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Abstract

Background: A major obstacle to anti-viral and -tumor cell vaccination and T cell immunotherapy is the ability to
produce dendritic cells (DCs) in a suitable clinical setting. It is imperative to develop closed cell culture systems to
accelerate the translation of promising DC-based cell therapy products to the clinic. The objective of this study was to
investigate whether viral antigen-loaded monocyte-derived DCs (Mo-DCs) capable of eliciting specific T cell activa-
tion can be manufactured in fluorinated ethylene propylene (FEP) bags.

Methods: Mo-DCs were generated through a protocol applying cytokine cocktails combined with lipopolysac-
charide or with a CMV viral peptide antigen in conventional tissue culture polystyrene (TCPS) or FEP culture ves-
sels. Research-scale (< 10 mL) FEP bags were implemented to increase R&D throughput. DC surface marker profiles,
cytokine production, and ability to activate antigen-specific cytotoxic T cells were characterized.

Results: Monocyte differentiation into Mo-DCs led to the loss of CD14 expression with concomitant upregulation
of CD80, CD83 and CD8e6. Significantly increased levels of IL-10 and IL-12 were observed after maturation on day 9.
Antigen-pulsed Mo-DCs activated antigen-responsive CD8* cytotoxic T cells. No significant differences in surface
marker expression or tetramer-specific T cell activating potency of Mo-DCs were observed between TCPS and FEP
culture vessels.

Conclusions: Our findings demonstrate that viral antigen-loaded Mo-DCs produced in downscaled FEP bags can
elicit specific T cell responses. In view of the dire clinical need for closed system DC manufacturing, FEP bags repre-
sent an attractive option to accelerate the translation of promising emerging DC-based immunotherapies.
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Background

Cell culture in disposable, functionally closed bioreac-
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with the recommendations of regulatory authorities are
essential. The implementation of closed culture systems
can reduce space and clean room requirements for cell
production under current good manufacturing practice,
thereby reducing the costs required for clinical grade
therapeutic cell production. Moreover, culture bags are
needed in order to incorporate automation.

One cell therapy product of major commercial and clin-
ical interest is dendritic cells (DCs) [2]. Indeed, DCs have
been hypothesized to be the panacea for personalized
immunotherapy owing to their unique capacity to acti-
vate T cells and initiate the adaptive immune response
to specifically eliminate target cells that are transformed
or infected with pathogens [2—4]. Due to their low fre-
quency of occurrence in peripheral blood, DCs are com-
monly differentiated ex vivo from monocytes in the
presence of cytokines added to culture media, typically
interleukin (IL)-4 and macrophage-colony stimulating
factor (GM-CSF) [5]. The immature monocyte-derived
DCs (Mo-DCs) thus generated are induced to mature
when loaded with peptide antigen, usually in combi-
nation with toll-like receptor-activating inflammatory
cytokine mixtures of varying composition [6].

For Mo-DC generation, cell culture bags are ideal as
they can easily accommodate clinical-scale volumes of
starting and in-process material which are typically of
100 mL or more [7-12]. Fluorinated ethylene propylene
(FEP) bags are of particular interest as they are opti-
cally clear, allow gas exchange in cell culture incubators,
are chemically inert, facilitate cell recovery, and remain
flexible at temperatures ranging from — 240 to+ 205 °C,
making them outstanding candidates for cell processing,
cell culture and cryopreservation. Nevertheless, most
translational research studies are performed in tissue cul-
ture polystyrene (TCPS)-based plates or flasks of much
smaller volumes (typically <10 mL) and conducted in
rigid tissue culture polystyrene (TCPS)-based plates or
flasks. As recently reviewed by Fekete et al. [13], the tran-
sition from functionally-open TCPS plates to closed sys-
tems such as FEP or polyolefin bags leads to a concurrent
transition in material properties including gas permeabil-
ity, mechanical properties, surface topography, surface
chemistry and surface wettability. This may affect pro-
tein adsorption profiles and resulting changes in the cell
microenvironment which may impact Mo-DC cell fate
decisions, as observed with other therapeutic cells [14].

A number of groups have reported successful produc-
tion of Mo-DCs in FEP bags based on the upregulation of
DC markers and on the capacity to stimulate T cells [15—
19]. The number of direct comparative studies between
TCPS plates and FEP bags is however much more lim-
ited [9, 11, 12]. Most studies comparing TCPS flasks with
FEP or other types of hydrophobic culture bags report no
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marked changes in Mo-DC differentiation [7-9, 11, 12,
20, 21]. However, subtle differences in cytokine produc-
tion [9] and the expression levels of certain surface mark-
ers such as CDla [7, 22] have been reported. The impact
of these differences on antigen-specific T cell activation,
a key function of Mo-DC, and hence product potency
has not been thoroughly assessed [22]. The lack of com-
mercially available research-scale culture bags limited the
throughput of past comparative studies, and hence the
dynamics of the DC differentiation process in FEP bags
have not been reported. Together, these limitations result
in a gap in our understanding of cell-material interac-
tions early in the upscaling process and thus, in bag usage
in the clinical setting.

The main objective of this study was to compare the
phenotype and functional capacities of Mo-DCs cultured
in ‘open’ TCPS-based plates to the ‘closed’ fluorinated
ethylene propylene (FEP) culture bag systems. Research-
scale FEP bags were tested, providing a novel platform
for translational studies using cell culture materials more
similar to clinical-scale cultures. Mo-DCs generated in
FEP bags and TCPS plates showed comparable levels of
antigenic expression and cytokine production and were
able to efficiently induce tetramer-specific effector T cell
response upon viral antigen stimulation.

Methods

Culture surfaces

Immature as well as mature Mo-DCs were cultured
in Nunclon™ Delta-treated TCPS 24-multiwell plates
(Nunc, ThermoFisher) or untreated VueLife® FEP cul-
ture bags (Saint-Gobain) of 1 mL (1PF-0001), 2 mL
(2PF-0002) and 7 mL (1PF-0007) volumes. The respec-
tive internal dimensions of the bags were approximately
3.8cm x2cm, 2.5 cm x 8.6 cm or 3.4 cm X 5.8 cm with a
single Luer-lock cell seeding and medium exchange port.
These bags are commercialized for cell cryopreservation
applications but can also be used for cell culture.

Generation of Mo-DCs using lipopolysaccharides to induce
maturation

CD14-positive monocytes were freshly isolated from
peripheral whole blood of healthy human donors.
Peripheral blood was subjected to gradient density cen-
trifugation using Histopaque®-1077 (Sigma Aldrich) in
SepMate"'-50 tubes (STEMCELL). CD14-positive cells
were isolated via magnetic cell sorting using MACS®
Technology with CD14 Microbeads, LS columns and a
MidiMACS™ Separator (Miltenyi Biotec, Bergisch Glad-
bach, Germany) according to manufacturer’s instruc-
tions. CD14-positive cells were then seeded at a density
of 1.5 x 10° cells/ml (~0.5 mL/cm? bottom surface area)
onto TCPS or FEP culture surfaces in GMP DC medium
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(CellGenix GmbH, Freiburg, Germany) supplemented
with 1000 IU/ml of GM-CSF and 1000 IU/ml of IL-4
(both from Miltenyi Biotec) and cultured at 37 °C, 5%
CO, for 7 days to obtain immature DCs. Adherent and
non-adherent cells from TCPS plates were harvested
via incubation with TrypLE Express (Thermo Fisher
Scientific) for 5 min at 37 °C, 5% CO,, followed by cen-
trifugation at 300xg for 5 min. FEP bags display a non-
adherent surface and did not require trypsin exposure
to recover cells. To induce maturation, Mo-DCs were
cultured 2 additional days in CellGenix® GMP DC
medium supplemented with 1000 U/mL GM-CSF, 100
U/mL IL-4 and 100 pg/ml of Toll-like receptor-validated
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lipopolysaccharides (LPS) (Sigma Aldrich) and 10 ng/
mL of purified human TNF-a (R&D Systems). The cells
obtained using this maturation cocktail are referred to
as “LPS treated Mo-DCs” (Fig. 1a). Microphotographs of
cells during culture were taken using an inverted phase
contrast microscope (Trinocular Inverted Microscope,
VWR).

Generation of antigen-pulsed Mo-DCs

After PBMC collection and CD14% cell enrichment as
described above, CD14" cells were seeded in FEP bags
or TCPS plates at a concentration of 2 x 10° cells/mL
in RPMI medium (Gibco) supplemented with 10% FBS,
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1 mM sodium pyruvate, non-essential amino acids, 2 uM
L-glutamine, 100 U/mL penicillin, 100 pg/mL strep-
tomycin (all Gibco, Burlington, ON, Canada), 50 pM
[-mercaptoethanol (Sigma-Aldrich) in the presence of
800 IU/mL GM-CSF and 1000 IU/mL IL-4 (both from
Miltenyi Biotec) and cultured at 37 °C, 5% CO, for 5 days
with medium replenishment at day 3 to obtain immature
DCs. In multiwell plates, adherent and non-adherent
cells were harvested by gently scraping adherent cells fol-
lowed by centrifugation at 300xg for 10 min. For culture
bags, adherent and non-adherent cells were harvested
by massaging the bags and manually moving culture
medium up and down using a syringe connected to the
bag port. Next, DC maturation was induced by 2 days of
culture in the presence of 800 U/mL GM-CSF, 100 ng/mL
IL-6, 1000 U/mL IL-4, 10 ng/mL IL-1f, 10 ng/mL TNF-a,
1 pg/mL PGE, (all Miltenyi Biotec) and 1 pg/mL of HLA-
AO02 restricted epitope derived from CMV pp65 matrix
protein NLVPMVATYV (NLV) peptide (Genescript). For
TCPS cultures, adhering cells were harvested using cell
scraping. Cells were then pulsed for 4 h in the presence of
1 ug/mL NLV peptide. We refer to these cells as “pulsed
Mo-DCs” (Fig. 1b).

T cell activation using pulsed Mo-DCs

T cells were obtained from the negative fraction following
CD14 selection. Next, 15 x 10° T cells were co-cultured
in the presence of unpulsed or antigen-pulsed irradiated
Mo-DCs at a 10:1 ratio (T cell:Mo-DC) in G-Rex®10 bio-
reactors (Wilson Wolf) for a total of 14 days (Fig. 1c). T
cells cultured in the presence of antigenic peptide alone
(1 pg/mL) served as control. For the first 7 days of co-
culture, T cells were cultured in the presence of 30 ng/
mL IL-21, 10 ng/mL IL-12, and 100 U/mL IL-2 (all from
Miltenyi Biotech) added to RPMI medium (Gibco) sup-
plemented with 10% FBSI, 1 mM sodium pyruvate, 1X
MEM nonessential amino acids, 2 uM L-glutamine, 100
U/mL penicillin, 100 pg/mL streptomycin (all Gibco,
Burlington, ON, Canada), and 50 uM [B-mercaptoethanol
(Sigma-Aldrich). At day 7, T cells underwent a second
round of stimulation with pulsed (or unpulsed) Mo-DCs.
T cells were collected and suspended in fresh culture
medium containing IL-21 (30 ng/mL), IL-15 (5 ng/mL),
IL-7 (10 ng/mL) and IL-2 (100 U/mL) (all from Miltenyi
Biotech). Activation and function of T cells was analysed
on day 3, 7, 10 and 14 of culture.

Cell enumeration

Adherent cells, harvested using TrypLE™ Express (Life
Technologies), as well as suspension cells were enumer-
ated using a 0.1 mm depth hemocytometer (Bright-Line,
Hausser Scientific) or via particle counts using a Bio-rad
TC20 automated cell counter (Bio-rad).
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Flow cytometry

Flow cytometry was performed using a FACSCalibur™
(Becton Dickinson) equipped with CellQuest " Software
v3.3 for Mo-DC differentiation assays and a BD Fortessa
x-20 (BD Biosciences) equipped with FACSDiva"" Soft-
ware v8.0 for all T cell phenotyping studies. Antibod-
ies used for Mo-DC characterization included CDla
(HI149), CD14 (M¢P9), CD40 (5C3), CD80 (L307.4),
CD83 (HB15e), CD86 (2331), CD197 (150503), HLA-
DR (G46-6; all from BD Biosciences) and CD54 (HA5S;
BioLegend). The BD Horizon"" Fixable Viability Stain 660
(BD Biosciences) was used for live/dead discrimination.
Antibodies used for T cell characterization included CD3
(SK7), CD4 (SK3), CD8 (SK1), CD25 (BC96), CD107a
(H4A3), Granzyme B (GB11), HLA-DR (G46-6) (all BD
Biosciences), and CD45RA (HI100) (all from Biolegend,
San Diego, CA, USA). Cells were collected by combin-
ing suspended and adherent cells in a conical tube and
re-suspending in FACS buffer consisting of 0.22 um fil-
tered phosphate-buffered saline solution (without Ca*"
and Mg?", Life Technologies) containing 0.5% bovine
serum albumin (heat shock fraction, Sigma-Aldrich) and
2 mM ethylenediaminetetraacetic acid (Life Technolo-
gies). For studies with peptide-pulsed Mo-DCs, 2 x 10°
cultured/activated T cells were either left unstimulated
or restimulated for 4 h using CMVpp65 antigen (NLV)
in the presence of CD107a antibody. For Granzyme B
expression analysis, cells were incubated in the pres-
ence of 1X Brefeldin A (BFA) (eBioscience) for the last
2 h of restimulation. For tetramer staining, 2 x 10° cells
were harvested, first exposed to 5 nM dasatinib (Sigma)
for 30 min at 37 °C, and then exposed to NLV specific
tetramer (NIH tetramer core facility, Bethesda, MA) for
40 min at 4 °C. Cells were then washed, incubated with
Fc blocking solution (BD Biosciences) and further stained
for surface markers. For intracellular staining, T cells
were first stained for surface markers, washed and re-sus-
pended in fixation and permeabilization buffer (BD Bio-
sciences) according to the manufacturer instructions and
stained for intracellular markers. All reagents were used
according to manufacturers’ instructions. Acquired flow
cytometry data were further analyzed using Flow]Jo v10.2
software (FlowJo, LLC).

Cytokine production

Cell culture supernatants and media samples were col-
lected at day 2, 7 and 9 of culture and stored at — 80 °C
until analysis. Levels of human IL-10 and IL-12p40 in
Mo-DC culture supernatants were determined using
enzyme-linked immunosorbent assay (ELISA) Simp-
leStep kits (Abcam. IL-6, platelet-derived growth factor
(PDGF)-BB, transforming growth factor alpha (TGE-
a), matrix metalloproteinase (MMP)-1 and -9 were
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measured using the antibody colocalization microarray
technique described by Laforte et al. [23], but without
the trehalose spot protection step. In short, capture anti-
bodies from matched pairs used in ELISA assays were
immobilized onto activated glass slides. Small volumes
of diluted samples were incubated with capture antibod-
ies, followed by deposition of the matched detection anti-
bodies directly atop the capture antibodies. Because each
antibody pair is independent, this method avoids most
sources of cross-reactivity that leads to false positive sig-
nals and allows several proteins to be measured in indi-
vidual samples.

Statistics

All statistical analyses were performed using JMP® 11
software (SAS Institute, Cary, NC). ANOVA analysis,
post-hoc power analysis and Tukey’s HSD post-hoc tests
were used to compare the means of cell surface marker
expression, viability and cytokine production data.
Unless otherwise mentioned, all between-group com-
parisons were performed using the donor as a blocking
variable (i.e. one-way ANOVA). When the number of
replicates performed with FEP bags differed from TCPS
controls, between-group comparisons were performed
using both paired and unpaired ANOVA and post-hoc
tests. All p-values shown represent paired comparisons.
Results were considered to be statistically significant at
p <0.05 and highly significant at p <0.001.

Results

Impact of culture volume and time on Mo-DC viability

in FEP bags or TCPS plates

The aim of this study was to compare and understand the
impact of using TCPS vs FEP as culture material and sur-
face for generating mature Mo-DCs and to assess their
capacity to induce antigen-specific T cells. Experiments
included different size FEP bags (to assess the effect of
bag size/handling) and TCPS flasks (to assess the mate-
rials/system effect). We utilized FEP bags of 1 mL, 2 mL
and 7 mL volumes and compared the cultures to those
performed in TCPS multiwell plates. As shown in Fig. 2a,
the mean (& SEM) cell viability after 9 days of culture was
overall higher in FEP bags of 2 mL (60+8%) and 7 mL
(75+11%) volumes when compared to 1 mL (53 +12%)
volumes. This effect is likely due to the increased expo-
sure of cells to mechanic stresses while handling the bags
for media transfer or cell harvesting during culture in the
1 mL volumes. Based on qualitative observations, the
ease of cell handling was significantly improved in bags of
2 mL and larger volumes compared to 1 mL bags where
liquid infusion was very challenging due to the tension
in the top and bottom films established by the surround-
ing seals. Cell viability in TCPS plates was comparable
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Fig. 2 Mo-DC viability in FEP culture bags and TCPS plates. a LPS
treated Mo-DCs were generated in FEP culture bags (of T mL, 2 mL
or 7 mL volumes) or 24-multiwell TCPS plates for 9 days (except
2 mL data available only for day 2). b Cell viability was assessed
before (Start) and after 2, 7 and 9 days of culture in 7 mL FEP bags
or TCPS plates. Shown are Tukey's Box-and-whisker plots of 4 to 17
independent experiments per condition. ns: no statistically significant
differences for both paired (n > 4) and unpaired comparisons. Using
unpaired comparisons, a significantly reduced viability was observed
in the 1 mL bags compared to the 2 mL bags (p=0.02, Tukey HSD
test)

to that in 1 mL, 2 mL or 7 mL FEP bags at an overall
mean =+ SEM of 62+ 3%. Further, no statistically signifi-
cant effect could be found when comparing cell viability
during culture on either FEP or TCPS surfaces at day 2,
7 or 9 of culture (all FEP bag volumes tested) and TCPS
24-well plates (Fig. 2b). Furthermore, no significant dif-
ferences in Mo-DC concentration or yield were observed
at day 9 with the NLV differentiation protocol between
the 7 mL FEP bags and TCPS plates (Additional file 1:
Figure S1). A trend towards reduced cell viability was
observed from day 2 to day 7 of culture, as is expected
for the Mo-DC differentiation process. The subsequent
increase in viability (final viability of 73+1% on FEP
and 68 +£2% on TCPS surfaces) could be due to removal
of dead cells during the medium exchanges through cell
centrifugation at days 3 and 7. In order to standardize the
procedure and results, only 7 mL FEP flasks were used in
subsequent experiments.
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Surface marker expression of Mo-DCs cultured in FEP bags
or TCPS plates

As cell viability overall was similar when comparing Mo-
DCs generated in FEP and TCPS cultures, we charac-
terized the cell phenotype further at different stages of
Mo-DC culture. To this end, Mo-DCs were generated in
FEP bags (7 mL) or TCPS multiwell plates and analyzed
before seeding (day 0), during culture (day 2 and 7) and
after maturation (day 9, Fig. 1a) via flow cytometry. As
shown in Fig. 3, monocytes could efficiently and com-
parably be induced to differentiate into immature DCs
after 7 days of culture on either FEP or TCPS surfaces.
Interestingly, a fraction of CD14-enriched cells adhered
to both culture surfaces with progressive detachment
as differentiation progressed. After the final matura-
tion step, the adherent cells extended dendrites as would
be expected for Mo-DCs (Additional file 1: Figure S2).
When comparing the surface marker expression on day
2 vs. day 7, we observed downregulation of CD14 expres-
sion, while CD1la and CD83 expression increased indi-
cating differentiation of monocytes into immature DCs.
DC hallmark surface marker CD83 and co-stimulatory
molecules CD40, CD80 and CD86 were upregulated
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when compared to day 7 of culture, confirming DC mat-
uration upon addition of TNF-a and LPS. The expres-
sion of CD54 (ICAM-1) and HLA-DR remained stable
(Additional file 1: Figure S3) throughout culture, suggest-
ing that the cultured cells have the capacity of forming
immunological synapses both at the monocyte and more
mature DC states. The expression levels of Chemokine
Receptor 7 (CCR7, CD197) generally increased during
culture, but showed high donor-dependent variability
during the maturation phase (Additional file 1: Figure
$3). Overall, no statistically significant effect of the cul-
ture surface, TCSP or FEP, on Mo-DC surface marker
expression could be found at any day of the culture.

Cytokine production by Mo-DCs cultured in FEP bags

and TCPS plates

Mo-DCs are known to produce pro- or anti-inflam-
matory cytokines to alter the micromilieu and direct
immune responses. To determine whether the FEP bag
culture system would elicit unexpected spontaneous
cytokine release, we measured the production of inflam-
matory (IL-6, IL-12) and anti-inflammatory (IL-10)
cytokines in the culture media of Mo-DCs at days 2 and
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Fig. 3 LPS treated Mo-DCs can be efficiently generated in FEP bags and TCPS plates. Flow cytometry was performed before culture (Start) and
after 2, 7 and 9 days of differentiation and maturation culture on FEP or TCPS surfaces. Shown are Tukey's Box-and-whisker plots. ns: no statistically
significant differences for both paired (n > 4 donors for all surface markers at all time points except n=3 for CD86 at day 7) and unpaired (n=14
donors at day 0; n =4 to 10 donors at other time points except n =3 for CD86 day 7) comparisons
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7 of DC differentiation. Medium was also collected after
maturation and stimulation of the Mo-DCs in the pres-
ence of LPS, GM-CSF and TNF-« at day 9. Media sam-
ples not exposed to cells were used as controls. As shown
in Fig. 4, Mo-DCs started producing IL-10 and IL-12 only
upon maturation at day 9 of culture. Similarly, IL-6, plate-
let-derived growth factor (PDGF)-BB, TGF-a, MMP-1
and MMP-9 were increased in cell culture supernatants
at day 7 and 9 of culture in the absence of external stim-
uli (Additional file 1: Figure S4). No statistically signifi-
cant differences were observed between cytokine levels
detected in Mo-DC cultures on FEP or TCPS surfaces.

Functional impact of Mo-DC culture conditions

on antigen-specific T cell activation potency

We next sought to determine whether Mo-DCs gener-
ated in FEP bags displayed similar T cell stimulatory
capacity compared to Mo-DCs obtained in TCPS plates.
In order to perform this evaluation in a clinically-rele-
vant setting, DCs were matured using a combination of
TNF-a with IL-6, IL-1p and PGE2, rather than LPS and
TNEF-a. The combination of these four cytokines has also
been shown to produce mature DCs that are more potent
than LPS at inducing an inflammatory T cell response
[24]. To evaluate if TCPS plates or FEP bags affected
Mo-DCs’ capacity to activate and expand antigen-spe-
cific T cells, we cultured autologous purified T cells with
Mo-DCs differentiated in TCPS plates or FEP bags and
pulsed or not with antigen. We observed similar expan-
sion of T cells when cultured in the presence of antigen-
pulsed Mo-DCs whether differentiated in TCPS plates
or FEP bags (Fig. 5). Next, we evaluated the capacity of
pulsed Mo-DCs cultured in FEP bags or in TCPS plates
to activate specifically antigen responsive CD8" cytotoxic
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T cells. For this purpose, we evaluated the activation and
frequency of CMV—specific T cells following activation
in the presence of CMV pp65 peptide (NLV peptide)
pulsed Mo-DCs. After one round (7 day of co-culture) of
T cell culture with Mo-DCs, we observed a trend toward
an increase in the frequency of tetramer-specific T cells,
suggesting expansion of antigen specific CD8" T cells as
early as day 7 of co-culture (Additional file 1: Figure S5A,
C). We further assessed the activation status of these
antigen specific CD8" T cells through their expression of
early or later activation marker CD69 and CD25, respec-
tively. Notably, all the tetramer specific T cells detected
following co-culture in the presence of peptide-pulsed
Mo-DCs expressed the activation marker CD25 cells.
In contrast, unpulsed Mo-DCs or NLV peptide alone
failed to induce such activation of these cells (Addi-
tional file 1: Figure S5B, D). Further, the activation of
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Fig. 4 Mo-DC cytokine production in vitro. LPS treated Mo-DCs were generated in FEP culture bags or TCPS plates. Levels of IL-10 and IL-12 in
cell culture supernatants collected at day 7 and 9 of culture were compared to medium controls. Shown are min-max Box-and-whisker plots
with individual data points from n=6 donors for FEP and n=4 donors for TCPS. Dashed lines between day 9 data points represent matched
measurements from a given donor. ns: no statistically significant differences for both paired and unpaired comparisons
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tetramer-specific CD8' T cells was comparable whether
cultured in the presence of peptide-pulsed Mo-DCs dif-
ferentiated in TCPS plates or in FEP bags. In contrast,
only a modest increase of CD25 expression was observed
in nonspecific CD4% and CD8"Tetramer™ T cells cul-
tured in the presence of peptide-pulsed Mo-DC indepen-
dently of culture vessel (Additional file 1: Figure S6A-F).
These results suggest that the MO-DCs cultured in FEP
bags are equally capable of antigen-specific T cell activa-
tion as MO-DC obtained in TPSC plates.

As adoptive T cell therapy requires infusion of a large
number of T cells, the next question to address was
whether Mo-DCs differentiated in TCPS plates or FEP
bags could sustain and/or increase the frequency/num-
ber of antigen specific T cells beyond 7 days. To test this,
we re-stimulated the day 7 T cell culture with freshly
prepared Mo-DCs pulsed or not with NLV antigen. At
day 14 of stimulation, the frequency of tetramer-specific
CD8" T cells was significantly higher in T cells cultured
in the presence of NLV peptide pulsed Mo-DCs irrespec-
tive of the vessel used to generate the Mo-DCs (Fig. 6).
In contrast, the frequency of tetramer-specific CD8% T
cells remained unchanged when T cells were exposed
to unpulsed Mo-DCs or NLV peptide alone (Fig. 6a,
b). Importantly, no statistically significant differences
between TCPS plates or FEP bags were noted when
quantifying the frequency of tetramer-specific CD8%
T cells (Fig. 6a, b). In both culture vessels, as observed
after the first round of stimulation, CD25 expression was
maintained on tetramer-specific CD8™ T cells cultured in
presence of NLV-pulsed Mo-DCs whereas nonspecific T
cells only displayed a modest increase in CD25 expres-
sion (Fig. 6¢, d; Additional file 1: Figure S7). These results
suggest that Mo-DCs differentiated in TCPS plates or
FEP bags display similar capacity to activate and expand
antigen-specific T cells.

To assess whether the activated tetramer specific CD8"
T cells were functionally competent, we studied their
cytotoxic capacity by determining their antigen-induced
degranulation status as well as granzyme B expression.
First, following NLV peptide stimulation, we observed
a significant upregulation, compared to unstimulated T
cells, of cytotoxic degranulation marker CD107a in the
tetramer-specific CD8" T cells (Fig. 6e, f, Additional
file 1: Figure S7C, F). Conversely, nonspecific CD4" T
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cells and CD8"Tetramer™ T cells failed to degranulate
upon restimulation with CMVpp65 peptide. These find-
ings underline the specificity of this activation (Addi-
tional file 1: Figure S7A, B, D, E). In agreement with
CD107a degranulation data, we observed a significant
increase in granzyme B expression in CD25TCD8* T
cells activated in the presence of NLV peptide pulsed
Mo-DCs (Fig. 6g, h). Importantly, the method of Mo-DC
generation, whether produced in TCSP plates or FEP
bags, did not significantly impact the cytotoxic potential
of activated tetramer specific CD8" T cells.

Discussion
Harnessing the power of monocyte-derived DCs as a cell
therapy product has shown substantial promise. Mo-DCs
were approved in 2010 as the first prostate-cancer vac-
cine, sipuleucel-T, (Provenge®, Valeant Pharmaceuticals)
by the FDA [25]. While this pioneer product showed
modest success in overall survival benefit compared to
placebo [26], its commercial success was limited by high
production costs and logistic challenges [27]. Optimiza-
tion of DC production methods is required to improve
cell product consistency, quality and efficacy in order to
benefit a broader patient population [28]. Renewed inter-
est in DC-based cancer vaccines has been fuelled by the
potential to combine this approach with other pharmaco-
logical or cell-based interventions aiming to promote the
rejection of tumors [29].

Conventional methods for Mo-DC generation include
a phase of TCPS plastic adherence for monocyte selec-
tion culture, followed by a maturation phase utilizing
only the non-adherent cells, which are presumed to be
‘competent’ DCs [11, 30-32]. Since most clinical proto-
cols of Mo-DC based immunotherapy require repeated
injections from a large batch divided into smaller aliquots
with identical properties, Mo-DC production through
plastic requires large flask volumes which require large
incubator space and time-consuming manual handling
procedures. In addition to reducing the risks of contami-
nation, closed culture vessels such as FEP bags reduce the
volumes and handling steps required [33] as most cells
remain in suspension [9].

To date, it is unknown whether the ‘ideal’ culture
surface would promote monocyte adhesion or not [8].
In our hands, monocytes adhered both to FEP and

(See figure on next page.)

Fig. 6 Pulsed Mo-DCs cultured in FEP bags or TCPS plates exhibit the same T cell activation capacity. Following Mo-DC differentiation, 15 x 10°T
cells were cultured in the presence of unpulsed or CMVpp65 peptide (NLV)-pulsed Mo-DC at 1:10 T cell: Mo-DC ratio. a, b At day 14, the proportion
of NVL-specific T cells was assessed by flow cytometry. ¢, d The activation status of CD8" T cells from the donor was assessed by the evaluation

of CD25 expression. e, f The functionality of CD8™ T cells was evaluated through the expression of cytotoxic degranulation marker CD107a upon
restimulation with CMVpp65 (NLV) antigen. g, h Granzyme B expression was evaluated upon re-stimulation with CMVpp65 (NLV) antigen. Panels
show representative examples (a, ¢, e, g) or the mean £ SEM of 4 independent experiments (b, d, f, h). P-values shown are for paired comparisons
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TCPS surfaces and later detached from the surfaces
during DC maturation. Cell detachment was coupled
with cell aggregation, suggesting a transition from
cell-material interactions to cell-cell binding, mir-
roring previous observations by Kurlander et al. who
observed higher proportions of aggregated cells in FEP
bags than TCPS cultures [9]. Interestingly, the reduced
ability of CD14 4+ monocytes to adhere in FEP bags did
not impact Mo-DC surface marker expression profiles,
IL-10 or IL-12 expression or cell viability. Contrary to
earlier findings with polyolefin bags [7, 22], the fre-
quency of CD1a™ cells was not significantly different
between Mo-DCs produced in TCPS plates or FEP
bags (Fig. 3). Monocytes cultured both in FEP bags or
TCPS plates differentiated into professional DCs as
judged by their comparable capacity to generate func-
tionally-competent antigen-specific cytotoxic CD8" T
cells. Our functional findings are consistent with our
observations when studying protein adsorption on dif-
ferent model surfaces: the abundance of albumin in
our medium led to the formation of a secondary pro-
tein layer with very similar mechanical properties and
topography on polystyrene and fluoropolymer sur-
faces [34]. These studies were conducted in serum-
free media and protein adlayer properties may differ
between TCPS and FEP with media that contain serum
(e.g. Kurlander et al. [9]) or in the absence of albumin
[35].

In this study, HLA-02 restricted epitopes were used,
indicating that CD8" T cell activation was targeted.
As most individuals have been exposed to virus such
as CMYV, it is likely that the expanded T cells emerged
from the memory T cell pool. Further, Mo-DC have
recently successfully been used to induce viral-specific
T cell expansion in virus-naive donors [36]. This tech-
nology could be valuable for a variety of applications
such as cancer immunotherapy [2, 13], the expan-
sion of tumor or viral reactive T cells, to treat, respec-
tively, cancer or infection-prone immunocompromised
patients [37, 38] as well as expanding other tolerogenic
cells such as regulatory T cells (Tregs) in the context of
auto-immunity or graft rejection [39].

Culture in bags usually involves high volumes that
limit their applicability. In contrast, the research-scale
closed culture systems and Mo-DC handling methods
reported here can enable exploratory studies in many
settings. Using the same closed culture bag systems for
both R&D- and clinical-scale cell manufacturing and
testing will also allow users to harmonize their culture
and quality control protocols and thereby reduce the
costly and time-consuming need for re-validation of all
cell culture procedures and materials upon translation
into the clinic.
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Conclusions

In summary, our results demonstrate that Mo-DCs can
be generated in FEP culture bags and TCPS plates and
show comparable phenotype and functional capacities,
including cytokine secretion and T cell stimulation. To
our knowledge, we are the first to clearly demonstrate
the specific T cell activation potency of viral antigen-
loaded Mo-DCs produced in FEP bags. This process
can also be performed in FEP bags of less than 10 mL
working volume to increase experimental through-
put and accelerate clinical translation of promising
research findings. This opens up new avenues for safe,
robust and scalable manufacturing of cell-based prod-
ucts for immunotherapy. Thorough characterization
of the cell population produced in closed culture ves-
sels will help accelerate regulatory approval and speed
to market, thereby reducing the burden of disease for
patients worldwide.
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