growth rate is 14% lower than pyay.
As for ammonium, Feng et al. exposed primary bovine MAC-T cells to
4 mM ammonium chloride, resulting in an apoptotic cell ratio of 1.8

compared to a ratio of 0.5 for the control.** Although a seemingly low
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concentration caused a higher apoptotic cell ratio, in relation to our
work, 4 mM ammonium is the concentration at which the growth rate
is 13% lower than Hyax.

Yield coefficient experiments result in trends and values consis-
tent with literature that increase initially, then level off to an average
value with reasonably small relative standard deviations. Our glucose
yield coefficients increase from —98 to an average steady state value
of —155 #{f;m
sured by Henry et al. which decreases from —180 to an average
mg/dL

10° cells/mL
72h.* Average ammonium and lactate yield coefficients from our

M _ __mM_
study are 2.0 15 g and —1.0 f5

Henry et al. report values for ammonium trending downward from 1.7
mM

to 06 10° cells/mL

M . . . -

10 cells/mL” The leveling trends are consistent with our findings that

yield coefficients in the first 24 h trend toward a pseudo-steady-state

which is in reasonable agreement with those mea-

steady state value of —109 for rat hybridoma cells over

respectively; whereas

and lactate production yield from 10.0 to 8.6

value as cells acclimate to the culture environment. Though initially
unanticipated, our studies suggest CTLs are utilizing lactate. Recent
mechanistic experiments conducted by Wen et al. reveal a regulatory
mechanism in which lactate contributes to enhanced production of
IL-2 cytokine in activated T cells,*® hence the deviation in lactate yield
from our studies compared to those conducted with the rat

hybridoma.

4.2 | Optimized operating parameters

By modeling various scenarios for CTL production, we revealed CBR
manufacturing limits and avenues for improving the prototype. By
comparing PFR and CSTR behavior, we found substrate levels must
be maintained above 20 x Ky to expand cells most efficiently in a
CSTR. Prior work shows the CBR portrays CSTR behavior when recy-
cle is introduced; otherwise, the CBR behaves as a PFR.'? Because a
higher flow rate is needed to suspend the cells than to maintain a cul-
ture environment suitable for growth, the CBR must operate with
recycle and will behave as a CSTR in practice. This validates the
importance of maintaining glucose levels above 20 x K.

When we omit recycle and model a single pass of fresh medium
through the CBR chamber to sustain 5.5 x 107 cells/mL, DO is nearly
depleted because the oxygen level in the fresh medium is not suffi-
cient to keep pace with the OCR. At high cell densities, the balancing
flow rate must be lower to properly retain the tightly packed cells in
the chamber, increasing the residence time of the medium, therefore,
making DO our limiting factor and 5.5 x 107 cells/mL the maximum
cell density we can sustain. Glucose usage is modeled by omitting the
maintenance term and assuming the yield coefficient is only associ-
ated with cell growth-this assumption is vetted by experimental evi-
dence from Henry et al. who show glucose maintenance demands are
below 1 x 101! mmol that js, one tenth the value of that required for

cell-h’

cell growth of mammalian cell lines.*> The maximum cell density the

CBR can sustain, however, is 1.6-fold more dense than a high-density
value of 3.5 x 107 cells/mL obtained in recent literature with a stirred

tank bioreactor.*”

PROGRESS

4.3 | CBR madifications for future work

The present study with the CBR shows we can manufacture a clini-
cally relevant number of CTLs; however, changes to future prototype
iterations would enhance usability. By culturing in the current CBR,
we produced 1.04 x 107 cells/mL, and, while not considered high
density,*” with a dual-chamber CBR at that cell density we can manu-
facture the maximum dosage of T cells for one infusion of Yescarta®
T cell therapy.2® To increase the maximum cell density the CBR can
sustain, a higher recycle rate is needed, which must be countered by a
higher centrifugal force to balance the cells. At higher Qg and lower ¢
values, that is, higher cell densities, however, we become concerned
about eddies forming at the medium entrance due to the larger cross-
sectional area needed to balance the cells. To reduce the cross-
sectional area along the entire length of the cell chamber and retain
higher cell densities, larger diameter rotors are required. With a
30-cm rotor disc, we could sustain 1.7 x 10® cells/mL, an order of
magnitude greater than the current prototype, at a recycle flow rate
of 2.0 mL/min. Because the cross-sectional area for flow along the
length of the chamber was calculated from the cell settling velocity,
the recycle rate would not need to be changed as the cell bed
increases in height, reducing the need for user interaction and error.

We expect that use of higher quality variable-control pumps in
future studies will mitigate evaporation medium loss by setting the
fresh feed pump at a slightly higher rate than the waste pump. Wear
and tear of the pumps and tubing altered the intended flow rate,
hence not fully compensating for evaporation. A design alternative to
eliminate medium evaporation is to use dual-lumen gas-permeable
tubing in place of sparging the inoculation tank. One tube would con-
tain a continuous flow of air with 5% CO, and the other tube medium.
Additionally, while pH was not monitored or independently controlled
in the present study, a future CBR prototype may include SBI's dual
flow cell, which continuously monitors both DO and pH, in place of
the single DO flow cell.

While the current CBR prototype is sufficient for expanding clini-
cally relevant numbers of cells for autologous treatments, modifica-
tions to obtain higher densities may be advantageous for
biopharmaceutical companies who are mass manufacturing cells

for allogeneic therapies.

5 | CONCLUSIONS

Through this work, we have considered the most important design
implications to biomanufacture T cells in the CBR for immunotherapy.
We sought to provide data supporting that the CBR prototype can be
used to expand clinically relevant numbers of CTLs, producing
1.2 x 108 cells over 5 days starting with 1.0 x 107 cells in a single
11.4-mL chamber. The experimental trends agree within 5% of predic-
tions made from a kinetic growth model developed in this study, and
inhibitory metabolites, lactate and ammonium, do not reach levels that
hinder cell growth. It is recommended to keep glucose levels above

20 x Ky to maintain growth within 5% of um. and most efficiently
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expand CTLs without requiring a larger CBR volume. Moreover, we pro-
vide avenues for modifying the CBR for adoption by cancer centers,
expanding patient-specific treatments, or for biopharmaceutical compa-
nies manufacturing allogeneic cell therapies. Innovations in both engi-
neering and immunology provide a platform for studying the efficacy of
the CBR for T cell manufacturing for cancer immunotherapy. The results
bring to light the impact of interdisciplinary research in solving the

increasingly complex problems our world faces, especially in health and

medicine.

NOTATIONS

Ca Ammonium concentration (mM)

Camax  Critical ammonium concentration (mM)

Ceell Cell density (cell/mL)

Cs Glucose concentration (mg/dL)

Con Glucose concentration exiting CBR (mg/dL)
Cco Initial cell concentration (cell/mL)

Cio Initial substrate/metabolite conc (mg/dL, mM)
Cir Substrate/metabolite conc. into CBR (mg/dL, mM)
C. Lactate concentration (mM)

Cimax Critical lactate concentration (mM)

D’ Dilution rate into chamber (h—?)

deen Cell diameter

e Effective porosity

Ku Monod constant (cm)

Kee Chamber shape constant @ constant & (s°-°)
Keq Chamber shape constant @ constant Qg (cm?®)
m Ammonium order of inhibition

n Lactate order of inhibition

n Culture medium viscosity (cP)

® Angular velocity (s%)

Peell Cell density (g/cm®)

Prid Culture medium density (g/mL)

Psusp Suspension density (g/cm?)

Qr Fresh feed flow rate (mL/min)

Qr Recycle flow rate (mL/min)

re Conical chamber radius (cm)

I'rotor Rotor disc radius (cm)

t Time (h)

u Specific growth rate (h™%)

Hmax Maximum specific growth rate (h2)

Ve Cell chamber volume (mL)

Veell Cell setting velocity (cm/s)

Vestk Continuous stirred tank reactor volume (mL)
Veer Plug flow reactor volume (mL)

X Conversion of substrate

Y; Substrate or metabolite yield (%%me')
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