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Abstract

Absence or reduced frequency of human regulatory T cells (Tregs) can limit the control of inflammatory responses, auto-
immunity, and the success of transplant engraftment. Clinical studies indicate that use of Tregs as immunotherapeutics would
require billions of cells per dose. The Quantum® Cell Expansion System (Quantum system) is a hollow-fiber bioreactor that
has previously been used to grow billions of functional T cells in a short timeframe, 8-9 d. Here we evaluated expansion of
selected Tregs in the Quantum system using a soluble activator to compare the effects of automated perfusion with manual
diffusion-based culture in flasks. Treg CD4"CD25™ cells from three healthy donors, isolated via column-free immunomagnetic
negative/positive selection, were grown under static conditions and subsequently seeded into Quantum system bioreactors
and into T225 control flasks in an identical culture volume of PRIME-XV XSFM medium with interleukin-2, for a 9-d expansion
using a soluble anti-CD3/CD28/CD2 monoclonal antibody activator complex. Treg harvests from three parallel expansions
produced a mean of 3.95 x 10® (range 1.92 x 108 to 5.58 x 10®) Tregs in flasks (mean viability 71.3%) versus 7.00 x 10° (range
3.57 x 10° to 13.00 x 10%) Tregs in the Quantum system (mean viability 91.8%), demonstrating a mean 17.7-fold increase in
Treg yield for the Quantum system over that obtained in flasks. The two culture processes gave rise to cells with a memory
Treg CD4"CD25"FoxP3*CD45RO™ phenotype of 93.7% for flasks versus 97.7% for the Quantum system. Tregs from the
Quantum system demonstrated an 8-fold greater interleukin-10 stimulation index than cells from flask culture following
restimulation. Quantum system—expanded Tregs proliferated, maintained their antigenic phenotype, and suppressed effector
immune cells after cryopreservation. We conclude that an automated perfusion bioreactor can support the scale-up
expansion of functional Tregs more efficiently than diffusion-based flask culture.
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Introduction
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Figure |. Automated Quantum Cell Expansion System (left) showing the graphic user interface (left) and internal view (right) showing the
disposable set containing the hollow fiber bioreactor and the gas transfer module. This figure is a derivative of an image of the Quantum

system (© Terumo BCT, Inc., 2013).

for example, recent phase I studies by Mathew et al. used
Treg doses in the range of 0.5 x 10° to 5.0 x 10° cells to
facilitate kidney transplantation, and clinical studies by
Bluestone et al. indicated that polyclonal Treg doses in the
range of 5 x 10° to 2.6 x 10° cells were well tolerated in
type 1 diabetes patients™.

The Quantum® Cell Expansion System (Quantum sys-
tem, Cat. 92000, Terumo BCT, Inc., Lakewood, CO, USA)
is a functionally closed, automated, hollow-fiber bioreactor
system that has previously been used to grow billions of
functional T cells in 8-9 d” and represents a potential solu-
tion for the expansion of human T cells, which may be
utilized in the treatment of numerous types of cancer and
other disorders. The Quantum system (Fig. 1) consists of a
synthetic hollow-fiber bioreactor that is part of a sterile
closed-loop circuit for media and gas exchange. The bior-
eactor and fluid circuit comprise a single-use disposable set
that is mounted on the Quantum system. The bioreactor itself
contains 11,520 hollow fibers with a total intracapillary (IC)
surface area of 2.1 m? and 124 ml of fluid volume within the
fibers of the bioreactor. The IC compartment is separated
from the extracapillary (EC) compartment by a semiperme-
able polyethersulfone membrane. Gas control is also man-
aged using hollow-fiber technology in a gas transfer module
with a surface area of 0.16 m?. In Quantum system culture,
perfusion feeding, improved gas exchange, and efficient
removal of lactate were previously shown to increase the
yield of human peripheral blood mononuclear cell-derived
T cells from an average of 10.8 x 10° to more than 28 x 10’
in only 10 d”®. In order to further evaluate the capability of
the Quantum system, the current comparative study was
designed to evaluate the growth of Tregs in the Quantum

system two-compartment bioreactor versus the static condi-
tions in tissue culture polystyrene T225 flasks.

Enrichment of human Tregs prior to expansion is central
to the overall process since it is important not only to
increase the number of CD4*CD25*"CD127 FoxP3™ T cells
but also to reduce the number of CD127" effector T cells.
For Tregs, the forkhead box protein P3 (FoxP3) is the key
transcriptional factor that activates cytotoxic T lymphocyte—
associated protein 4 (CTLA-4) and the interleukin-2 receptor
(IL-2R) and represses IL-2 and interferon-y to promote
immunological homeostasis. Moreover, FoxP3 expression
inversely correlates with CD127 in human Tregs’. Previ-
ously, immunomagnetic column enrichment processes for
Tregs have resulted in only 40%—60% Treg recovery from
peripheral blood, and these collections can be contaminated
with CD127" effector T cells'®!!. Therefore, we have taken
the approach to expand peripheral blood-derived Tregs iso-
lated by an immunomagnetic column-free negative/positive
selection method that depletes undesirable cells and enriches
for a Treg population with higher FoxP3 expression'>. This
method also allowed us to expand Tregs without the use of
rapamycin (an inhibitor of the mammalian target of rapamy-
cin—mTOR—a regulator of translation and cell size), which
is typically used to suppress proinflammatory T cell contam-
ination and to preserve levels of FoxP3 expression'> 2!,

We also chose to focus our protocol development on the
ex vivo expansion of selected Tregs in the Quantum system
using a soluble activator, an anti-CD3/CD28/CD2 monoclo-
nal antibody (mAb) activator complex. CD4"CD25" Treg
cells, enriched by negative/positive selection by the vendor,
from three unrelated healthy donors, were grown under static
conditions and subsequently seeded into Quantum system
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bioreactors and into T225 control flasks for scale-up expan-
sion over 9 d to compare the effects of automated perfusion
with manual diffusion—based culture. Cell growth, viability,
phenotype, and cytokine secretion profiles of the expanded
Tregs were compared. In addition, the suppressive capacity
of Quantum system—expanded Tregs was measured in a rat
splenocyte proliferation assay.

Materials and Methods

In order to support the overall goals of cell therapy develop-
ment, the guidelines in the publication “Minimum informa-
tion about T regulatory cells (MITREG): A step toward
reproducibility and standardization” were consulted for this
study®? and followed where applicable.

Donor Cells and Treg Enrichment

Human peripheral blood CD4"CD25" Tregs were pur-
chased from STEMCELL Technologies (Vancouver, BC,
Canada). The vendor had previously isolated Tregs from
peripheral blood mononuclear cells (PBMCs) of healthy
donors using column-free EasySep (Cat. 18063, STEM-
CELL Technologies) negative/positive immunomagnetic
separation techniques which involved the removal of CD8™
T cells and the selection of CD25™ cells from PBMCs.
Donor cells were collected by the vendor, STEMCELL
Technologies, in accordance with local, state, and federal
U.S. requirements, from normal or noninfectious diseased
donors voluntarily participating in a donor program with
consent that was approved by an institutional review board,
Food and Drug Administration (FDA), or an equivalent reg-
ulatory agency, and were negative for human
immunodeficiency virus-1 and -2 and hepatitis B and C
viruses. Purity by flow cytometry was >85% CD4*CD25"
Tregs and viability was >80%.

Automated Treg Expansion

Complete medium for the IC loop of the Quantum system
was composed of PRIME-XV T-Cell Expansion XSFM
medium, a xenogeneic component-free (without the use of
nonhuman components), serum-free medium (PRIME-XV,
Fujifilm Irvine Scientific, Santa Ana, CA, USA), penicillin—
streptomycin—neomycin antibiotic mixture (Thermo Fisher
Scientific, Carlsbad, CA, USA), and 100 IU/ml of recombi-
nant human IL-2 improved sequence (Miltenyi Biotec,
Auburn, CA, USA). For the initial Treg inoculum cell pre-
paration in the automated Treg expansion arm, donor cells
were first seeded at 1 x 10° to 3 x 10° cells/ml in flasks in
complete medium, stimulated (see below), and grown for 9 d
to permit cell recovery from cryopreservation. On day 9 of
the inoculum preparation (day 0 of the comparative expan-
sion study), the Quantum system IC side of the disposable set
(Terumo BCT, Lakewood, CO, USA) was seeded with 3.0 x
107 Tregs in 124 ml of complete medium, and Immunocult

Human CD3/CD28/CD2 T Cell Activator (STEMCELL
Technologies, Vancouver, BC, Canada) was added to the
complete medium at 25 pl/ml medium (based on the IC loop
volume, which includes the bioreactor volume of 124 ml), to
stimulate the growth of Tregs. Base medium was composed
of PRIME-XV medium and antibiotics and was used to man-
age metabolite concentrations and gas exchange in the EC
loop of the two-chambered Quantum system bioreactor.
Both complete (IC) medium and base (EC) medium were
stored at 4°C—6°C prior to use and the IC medium was also
protected from light during use. Tregs in the flask and the
Quantum system were incubated at 37°C with a gas mixture
of 5% CO, and 5% CO»/20% Oy/balance N, respectively.
Complete medium was initially added to the bioreactor cul-
tures via continuous perfusion at 0.1 ml/min to the IC loop’.
Perfusion rates to the IC loop containing the bioreactor were
increased incrementally up to 0.4 ml/min in order to main-
tain lactate concentrations below 10 mmol/l. EC medium
perfusion rates in the Quantum system were adjusted inde-
pendently up to 2.0 ml/min to further control lactate levels.
Beginning on day 3, Tregs were circulated through the IC
loop at 300 ml/min for 4 min during the bolus base medium
feeding task to disassociate cell aggregates and return the
cell suspension to the hollow fibers of the bioreactor through
bidirectional reseeding for base/complete media perfusion
additions. Cells were harvested automatically on day 9 under
aseptic conditions by circulating the cells through the IC
loop of the rotating (—90° to 180°) bioreactor at a flow rate
of 300 ml/min for 4 min to disassociate aggregated cells or
microcolonies. This step in the harvest task was followed by
collection in the system harvest bag at IC/EC flow rates of
100 ml/min for 4 min with medium without supplements as
previously described. During cell harvest, the prepro-
grammed IC media flow was divided at a ratio of 80:20 to
capture cells from both segments of the IC loop of the bior-
eactor prior to entering the preattached harvest bag. At this
point, the harvest bag tubing was radio frequency—sealed and
the expanded cell harvest was removed aseptically from the
system for subsequent analysis, downstream processing, or
cryopreservation. Cell harvest numbers and viability were
measured by Vi-CELL XR automated cell counter (Beck-
man Coulter, Indianapolis, IN, USA) using trypan blue
exclusion (Cat. 383260, Beckman Coulter Vi-CELL
Reagent Pak). Cells were subsequently cryopreserved at
2.0 x 107 cells/ml in CryoStor CS10 (BioLife Solutions Inc.,
Bothell, WA, USA), stored overnight at 80°C in CoolCell
freezing containers (Corning Inc., Corning, NY, USA), and
subsequently transferred to liquid nitrogen vapor phase for
long-term cryopreservation until further analysis.

Manual Treg Expansion

For the Treg inoculum cell preparation in the manual Treg
expansion arm, donor cells were seeded in flasks at 1 x 10°
to 3 x 10° cells/ml in complete medium, stimulated (see
below), and grown for 9 d to permit cell recovery from
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cryopreservation. On day 9 of the inoculum preparation (day
0 of the comparative expansion study), vented T225 tissue
culture flasks (Corning Inc.) for the manual arm were seeded
with 3.0 x 107 Tregs in 124 ml of complete medium and
Immunocult Human CD3/CD28/CD2 T Cell Activator was
added at 25 pl/ml medium (based on a flask volume of
124 ml). Flasks were incubated at 37°C in a humidified
incubator at 5% CO, under static conditions. Complete
medium was changed every 2 d after seeding (day 0). Begin-
ning on day 3, flask-expanded cell cultures were centrifuged
at 500 x g for 5 min, spent medium was aspirated, and cells
were resuspended in 124 ml complete medium. Cells were
manually disassociated and removed from flasks by serolo-
gical pipet and subsequently centrifuged as before prior to
counting and cryopreservation as described above.

Calculation of Population Cell Doublings and Cell
Doubling Time

For the purposes of this study, population cell doublings
(DS) and cell doubling time (DT) were estimated in terms
of the standard exponential growth equation over the period
of cell expansion as derived from Sherley™.

Population Cell Doubling (DS) where LN is the
natural logarithm :
DS = [LN(harvested cells =+ seeded cells)] = LN(2)

Population Cell Doubling Time (DT in hours (h))

where LN is the natural logarithm :
DT = [LN(2) x day x 24]
<+ LN(harvested cells =+ seeded cells)

Treg Metabolism

Lactate and glucose measurements were taken daily (day 0
through day 9) with i-STAT handheld blood analyzers
(Abbott Point of Care, Princeton, NJ, USA) using CG4+
and G cartridges, respectively. Samples were obtained from
the EC sample port during Quantum system cell expansions.

Treg Phenotyping

Flow cytometry was performed at the Human Immune Mon-
itoring Shared Resource, University of Colorado School of
Medicine, Aurora, CO, USA. Thawed Tregs from flask and
Quantum system harvests were stained with respective fluor-
ochrome conjugates as previously described’ using Zombie
Green Fixable Viability stain (BioLegend, San Diego, CA,
USA) and the following directly conjugated mAbs: Brilliant
Violet 786 mouse antihuman CD3 mADbD, Brilliant Ultraviolet
395 mouse antihuman CD4 mAb, Brilliant Ultraviolet 737
mouse antihuman CD8 mAb, Allophycocyanin-efluor 780
mouse antihuman CD45RO mAb (all from BD Biosciences,
San Jose, CA, USA), Phycoerythrin antihuman CD25 mAb,
and Alexa Fluor 647 mouse antihuman FOXP3 mAb (both

from BioLegend). Data were collected on a BD FACS
LSRFortessa X-20 flow cytometer (Cat. 657669) and ana-
lyzed by BD FlowJo Software (v10.5.3). Each flow sample
contained 50,000 events and was processed using fluores-
cence minus one (FMO) gating. Treg frequency was based
on the number of CD4"CD25"FoxP3™" cells within the
CD25%FoxP3™ double-positive gate that were above back-
ground FMO fluorescence.

Treg Cytokine Secretion

Cytokine secretion assays were performed at the Human
Immune Monitoring Shared Resource, University of Color-
ado School of Medicine. Cryopreserved Tregs from Quan-
tum system and flask expansions were thawed at 37°C and
were either left unstimulated or were restimulated with solu-
ble activator (Immunocult Human CD3/CD28/CD2 T Cell
Activator) in complete medium and incubated (37°C, 5%
CO,, humidity) for 4 d to compare automated perfusion
culture with manual diffusion—based culture for inhibitory
cytokine secretion by Tregs. Cell culture supernatants were
analyzed in triplicate for the presence of IL-10 and trans-
forming growth factor (TGF)-B1 by sulfo-tag electrochemi-
luminescence (Meso Scale Diagnostics, Rockville, MD,
USA) using mouse antihuman IL-10 mAb and mouse antihu-
man TGF-B1 mAb conjugates, respectively. Background
values were subtracted from raw data and a stimulation
index was calculated for the expanded Tregs by dividing the
cytokine concentration derived from the stimulated sample
(pg/ml) by the concentration from the unstimulated sample

(pg/ml).

Xenogeneic In Vitro Suppression by Tregs

The functionality of Tregs harvested from the Quantum sys-
tems was evaluated by the ability to suppress proliferation in
a xenogeneic splenocyte assay. Tregs used for the rat sple-
nocyte suppression assay were independently phenotyped at
the University of Wyoming (Laramie, WY, USA) as previ-
ously described”*. In order to prepare the Tregs for the sup-
pression assay, post-thaw viability and growth were
measured. Cryopreserved Tregs were thawed by placing
vials in a 37°C water bath for 5-10 min until no ice was left
in the vial. The contents of the vial were transferred to a 15-
ml conical tube with Treg medium consisting of RPMI 1640
(Sigma-Aldrich Corp., St. Louis, MO, USA) containing 10%
fetal bovine serum (FBS, Thermo Fisher Scientific, Gibco),
100 U/ml penicillin (Thermo Fisher Scientific), 100 pg/ml
streptomycin (Thermo Fisher Scientific), 50 uM B-mercap-
toethanol (Sigma-Aldrich Corp.), and 400 IU/ml IL-2 (R&D
Systems, Minneapolis, MN, USA). Tubes were centrifuged
at 300 x g for 5 min, supernatant was discarded, and pellets
were resuspended with fresh Treg medium.

To measure the growth curve, Tregs were seeded at a
density of 2 x 10° cells per well in a 6-well plate (Greiner
Bio-One N.A., Monroe, NC, USA) coated with goat
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antimouse IgG antibody (Thermo Fisher Scientific) and
mouse anti-CD28 mAb (BD Biosciences) at respective con-
centrations of 5 and 10 pg/ml, as previously described®*. The
number of viable cells was counted by trypan blue exclusion
at each time point using a Neubauer chamber (Cat. 5971R30,
Hausser Scientific, Horsham, PA, USA) and visualized with
10x light microscopy (Evos XL core microscope, Invitro-
gen-ThermoFisher Scientific, Grand Island, NY, USA).
Cells grown for 5 and 13 d were subsequently used in the
suppression assay (see below).

Animals. Sprague Dawley rats constitutively expressing green
fluorescent protein (GFP) were acquired from the Rat
Resource and Research Center (Columbia, MO, USA; strain
SD-Tg(UBC-EGFP) 2BalRrrc). SD-Tg(UBC-EGFP)
2BalRccc are transgenic rats that express enhanced green
fluorescent protein (EGFP) from the ubiquitin C promoter
in all cells*>°. Animals were acquired, cared for, and used
in accordance with the NIH Guide for the Care and Use of
Laboratory Animals and followed a protocol approved by
the University of Wyoming Institutional Animal Care and
Use Committee. Rats were housed at ambient temperature
with stable humidity and natural day—night cycle, with free
access to rodent laboratory food and water.

Proliferation Assay. Assays were carried out as previously
described®*. Briefly, Tregs were thawed and expanded as
described above and then cocultured with isolated splenocytes
from GFP rats. Three days prior to coculture, GFP rat sple-
nocytes were stimulated with 5 pg/ml concanavalin A (con A;
Sigma-Aldrich Corp.). Tregs were mixed with 20,000 con A—
stimulated GFP rat splenocytes at ratios of 1:1, 1:2, 1:4, 1:6,
1:8, and 1:16 splenocytes to Tregs (day 0 of co-culture) and
proliferation of splenocytes was measured over a 4-d period
by GFP fluorescence using a Tecan M200 plate reader (Tecan
Group Ltd, Méannedorf, Switzerland). Co-culture was carried
out in RPMI 1640, 10% FBS, 100 U/ml penicillin, 100 pg/ml
streptomycin, and 50 pM B-mercaptoethanol in 96-well
plates. Measurement of proliferation from con A-stimulated
GFP splenocytes alone was used as the control. The in vitro
suppression assay was performed using Tregs from each
donor separately after 5 or 13 d of monoculture following
thawing. Correlation of rat splenocyte fluorescence in co-cul-
ture with Quantum system—expanded Tregs was calculated
and averaged across all three donor cell products by subtract-
ing the fluorescence units from splenocytes with no Tregs
from the maximum suppression at day 4 (1:1 ratio of spleno-
cytes to Tregs).

Phenotype of Cryopreserved Tregs by Microscopy. Thawed Tregs
were cultured for 13 d prior to measuring the immunophe-
notype. After passaging, 10 x 10° Tregs from each donor
were washed with phosphate-buffered saline (Sigma-
Aldrich Corp.) and labeled with PE-antihuman CD4 mAb
(1:50; Thermo Fisher Scientific) and Alexa 488-antihuman
CD25 mAb (1:50; Thermo Fisher Scientific), then

permeabilized with 0.1% Triton X-100 (Cat. T8787-
100ML, Sigma-Aldrich, St. Louis, MO, USA), and labeled
with PE antihuman FoxP3 mAb (1:100; BD Biosciences)
and 4°,6-diamidino-2-phenylindole (Cat. MBDO0015-1ML,
Sigma-Aldrich, 0.01 mg/ml). Labeling was performed in
triplicate for Tregs from each donor. Labeled cells were
mounted on coverslips with Fluoroshield (Sigma-Aldrich
Corp.) and imaged by fluorescence microscopy (EVOS
FL, Life Technologies, and Zeiss 710 confocal microscope,
Carl Zeiss Microscopy LLC, White Plains, NY, USA). The
total cell number and positive cells for each marker were
manually counted. The percentage of positive cells per
marker was calculated from the number of positive cells
(x 100) divided by the total cell number. An average of 15
fields was randomly imaged for each cell population that
was labeled, where the total number of cells quantified
within each set of 15 fields averaged 14,400. Cell counts
were performed manually by individuals blinded to the
experimental donors.

Statistical Analysis

Descriptive statistics included the calculation of mean,
range, and standard error of the mean (s.e.m.). P values were
calculated using Student’s ¢-test over a confidence interval of
95%, unless otherwise stated. Correlation coefficients were
calculated by R? analysis.

Results
Treg Expansion

Actively growing, enriched CD4"CD25" human Tregs from
three healthy donors were expanded over 9 d (8.6-8.8 d) in
parallel flask diffusion—based and Quantum system perfu-
sion—based culture. Over the course of the expansion study,
Treg yields were consistently higher in the Quantum system
arm versus those in the flask arm. The mean harvest yields
were 3.95 x 10® cells (range 1.92 x 10% to 5.58 x 10%) for
the manual flask expansion and were 7.00 x 10° cells (3.57
x 10” to 1.30 x 10'°) for the automated Quantum system
expansion (Fig. 2A). The corresponding population dou-
blings were 3.6 (range 2.7—4.2) for the flask expansion ver-
sus 7.6 (range 6.9-8.8) for the Quantum system. The mean
population doubling time for the flask-based cell culture was
60.5 h (range 48.9-78.0 h) versus 27.8 h (range 23.6-30.3 h)
for the Quantum system—based cell culture. At harvest, the
cell density averaged 3.19 x 10° cells/ml (range 1.55 x 10°
to 4.50 x 10° cells/ml) for the flask expansions and 56.4 x
10° cells/ml (range 28.8 x 10° to 105.0 x 10° cells/ml) for
the Quantum system expansions. Overall, the enriched Tregs
from the three donor populations expanded 10-fold to
23-fold more under perfusion culture than those expanded
under diffusion culture. Harvest cell viability averaged
71.3% (range 56.8%—80.5%) in the flask expansion arm and
91.8% (range 89.4%-93.7%) in the Quantum system expan-
sion arm. These data suggest that there is a trend toward
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Figure 2. Total Treg harvest for flask diffusion—based and Quan-
tum system perfusion—based cell culture protocols. Total Treg
harvest, P = 0.10 (A). Harvested cell viability for flask diffusion—
based and Quantum system perfusion—based cell culture protocols,
P = 0.05 (B). Representative Treg morphology from flask harvest
(C). Representative Treg morphology from Quantum system
harvest (D). Reference bar 100 um. Magnification: 100x. Tregs:
regulatory T cells.

higher Treg harvest viability in the perfusion-based culture
versus diffusion-based culture, as the difference in the means
was found to be informative, but not statistically significant
(P = 0.05, Fig. 2B).

Although cell aggregation can be indicative of Treg sti-
mulation, it can also potentially limit nutrient transport and
waste product exchange to cells in the center of an aggregate
during expansion®’. For this reason and to limit aggregation,
Tregs cultured in the Quantum system were circulated daily
through the IC loop beginning on day 3. In the flask arm, the
cells were processed by pipet every 2 d during media
exchange beginning on day 3 and continuing until just before
cell harvest on day 9. The Treg morphology images after
harvest reflect the presence of aggregated cells in the flask
arm, whereas there was little evidence of aggregation in the
Quantum system arm (Fig. 2C, D).

Treg Metabolism

Over the course of the 9-d expansion of Tregs in the Quantum
system, glucose consumption rates reached a maximum of
24.3 mmol/d in the cells from all three donors over the auto-
mated composite IC/EC media flow rates of 0.1-2.4 ml/min
(Fig. 3A, B). Glucose concentration ranged from 383 to
279 mg/dl in donor 1 Tregs, from 381 to 347 mg/dl in donor
2 Tregs, and from 379 to 341 mg/dl in donor 3 Tregs from day
0 to day 9. During the culture process, the range of glucose
consumption rates reflected both the exponential growth and
the donor variability associated with activated Treg expan-
sion. At harvest, the glucose consumption rate in mmol/d in
the Quantum system correlated (R* = 0.9967) with the cell
yield across the three donor Treg populations (Fig. 3G).

Over the same time course, lactate generation rates from
Tregs grown in the Quantum systems reached a maximum of
37.23 mmol/d for the three donor products over the IC/EC
media flow rates of 0.1-2.4 ml/min (Fig. 3C, D). During the
culture process, lactate concentration ranged from 0 to 9.04
mmol/l in donor 1 Tregs, from 0 to 3.90 mmol/I in donor 2
Tregs, and from 0 to 3.87 mmol/l in donor 3 Tregs. Similar to
glucose consumption, the range of lactate generation rates
also reflected both the exponential growth and the donor
variability associated with activated Treg expansion. At har-
vest, the lactate generation rate in mmol/d in the Quantum
system correlated (R? = 0.9942) with the cell yield across the
three donor Treg populations (Fig. 3H).

To adjust the automated perfusion system, the 1:2 ratio of
glucose to lactate molecules can be used to define an upper
limit for lactate generation in mmol/d via EC medium sam-
pling, at which point media flow rates (ml/min) can be
adjusted based on the level of glycolysis during cell expan-
sion. In this study of Treg expansion, the combined Quantum
system IC and EC medium flow rates ranged from 0.1 to 2.4
ml/min while keeping the ratio of lactate to glucose on aver-
age <1:1.8 over the three donor expansions (Fig. 3E, F).

Treg Phenotype

Cells harvested from flasks and Quantum systems were
evaluated for Treg phenotype by flow cytometry
(Table 1A). The Treg flow cytometry gating strategy is out-
lined in Fig. 4. The Treg phenotype CD4"CD25 FoxP3™
averaged 76.5% (range 69.9%—84.1%) of the total popula-
tion for cells grown in flasks and 80.3% (range 77.0%—
82.2%) for cells grown in the Quantum system (Table 1A).
In addition to confirming the fundamental Treg phenotype,
the frequency of memory Treg was also analyzed for all
products (Table 1B). The results demonstrated that the
majority of the expanded Tregs displayed a memory pheno-
type of CD37CD4"FoxP3"CD45RO™" with a mean popula-
tion frequency of 93.7% (range 90.3%-95.4%) for Tregs
grown in flasks and 97.7% (range 97.1%-98.3%) for Tregs
in the Quantum system. Although the difference between the
flask and Quantum system memory Tregs frequency was not
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Figure 3. Treg metabolites for the Quantum system expansion. Glucose consumption with respect to culture time (A) and total media flow
rates (B), lactate generation with respect to culture time (C) and total media flow rates (D), lactate/glucose ratio with respect to culture
time (E), and total media flow rates (F), correlation of Quantum system harvest yield with glucose consumption (G), and correlation of
Quantum system harvest yield with lactate generation (H). (A—D) Cell expansions from individual donors; (E, F) means of cell expansions
from three donors (blue = trendline; green = mean of lactate/glucose mmol/d). EC: extracapillary; IC: intracapillary; Tregs: regulatory
T cells.

statistically significant, there was a trend toward a higher Treg Cytokine Secretion

frequency of a memory phenotype in perfusion cell culture Cryopreserved cells from both flask and Quantum system
(Table 1B). expansions were thawed, washed, resuspended in complete
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Table 1A. Treg Phenotype at Harvest in Diffusion-Based Flask and
Perfusion-Based Quantum System Cell Culture.

Flask Quantum system
CD4"CD25 FoxP3* CD4"CD25%FoxP3"
Treg source Treg frequency (%) Treg frequency (%)
Donor | 84.1 81.7
Donor 2 75.6 77.0
Donor 3 69.9 82.2
Mean 76.5 80.3
s.e.m. 4.1 1.7

Mean Treg frequency with s.e.m. CD4, CD25: clusters of differentiation 4
and 25; FoxP3: forkhead box protein P3; s.e.m.: standard error of the mean;
Tregs: regulatory T cells.

Table IB. Memory Treg Phenotype at Harvest in Flask Diffusion—
Based and Quantum System Culture.

Flask Quantum system
Memory Tregs Memory Tregs
CD3"CD4"FoxP3™ CD3"CD4 " FoxP3™

Treg source CD45RO™ (%) CD45RO™" (%)
Donor | 953 98.3
Donor 2 954 97.8
Donor 3 90.3 97.1
Mean 93.7 97.7
s.e.m. 1.7 0.4

Mean memory Treg frequency with s.e.m. CD3CD4: clusters of differentia-
tion 3 and 4; FoxP3: forkhead box protein P3; CD45RO: cluster of differ-
entiation 45RO memory marker; s.e.m.: standard error of the mean; Tregs:
regulatory T cells.

medium, and restimulated with soluble activator complex to
allow the cells to recover from cryopreservation®®. Cell
culture supernatants were assayed in triplicate for the pro-
duction of IL-10 and TGF-f1. As shown in Table 2, the
mean IL-10 stimulation index was 164 (range 1-480) for
flask-expanded Tregs and 1,287 (range 180-3,277) for the
Quantum system—expanded Tregs across the three donor
products, demonstrating a mean 8-fold increase in IL-10
secretion in the Quantum system perfusion—expanded Tregs
over flask diffusion—based cell culture (Table 2). Across the
three donor Treg populations, the unstimulated flask IL-10
secretion ranged from 7.1 to 935.6 pg/ml and stimulated
flask IL-10 secretion ranged from 8.6 to 11,607.9 pg/ml. The
unstimulated Quantum system IL-10 secretion ranged from
0.1 to 20.8 pg/ml and the stimulated Quantum IL-10 secre-
tion ranged from 27.0 to 8,378.1 pg/ml. In contrast, the mean
TGF-B1 stimulation indices were similar between the two
expansion methods and were essentially unchanged follow-
ing stimulation. Across the three donor Treg populations, the
unstimulated flask TGF-B1 secretion ranged from 271.8 to
400.2 pg/ml and the stimulated flask TGF-B1 secretion ran-
ged from 289.4 to 679.2 pg/ml. In comparison, the unstimu-
lated Quantum system TGF-B1 secretion ranged from 288.5
to 363.4 pg/ml and the stimulated Quantum system TGF-f1
secretion ranged from 271.9 to 304.7 pg/ml.

Treg In Vitro Suppression Assay

To prepare Tregs for the in vitro suppression assay, cryopre-
served cells from Quantum system expansions were thawed,
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Figure 4. Example of flow cytometry gating strategy for phenotyping of Tregs in both flask and Quantum system Treg-harvested cells. Treg
frequency is based on the number of CD4"CD25%FoxP3" cells within the CD25"FoxP3™ double-positive gate that are above background
FMO fluorescence for both FoxP3 and CD25. Flask gate labels, plots left to right: SSC vs FSC cells, singlets (SSC-H vs SSC-A), CD3" dead
and CD3™ live, CD8" vs CD4™", CD25"FoxP3™ Tregs; Quantum system gate labels, plots left to right: SSC vs FSC cells, singlets (SSC-H vs
SSC-A), CD3" dead and CD3" live, CD8" vs CD4*, CD25"FoxP3™ Tregs. FoxP3 AF: 647; CD8 BUV: 737; CD3 BV: 786; CD4: BUV395;
FMO: fluorescence minus one; FoxP3: forkhead box protein P3; FSC: forward scatter; PE: CD25; SSC: side scatter; SSC-A: side scatter -
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Table 2. Post-expansion Treg Cytokine Secretion After Cryopre-
servation and Restimulation With Soluble Activator Complex.

IL-10 TGF-BI
Secretion Secretion
(n=3) (n=3)
Treg Stimulation Stimulation
Cell Expansion Index Index
Donor |
Flask 12 |
Quantum system 403 I
Donor 2
Flask | 2
Quantum system 180 I
Donor 3
Flask 480 |
Quantum system 3,277 |
Mean flask 164 |
s.e.m. 158 0
Mean Quantum system 1,287 |
s.e.m. 997 0

The cytokine stimulation indices were normalized for each of the three
donor cell products based on the stimulated values (pg/ml) divided by unsti-
mulated values (pg/ml). IL-10: interleukin-10; s.e.m.: standard error of the
mean; TGF-B1: transforming growth factor-f1; Tregs: regulatory T cells.

restimulated, and expanded in vitro for 5 d and for 13 d with
IL-2 and antihuman CD28 mAb. The initial measurement of
Treg viability immediately after thawing was between 69%
and 74%, a mean of 73% for cells from all three donors
(Fig. 5A). Viability dipped to a mean of 62% on day 1 and
had reached 90% by day 5. Thereafter, viability stabilized
between 75% and 90% out to 14 d (Fig. 5A).

To determine the functional characteristics of the cells,
Tregs were placed in co-culture with con A—stimulated sple-
nocytes isolated from GFP-expressing rats. GFP-rat spleno-
cytes were mixed with Tregs at ratios of 1:1, 1:2, 1:4, 1:8,
and 1:16. Suppressive capability of Tregs was measured
from Tregs that had been cultured for 5 and 13 d prior to
co-culture.

The quantity of GFP florescence over time was measured
to determine the influence of co-cultured Tregs on the acti-
vated splenocytes. Tregs cultured for 5 d prior to coculture
inhibited splenocyte expansion at all Treg:splenocyte ratios
(Fig. 5B). Similar inhibition was observed when Tregs were
cultured for 13 d prior to coculture (Fig. 5C). Interestingly,
the degree of functional suppression of splenocyte expansion
was greater with Tregs cultured for 13 d compared to those
cultured for 5 d.

There was a correlation of Treg suppression to Treg
harvest yield (R* = 0.9979) by linear regression across the
three donor cell products, suggesting there was a relation-
ship between their suppressive function on day 4 in sple-
nocyte co-culture and cell proliferation of expanded Tregs
in the Quantum system (Fig. 5D). The lack of correlation

between splenocyte suppression and IL-10 cytokine con-
centration in this experimental range suggests that there
might be a cytokine threshold effect since all three Treg
donor cell populations were shown to suppress splenocyte
proliferation (Fig. 5E)*°.

To assess the immunophenotype of cells used in the rat
splenocyte suppression assay, Tregs after 13 d of culture
were labeled with antibodies specific for CD4, CD25, and
FoxP3. Quantification performed as described in the Mate-
rials and Methods section showed that the cells were 96.55%
CD47, 95.32% CD25™, and 96.65% FoxP3™ (Fig. 5F).

Discussion

With respect to supporting cell transplantation and the con-
trol of autoimmune diseases, one of the challenges has been
to generate a sufficient number of Tregs for a projected
therapeutic dose since Tregs range from only 4% to 6% of
bulk CD4" T cells derived from either bone marrow or
peripheral blood'**>'. The demand for this vital T cell sub-
set will likely continue to be explored. As of spring 2020,
ClinicalTrials.gov lists more than 900 clinical studies
involving Tregs covering a broad spectrum of cell transplan-
tation therapies and immunotherapies.

In the study reported here, we compared manual flask—
based diffusion culture of Tregs with automated Quantum
system perfusion—based cell culture in order to explore alter-
natives to conventional Treg expansion production for man-
ufacturing cellular therapies under good manufacturing
practices (GMP). We found that enriched Tregs from three
healthy donors expanded 17.7-fold more on average and had
improved viability when grown in the Quantum system com-
pared to flask-based cultures. Moreover, average cell yields
from Quantum systems, 7.0 billion Tregs, were within the
projected clinical dose ranges reported in the literature for
autologous Treg therapies, which range from 3 billion up to
5 billion>®. Variations in Treg yield across the three donors
were observed but are to be expected and may be partially
attributed to the degree of hypomethylation occurring in the
promoter Treg-specific demethylated region of the master
transcriptional factor FOXP3 gene, which is known to vary
greatly among individuals (e.g., from 3.6% to 21.3%)>* 4. 1t
is also well accepted that the pool of human FoxP3™ Tregs is
heterogeneous and is dependent on different development
conditions, anatomical locations, cytokine microenviron-
ment, levels of transcription factors, mechanisms of suppres-
sion, surface biomarkers, and age of the individual®> %,
Harvested Tregs from both flasks and Quantum systems
maintained a CD4"CD25%FoxP3™" Treg phenotype and
memory CD4"CD25"FoxP3*CD45RO™ Treg phenotype
considered important for maintenance of immune homeos-
tasis®>** with very high frequencies of these phenotypes at
harvest. However, there was a trend toward higher mature
Treg and activated Treg frequencies in Quantum system
culture versus flask culture. We also chose a xenogeneic
component-free, serum-free base medium that reportedly
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T cells.

supports the expansion of memory T cells*. In addition, the
stimulation index for IL-10 secretion from harvested and
restimulated Tregs was 8-fold higher in Quantum system—
expanded Tregs than in flask-expanded Tregs. Taken
together, these results indicate the advantage of the Quantum
system over flask-based culture for expansion of functional
Tregs.

Gas transfer in flasks is by passive diffusion, and the
depth of the medium overlay in conventional cell culture
systems limits the amount of oxygen that is available to cells.
According to Fick’s first law in cell culture, the diffusive
flux of a gas is proportional to the concentration gradient
which in turn is inversely proportional to the thickness of the
liquid layer****. The McMurtrey model of oxygen diffusion
through overlying liquid medium is described by the

following equation, where J is the net flux of oxygen, / is

the medium depth, P is the partial pressure of oxygen (in

units of standard atmosphere), H is Henry’s constant for the

medium solution (in units of 1 atm/mol), C, is the concen-

tration of oxygen, and D is the diffusivity coefficient for a
o 2

molecule in a given medium*®:
P
——C
l (H )

In this model, the net flux of oxygen is inversely related to
medium depth. Hence, keeping the depth of medium as shal-
low as possible augments gas transfer during cell expansion.
In our study, the depth of the medium in the Quantum system

hollow-fiber bioreactor filled with 124 ml of medium is
estimated to be 25-fold shallower than the depth in a T225
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flask filled with the same volume. Therefore, the greatly
enhanced expansion of Tregs in the Quantum system is
likely due to increased availability of oxygen. Moreover,
previous work has shown that Treg migration, proliferation,
and suppressive function are supported by the presence of
oxygen*”**_ Although we did not have the ability to measure
oxygen consumed during our Treg cell expansion experi-
ments, it has been shown that reduced oxygen levels associ-
ated with hypoxia may limit the generation of Tregs through
the expression of Hif-1a, a negative regulator of T cell
responses”’. This may explain the higher percentage of
FoxP3" Tregs generated in the Quantum system versus
flask-based culture as oxygen is likely to be more available
in the Quantum system due to the increased surface area of
the gas transfer module, which delivers oxygen to a hollow
fiber bioreactor versus a single-chambered T-flask (225
cm?). Therefore, it is likely that both reduced media depth
and increased gas transfer surface area, in the context of
continuous media flow, play a role in rapidly establishing
oxygen equilibrium during exponential cell growth in a per-
fusion bioreactor system>".

In the study described here, we compared the diffusion-
based culture in flasks, which utilizes bolus feeding, with
perfusion-based culture, which utilizes continuous auto-
mated feeding. Tregs in a quiescent state utilize fatty acid
oxidation (FAO) to supply the energy needed to maintain
cell homeostasis®'. Moreover, they are highly dependent on
mitochondrial metabolism with the plasticity to oxidize lipid
or glucose carbon sources®>*. Upon stimulation, however,
Tregs convert their metabolism to meet their energy and
metabolite demands and have been shown to shift toward
glycolysis>>>®. Automated feeding, coupled with gas perfu-
sion, offers a continuous process for the support of
stimulated-Treg metabolic conversion from FAO to glyco-
lysis rather than the intermittent, diffusion-based feeding
used in manual flask culture.

Other functionally closed expansion technologies that are
semi- or fully automated are available for growth of cells for
cellular therapies. For example, T cell immunotherapies
such as chimeric antigen receptor T cells, tumor infiltrating
lymphocytes, and T cell receptor—engineered T cells have
been expanded in a variety of systems including the Xuri ™
W25 and WAVE Cell Expansion systems (GE Healthcare
Life Sciences, Marlborough, MA, USA)57‘58, Gas Permeable
Rapid Expansion (G-Rex) devices (Wilson Wolf Corpora-
tion, St. Paul, MN, USA)**“°, the CliniMACS Prodigy (Mil-
tenyi Biotec, GmbH, Germany)®' ®*, and the Aastrom
bioreactor (Aastrom BioSciences Inc., Ann Arbor, MI,
USA)®. To our knowledge, however, most publications
describing expansion of Tregs for potential immunothera-
pies have to date utilized traditional culture methods such
as flasks or cell culture bags®®. Two recent reports have
demonstrated Treg expansions for clinical application in the
G-Rex® and in the Prodigy system®” and data from these
reports indicate that the Quantum system is comparable in
terms of cell numbers achieved in similar timeframes and in

the high expression of Foxp3 and potent functionality of the
Treg products.

A unique feature of the Quantum system is the dual loop
system that allows for both efficient perfusion-based gas
exchange and partitioning of different formulations and
volumes of medium to the IC and EC fluid loops. In addition,
the dual loop design has the potential to reduce use of cyto-
kines and growth factors such as IL-2, since these can be
preferentially added to the relatively small volume of IC
medium only, with nutrient and gas supply provided from
the EC side. Thus, in addition to the advantages over flask-
based cell culture described here, the Quantum system has
features that may be advantageous over other automated or
semiautomated platforms for the generation of potent Tregs
for use in immunotherapy.

Human Tregs are characterized by a symphony of
responses depending on their microenvironment, including
the secretion of inhibitory cytokines IL-10 and TGF-B1 as
well as the sequestering of IL-2%°. FoxP3™ Tregs that secrete
IL-10 are especially relevant to regulating adaptive immune
responses at the body’s environmental interfaces®®’!. The
stimulation index for IL-10 secretion from restimulated
Tregs was 8-fold higher in Quantum system—expanded Tregs
than in flask-expanded Tregs. In contrast, the stimulation
index for TGF-B1 in both cell culture processes remained
unchanged, with secretion of TGF-B1 being at very low
levels. Together, the combination of an increased IL-10
secretion coupled with reduced TGF-B1 secretion could rep-
resent the signature of proliferating Tregs that may be pre-
ferentially generated in the Quantum system’>.

Our choice to use the anti-CD3/CD28/CD2 soluble anti-
body complex for stimulation of Tregs during expansion was
based on a strategy to stimulate T cells in a uniform and
complete manner as opposed to using antibody-conjugated
beads, which tend to be sequestered in T cell aggregates. We
elected to evaluate the use of anti-CD2 mAb as a costimulant
in the complex based on reports of augmentation of T cell
receptor/CD3 signaling by costimulation with anti-CD2
mAb”?. Moreover, a previously published study of the Treg
signature also indicates that IL-2—responsive genes, such as
the IL-2Ra(CD25) receptor, are overexpressed in Tregs ver-
sus those expressed in T effector cells when activated in
medium supplemented with IL-27*. This profile further elu-
cidates the need for a complete stimulation of Tregs during
cell expansion through additional accessory molecules such
as CD2.

Although some expansion protocols use rapamycin, an
mTOR inhibitor, in the expansion of Tregs primarily to elim-
inate contaminating cell types, the T cell receptor and cor-
eceptor CD28 signal through the mTOR complex 1
(mTORC1), which has a high level of activity in Tregs com-
pared with effector T cells’**">, and thus disruption of the
mTORCI1 pathway can result in the loss of Treg suppressive
activity’®. In addition, mTORC]I signaling in Tregs pro-
motes cholesterol and lipid metabolism and is particularly
important for coordinating Treg growth and proliferation and
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for the upregulation of suppressive molecules’. We, there-
fore, elected to omit rapamycin from the medium formula-
tion and to use enriched Tregs in our expansion study to
prevent effector T cell outgrowth.

Functionality of Tregs expanded in the Quantum system
was confirmed by the suppression of rat splenocyte prolif-
eration. In our study, Treg suppression was also found to
relate to the degree of cell expansion after cryopreserva-
tion, where Tregs cultured for 13 d were more suppressive
than those cultured for 5 d. While a likely cause is that the
cryopreserved Tregs required some time to reestablish pro-
liferation and functional characteristics after thawing, we
do not yet know the mechanisms responsible which could
explain the mechanism of splenocyte suppression. How-
ever, the degree of functional inhibition by Tregs shown
here is consistent with the previous characterization of Treg
functionality across multiple species, including
xenogeneically***%"778,

Although the current mechanism of suppression in the
xenogeneic context is not yet elucidated, it may be mani-
fested by Treg secretion of IL-10. The rat IL-10 receptor
protein has a reported 61% homology to the human IL-10
receptor proteins’’. Other studies have demonstrated the
functionality of human IL-10 in rat models. Johnston et al.
have shown that human IL-10, delivered by an adeno-
associated viral vector, is protective in a rat model of Par-
kinson’s disease, and Fakin et al. have demonstrated the
amelioration of lung allograft rejection by sequential over-
expression of human IL-10 and hepatocyte growth factor in a
rat model®™3!. As part of their suppressive repertoire, Tregs
are also known to sequester or to provide a “sink” for exo-
genous IL-2%27% Overall, suppression assays with expanded
human Tregs in animal models may have additional utility in
the translation of preclinical results to clinical transplanta-
tion studies®’.

Considering the Treg expansion yield, viability, memory
phenotype preservation, and functional performance, the
perfusion-based Quantum system shows promise in the
scale-up of Tregs for therapeutic indications as demonstrated
here and appears to represent an improvement over manual
flask—based culture. In addition, we have defined an auto-
mated method for Treg expansion using a soluble activator
complex in serum-free medium, additional features that are
likely to be desirable for production of Tregs under GMP for

clinical indications®®.
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