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biomanufacturing of dendritic cell-based
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Dendritic cell-based immunotherapy is a promising strategy to treat malignant diseases. In vitro manufac-
turing of dendritic cells conventionally relies on culturing primary monocytes in dishes or vessels made
from tissue culture treated polystyrene. For clinical applications, the implementation of closed culture
vessels such as cell culture bags is highly desirable to minimize the risks of contamination and allow auto-
mated fluid handling. However, this transition typically represents a significant change in substrate surface
properties which can impact cell-surface interactions. This review provides an overview of closed culture
systems for dendritic cell therapy product biomanufacturing and describes how material selection can
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impact cell-surface interactions and thereby the resulting cell fate decisions. Gaining a fundamental
understanding of cell culture vessel material surface properties, how proteins adsorb to these materials,
and how monocyte-derived dendritic cells may adhere or interact with these surfaces can help guide

rsc.li/biomaterials-science closed cell culture vessel selection.
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Dendritic cells (DCs) play a crucial role in mediating com-
munication and regulation between the innate and adaptive
immune systems, which makes them a promising vehicle for
various applications, including cancer treatment. DC-based
cancer immunotherapies harness the antigen-presenting
capacity of DCs to reengage the immune system’s anti-tumor
responses after being administered to the patient. DC-based
immunotherapies can be manufactured through in vitro differ-
entiation and maturation from their progenitors, most com-
monly peripheral blood primary monocytes. Tissue culture
polystyrene (TCPS) has been the most commonly used material
for disposable labware for cell culture applications since the
1960s." Traditional polystyrene culture systems such as
T-flasks and multi-well plates have an open configuration,
which requires the vessels to be opened and closed during
manual manipulations, introducing chances for contami-
nation. In the context of the production of clinical cellular
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therapies in accordance with current good manufacturing
practice (cGMP) regulations,”* closed culture systems such as
single-use culture bags are preferred due to the greatly mini-
mized risks of contamination in closed manufacturing
systems.

The transition towards bag cell culture vessels entails sig-
nificant changes in the polymers used and their surface pro-
perties. Upon contact with the culture vessel, proteins present
in the medium rapidly adsorb onto the surface and form a
protein adlayer covering the base substrate. Therefore, it is
widely thought that cells interact with surface-adsorbed pro-
teins rather than directly with the surface itself.* Substrate
surface properties determine how and which proteins found in
cell culture media adsorb to surfaces,” consequently control-
ling the behavior of various cell types when they come into
contact with the surface.®® The plastics most commonly used
to form cell culture bags are flexible and gas-permeable poly-
mers such as fluoropolymers and polyolefins.” Our earlier
review'® has extensively documented comparative studies
between monocyte-derived dendritic cells (Mo-DCs) cultured
in suspension bags versus conventional polystyrene vessels,
reviewing key quality attributes including maturation pheno-
type, cell yield, viability, and functional parameters (e.g. IL-12
secretion profile, phagocytic capacity, and migratory poten-
tial). However, reported outcomes varied among different
research groups.'® Many authors reported no significant differ-
ences between Mo-DCs generated in bags versus flasks,"'™*
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whereas some studies demonstrated a diminished yield and
functional abilities of bag-generated Mo-DCs cultured in
suspension.'>'® These varying observations could be attribu-
ted to proprietary surface treatments used by different vendors
and lot-to-lot variations in vessel manufacturing, factors that are
often overlooked. Furthermore, despite the intrinsic hydropho-
bicity and bio-inertness of fluoropolymers, we and others
observed monocyte and Mo-DC adhesion onto fluoropolymer
surfaces.">"® This observation could reconcile apparently diver-
gent findings on Mo-DC bag culture outcomes, since it is often
unclear whether both the adherent and the non-adherent cell
fraction were harvested prior to analyses. Moreover, slight
changes in material properties may change the proportion of
adherent Mo-DCs given their facultative adherent nature.

To inform the engineering of culture substrate materials, it
is critical to identify the underlying mechanisms governing
monocyte and Mo-DC interactions with synthetic polymeric
surfaces, which will enable researchers to tailor the fractions
between adherent and non-adherent Mo-DC populations. This
review discusses the ongoing efforts from both the immuno-
logical and material engineering perspectives to optimize the
performance of Mo-DC immunotherapies. This review also
highlights the effects of surface properties on cell-surface
interaction mechanisms, which play an integral role in cell
mechanotransduction and affect the final cell fate decisions."”
Other critical materials considerations such as mass transfer
and extractables/leachables profiles are also important factors
in vessel material selection, which have been comprehensively
covered in our earlier review and will not be the focus of this
current work.'® While several emerging biomaterial platforms
such as hydrogels, 3D scaffolds, and nanostructured surfaces
are being explored for their potential to enhance DC culture
and function, their application remains largely limited to
research settings. Polyethylene glycol-based hydrogels can
support the differentiation and maturation of the human leu-
kemia monocytic cell line THP-1 into DCs, with tunable matrix
stiffness influencing DC phenotype and enabling efficient
recovery of viable cells.'® Similarly, collagen-based 3D scaffolds
can promote differentiation of bone marrow cells into regulat-
ory DC subsets.'® Titanium surfaces with defined nano- and
micro-topographies can modulate DC adhesion and acti-
vation.”® Despite their promise, these materials are not yet
widely adopted in ¢cGMP-compliant manufacturing or in the
design of closed culture systems. This review hence focuses on
polymeric materials such as fluoropolymers and polyolefins
used to fabricate closed culture systems, which currently rep-
resent the most practical and scalable options for Mo-DC bio-
manufacturing. Biomaterials that remain in research settings
are beyond the scope of this review.

Introduction to Mo-DC cancer
immunotherapy

Since their discovery by Cohn and Steinman in 1973,>' DCs
have been widely recognized as the most potent professional
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antigen-presenting cells (APCs). While other APC populations
such as macrophages also possess the ability to uptake and
process antigens, DCs are the only cell type in circulation
capable of migrating to the lymph nodes to activate naive T
cells, thus serving as the bridge between innate and adaptive
immunity.”>** The pivotal role of DCs in triggering antigen-
specific adaptive immunity places them at the core of immune
system regulation. This makes DCs a powerful vaccination plat-
form for treating diseases that are resistant to conventional
therapies.

Since the first documented attempt to use DCs as thera-
peutic vehicles in 1995, over 445 active or completed clinical
trials utilizing DCs as a therapeutic drug to treat cancer have
been registered worldwide on ClinicalTrials.gov as of August
2024 (search criteria include: conditions/disease: cancer; other
terms: dendritic cells; study status: active not recruiting or
completed). The first US Food and Drug Administration (FDA)
approved cellular therapy, sipuleucel-T, is a personalized, auto-
logous DC vaccine for the treatment of advanced-stage prostate
cancer.”* The goal of DC-based cancer immunotherapy is to
exploit the antigen presentation capacity of DCs to reengage
the tumor-specific immune responses mediated by cytotoxic T
lymphocytes. In addition, DC-based vaccines have a favorable
safety profile due to their low immune-related toxicity (e.g. risk
of inducing autoimmunity or cytokine storm) compared with
other immunotherapeutic strategies such as cytokine or anti-
body therapies.’*** In addition to oncology, Mo-DC immu-
notherapies are also being studied towards the treatment of
autoimmune disease and chronic viral infections such as HIV.>®

Basics of DC immunobiology

Normally, immature DCs are developed in the bone marrow,
then released into the bloodstream to patrol peripheral
tissues. Upon encountering exogenous pathogens (recognized
by pattern recognition receptors such as toll-like receptors
(TLRs)), immature DCs phagocytose the pathogens and
promptly activate the maturation process. Mature DCs downre-
gulate phagocytosis, increase secretion of pro-inflammatory
cytokines (e.g. interleukin-12, 1IL-12), and upregulate
expression of major histocompatibility complex (MHC) mole-
cules (e.g. human leukocyte antigen HLA-DR, an MHC class II
molecule) and co-stimulatory molecules (e.g. CD80, CD86 and
CD40). Maturation is also associated with the upregulated
expression of C-C chemokine receptor 7, which drives the
homing of mature DCs into a nearby secondary lymphoid
organ such as the draining lymph nodes.>**”

Once in the draining lymph nodes, DCs engage the T-cell
receptors (TCRs) and present the processed antigens to naive T
cells in complex with MHC molecules. DCs are known for
cross-presenting exogenous antigens to engage the CD8" T cell
immunity. DCs present antigens on MHC class I molecules to
naive or memory CD8" T cells, while on MHC class II mole-
cules to CD4" T cells.***° The interaction between antigen-
MHC complex and CD3-TCR complex provides the antigen-
specific “signal 1” needed for T cell activation. “Signal 2”
involves cross-talk between pairs of counter co-stimulatory

This journal is © The Royal Society of Chemistry 2025
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molecules present on the surface of DCs and T cells, more
specifically, between CD80-CD28, CD86-CD28 and CD40-
CD40L.*° This co-stimulatory signal is antigen-nonspecific but
indispensable for the full activation and survival of T cells.*
In addition, DCs secrete a variety of cytokines contributing to
the “signal 3” that instructs the polarization of activated T
cells.***? The particular cytokines produced by DCs depend on
the specific DC subset and the nature of the pathogen that
DCs encounter. For instance, IL-12 released by DCs (often in
synergy with IL-18) polarizes CD4" T cells towards T helper 1
(Th1) response.’*? In contrast, production of IL-4 by T cells
upon interaction with DCs promotes Th2 polarization.*' TGF-
secreted by DCs in combination with IL-6 is known to induce
Th17 development from naive T cells.>* DC secretion of IL-23
also sustains and expands Th17 responses after initial differen-
tiation. Conversely, in the absence of IL-6, DC-derived TGF-§
supports regulatory T cell (Treg) development which can be
reinforced by IL-10 secreted by tolerogenic DCs.*' Therefore,
DC-derived polarizing cytokines provide the crucial third
signal that directs T cell fate. Upon receiving all three signals,
namely antigen presentation, co-stimulation, and polarizing
cytokine cues from DCs, naive T cells are activated, leading to
proliferation and differentiation into antigen-specific memory
and effector T cells. CD4" T cells give rise to Th cells, while
CD8"' T cells differentiate into cytotoxic T lymphocytes
(CTLs).*” In malignancies, anti-tumor immunity is primarily
mediated by CD8" CTLs, with CD4" Th cells providing vital
support to the proper functioning of CD8" CTLs. Effector CD4"
and CD8" T cells localize to the tumor sites, where they elimin-
ate tumor cells through cytotoxic activities and production of
effector cytokines.*°

Human blood DCs consist of heterogenous subsets that are
typically classified by ontogeny into conventional DC type 1
(cDC1), conventional DC type 2 (cDC2), plasmacytoid DCs
(pDCs), Mo-DC and DC3.**** DC precursors arise from the
bone marrow. CD34" hematopoietic stem cells give rise to gra-
nulocyte-monocyte-dendritic-cell progenitors (GMDPs), from
which an IRF8" branch becomes the common DC progenitors
(CDPs) that yield pre-cDCs and pDCs.>**® Notably, studies in
mice have shown that pDC precursors can originate not only
from myeloid CDPs but also from lymphoid progenitors.
Whether this dual origin holds true for human pDCs remains
to be determined.*® Separately, IRF8'®" GMDPs give rise to
monocytes, which differentiate into Mo-DCs in inflamed
tissues or in response to cytokines such as GM-CSF. These
cells closely resemble cDCs morphologically and share many
surface markers and genes associated with classical DC iden-
tity, including the transcription factor IRF4.***> In recent
years, single cell analyses have identified a CD14" inflamma-
tory-type DC, often termed DC3, which arises along the mono-
cyte-related pathway from IRF8°” GMDPs.** ¢DCs, in particu-
lar cDC1s, are central coordinators to induce CTL-mediated
anti-tumor immunity. c¢DC1s possess superior ability to
capture and cross-present exogenous antigens on MHC class I,
thereby efficiently priming CD8" T cells, whereas ¢DC2s are
more proficient at presenting antigens via MHC class II to acti-
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vate CD4" T cells.®” In fact, cDC1s are identified as the most
potent APC subset for inducing robust activation of CD8" T
cells ex vivo. However, they are not unique in this capacity, as
inflammatory Mo-DCs and cDC2s have also been shown to
cross-present antigens to prime CD8" T cells under appropriate
conditions.>**® Moreover, ¢cDC1s are potent inducers of Th1
response, while cDC2s are specialized in Th2 and Th17
skewing.*® On the other hand, pDCs mainly participate in the
immune responses to viral infections primarily by secreting
type I interferons.>**° Their role in anti-tumor immunity is
less characterised than the cDCs.

Ex vivo generation of clinical-grade DCs for cancer
immunotherapy

DCs constitute approximately 0.16-0.68% of naturally circulat-
ing leukocytes in human peripheral blood.*’ Due to their low
occurrence frequency, DCs used to manufacture cancer immu-
notherapies are commonly differentiated ex vivo from a pro-
genitor cell source, normally CD34" hematopoietic stem cells
or CD14" peripheral blood monocytes either from autologous
(from the patients themselves) or allogeneic (from a donor)
sources.”

Differentiating autologous monocytes in the presence of
IL-4 and granulocyte-macrophage colony-stimulating factor
(GM-CSF) remains the most commonly used preparation
method to generate DCs in clinical settings.*®*" Fig. 1 illus-
trates the Mo-DC differentiation protocol currently adopted by
our research group. The differentiation phase usually lasts 5 to
7 days to generate immature Mo-DCs, followed by stimulation
with a maturation cocktail for 48 hours to produce mature Mo-
DCs.** The composition of the maturation cocktail is not fully
standardized and varies among research groups. In early-gene-
ration trials, the gold standard typically included TNF-a, IL-1f,
and IL-6, combined with prostaglandin E2 (PGE2).>>*' Despite
the effect of PGE2 in enhancing DC migration, it also limits
IL-12 secretion by DCs, being a key in inducing Th1 immune
responses.*" Significant work has been devoted to developing
alternative maturation cocktails such as IFN-y with CD40L (to
trigger the CD40-CD40L co-stimulatory pathway)* or activating
the TLRs using agonists such as poly[I:C] (against TLR3), resi-
quimod (against TLR7/8) and 3-O-deacylated monophosphoryl
lipid A (MPLA, against TLR4).*!

Antigen loading represents the last but critical step in
obtaining a functional Mo-DC-based cancer vaccine, as it spe-
cifies the target for the CTL-mediated anti-tumor immunity.
This step can be done during or after the maturation phase by
pulsing the Mo-DCs with tumor-associated antigen (TAA) pep-
tides or electroporation of the antigen mRNA.*"** Shared or
defined TAAs were typically used in earlier trials to generate
broadly applicable cancer vaccines, where the efficacy is typi-
cally limited due to the loss of epitope expression caused by
the high mutational rate of tumor cells.”””*' Recent advances
in bioinformatics tools and RNA sequencing have made it
possible to identify patient-specific neoantigens, which can be
used as targets to manufacture personalized cancer vaccines
that might exhibit improved clinical benefits.?®*! The antigen-
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Fig.1 Mo-DC differentiation and maturation protocol adopted by our research group. Created with BioRender.

loaded Mo-DCs are then administered to patients to reengage
the anti-tumor immunity mediated by CD8" CTLs.

Recent advances in DC cancer immunotherapy and future
directions

The immunogenicity of Mo-DC-based cancer vaccines has
been proven in clinical studies. The outcomes of a meta-ana-
lysis showed that following infusion of a DC-based vaccine,
77% of patients with prostate cancer and 61% of patients with
renal cell carcinoma elicited immune responses.”>** In
addition, patients receiving DC immunotherapy treatment had
at least a 20% increase in median overall survival.>> As an
example, in the phase III IMPACT study, patients infused with
the landmark sipuleucel-T showed a 4-month overall survival
benefit versus patients treated with a placebo.**

Despite the proven immunogenicity and survival benefit of
Mo-DC cancer immunotherapies, the overall clinical objective
response rate (a direct measurement of drug anti-tumor
activity) remains poor.”>*' Less than 5% of patients achieved
an objective response in the IMPACT study of sipuleucel-T.>>**
The clinical benefit is limited by the immunosuppressive
microenvironment that Mo-DCs experience after infusion.
Immunosuppressive factors secreted by tumor cells such as
IL-10, transforming growth factor-p and arginase I could
impair antigen processing by Mo-DCs, and/or lead to the devel-
opment of tolerogenic DCs stimulating proliferation of regulat-
ory T cells over conventional T cells, thereby blunting the anti-
tumor immunity.*!

Borges et al. have summarized the latest advances in pre-
clinical and clinical DC antitumor vaccine development, high-
lighting current research efforts to overcome this challenge.*’
One approach is to optimize DC differentiation and matu-
ration protocols to generate Mo-DCs with enhanced immunos-
timulatory capacities through enhanced IL-12 secretion which
has been recognized as a crucial determinant of clinical anti-
tumor activity.”>® Refined maturation cocktails that incorpor-
ate potent adjuvants (e.g. TLR agonists or damage-associated

4306 | Biomater. Sci, 2025, 13, 4303-4320

molecular patterns) have been used to further activate DCs
and improve antigen cross-presentation.*” Researchers have
also experimented with genetic engineering of DCs, for
example, programming them to express TAAs or secrete IL-12
constitutively to bolster vaccine potency.**”  Another
approach utilizes Langerhans cell-type DCs derived from
hematopoietic stem cells or monocytes which are highly
efficient in stimulating CTLs.>>*® Beyond traditional ex vivo
vaccines, novel delivery strategies are emerging. In situ vacci-
nation techniques aim to recruit and load DCs directly within
the patient, for instance by using oncolytic viruses or inject-
able biomaterial scaffolds at the tumor site that provide both
tumor antigens and danger signals. This approach could help
circumvent the immunosuppressive microenvironment and
simplify vaccine logistics.*”> Another trend in optimizing clini-
cal performance is through combination therapy. The synergis-
tic interactions between DC vaccination and other cancer treat-
ments (such as immune checkpoint blockers, adoptive T cell
transfer and certain chemotherapies) could be leveraged to
unleash the potential of DC-based immunotherapies.>>*'*3

Moving towards cGMP-compliant
immunotherapy manufacturing

Clinical success of Mo-DCs depends not only on the cytokines,
peptides and other signaling factors added to cultures, but
also on the feasibility to create adequate microenvironments
in ¢cGMP-compliant biomanufacturing processes. The basal
medium and vessel type applied in the transition from
research to clinic can impact Mo-DC yields, quality and
process reproducibility.

Considerations of the culture medium: serum-free, chemically
defined formulations

The standard medium formulation used in traditional Mo-DC
culture is the basal medium Roswell Park Memorial Institute

This journal is © The Royal Society of Chemistry 2025
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(RPMI) 1640 supplemented with 10% heat-inactivated fetal
bovine serum (HI-FBS). FBS is the liquid fraction of clotted
blood from bovine fetus after the removal of cells and clotting
factors. FBS contains an abundance of components such as
proteins and growth factors that are conducive to cell
growth,*? although its ill-defined composition signifies a high
batch-to-batch variability and inferior experimental reproduci-
bility. Including FBS in the medium formulation also makes
the culture more prone to contamination and transmission of
harmful zoonotic pathogens such as prions, viruses and
mycoplasma.’>>! Accordingly, manufacturers have developed
medium formulations devoid of animal-derived serum which
are preferred in clinical applications, and required in many
countries.>

Serum-free medium can be further classified into the fol-
lowing subgroups depending on the components present in
the medium: xeno-free (does not contain non-human animal
components but might contain human-sourced crude protein
fractions such as human serum albumin), animal component-
free (does not contain any animal-sourced components
including from humans), protein-free (entirely devoid of pro-
teins or polypeptides) and chemically defined (does not
contain any chemically undefined components such as crude
protein fractions but could contain highly purified com-
ponents such as recombinant proteins).’® GMP-grade media
provide traceability and validation of all components in the
recipe. Table 1 presents several serum-free Mo-DC medium
formulations that are commercially available. While the exact
composition of serum-free media remains proprietary, most
of these media contain basal components (glucose, amino
acids, lipids, vitamins, buffers, inorganic salts), a fraction of
human plasma, as well as recombinant proteins tailored to
Mo-DC culture.

Considerations of the culture system: functionally closed
culture bags

Closed culture systems such as single-use cell culture bags
offer significant advantages in clinical applications by mini-
mizing contamination risk, facilitating scalability, ensuring
regulatory compliance, and reducing the need for manual
handling. Fig. 2 provides an overview of the available closed
culture platforms for each step in the manufacturing process
of Mo-DC immunotherapies.

Among monocyte enrichment systems,”® only two closed
systems are currently available in the market. The Elutra

6
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(Terumo BCT) enables monocyte enrichment from leukapher-
esis product based on counterflow centrifugal elutriation. The
instrument applies a step-wisely increasing flow over cell layers
in the opposite direction of the centrifugal force, enabling sep-
aration of cells based on cell size and density. The Elutra
makes use of disposable tubing sets and sealed elutriation
chambers, allowing fast selection of monocytes with high
recovery rate.’®>*** The CliniMACS (Miltenyi Biotec) is
another closed-system platform that enriches monocytes by
conducting a positive immunomagnetic selection with anti-
CD14 antibodies labelled with magnetic particles. This
method can be costly due to the use of antibodies but it is
GMP-compliant and can yield high purifies of 99 + 29%.%%°%3¢
Miltenyi Biotec also offers a clinical-scale cell processing solu-
tion that has integrated monocyte enrichment, culture, and
antigen loading by electroporation in an automated platform;
the CliniMACS Prodigy®. This device incorporates a culture
chamber with temperature and CO, control (named the
CentriCult), which enables the differentiation of monocytes
following their isolation with the CliniMACS technology in a
functionally closed system.**®” The size of the CentriCult
chamber can limit the Prodigy® throughput and scalability for
certain applications.

Cell culture bags are the most commonly used vessel for
culture, differentiation and antigen loading of Mo-DCs.
Commercially available cell culture bags are primarily made
from polyolefins or fluoropolymers. These polymers emerged
as excellent substrates for vessel design because of their high-
performance properties, such as mechanical flexibility, gas
permeability, chemical resistance, low leachable profile,
and the ability to be melt-extruded or thermoformed.’®>°
Fluorinated ethylene propylene (FEP) is one of the most com-
monly used fluoropolymers to manufacture cell culture bags;
examples include the VueLife® C and AC series (Saint-Gobain),
and PermaLife™ (OriGen Biomedical). Polyolefins, particularly
polyethylene and polypropylene, are also widely used, with
examples including the MACS GMP Cell Expansion Bag
(Miltenyi Biotec) and Corning™ Cell Expansion Bags. These
culture bags are mechanically flexible, which can be easily
scaled and docked to other cell processing units through inte-
grated tubing, facilitating cellular therapy production in a
functionally closed bioreactor system."® Several manufacturers
such as Saint-Gobain and Meissner offer customization
options for bag shape, size and port configurations to meet
specific processing requirements.

Table 1 Commercially available serum-free medium formulations optimized for Mo-DC culture

Company Product name Classification

STEMCELL Technologies ImmunoCult™-ACF dendritic cell medium Serum-free, animal component-free
CellGenix CellGenix® GMP dendritic cell medium Serum-free, GMP-grade

PromoCell Dendritic cell generation medium XF Serum-free, xeno-free

R&D systems StemXVivo serum-free dendritic cell base media Serum-free

ThermoFisher CTS AIM V medium Serum-free, fully defined

Lonza TheraPEAK™ X-VIVO™ 15 Serum-free, GMP-grade

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Overview of the Mo-DC manufacturing process and the corresponding closed culture systems. Created with BioRender.

Recent advances in bioreactor systems have further
enhanced the capabilities of cell therapy manufacturing.®
Aside from the Prodigy®, Cocoon™ platform (Lonza) is
another emerging all-in-one device, which uses a single-use,
transportable cassette to carry out cell transfection/transduc-
tion and expansion in a closed, automated fashion. While
Cocoon does not in its current design perform initial cell sep-
aration or final product formulation like the Prodigy, Cocoon
units contain adaptable internal fluidics and unit operations.
Cocoon systems can also readily be scaled out and networked
in parallel under unified electronic control for concurrent
large-scale production.®®®" Innovative bioreactors with engin-
eered culture substrates have also been developed to support
high-density cell expansion in closed environments. An
example is the Quantum® Cell Expansion System (Terumo), a
hollow-fiber perfusion bioreactor that is functionally closed
and automated.®”®* The Quantum®’s cartridge contains thou-
sands of semi-permeable capillaries that provide a high
surface-area, 3D scaffold for cell growth while perfusing nutri-
ents and oxygen. This design enables very high cell densities
and has proven effective for immune cell cultivation. The
emergence of advanced bioreactor systems highlights the criti-
cal role of implementing functionally closed systems, which
are essential for translating DC-based and other cell therapies
into scalable, GMP-compliant, and clinically viable treatments.

4308 | Biomater. Sci, 2025, 13, 4303-4320

Effect of culture surface on cell-
surface interaction and cell fate
decision

Impact of surface properties on cell behavior at the substrate
interface

Substrate physiochemical properties such as surface charge,
chemical makeup and hydrophilicity largely determine protein
adsorption phenomena. The type, amount and conformation
of proteins constituting the protein adlayer in turn control the
behavior of cells when they come into contact with the surface.
In general, protein adsorption onto a solid surface is governed
by the interfacial free energy between the surface and the
liquid atop.® Some authors described a competition between
adhesion-inhibiting globular proteins (e.g. albumin) and large
pro-adhesion proteins (e.g. fibronectin) for adsorption onto
solid surfaces.®” Hydrophilic substrates with high surface free
energy (lower interfacial free energy) were observed to favor the
adsorption of pro-adhesion proteins, whilst hydrophobic sur-
faces were found to have a higher amount of surface-adsorbed
albumin.®” Hydrophilic substrates with a higher amount of
surface-adsorbed fibronectin significantly enhanced adhesion
and proliferation of fibroblasts as compared to the hydro-
phobic controls.”

This journal is © The Royal Society of Chemistry 2025
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Monocyte adhesion mechanisms: lessons learned from studies
on polystyrene

We and others observed that a fraction of monocytes adhered
to FEP surface despite its intrinsic hydrophobicity."*'*> The
initial adhesion phase, which represents the first stage in
in vitro cell culture, is crucial for cell mechanotransduction
and significantly affects cell behavior, function and final fate
decisions.'” The mechanisms by which monocytes adhere to
hydrophobic surfaces including fluoropolymers still remain to
be elucidated. Previous studies on monocyte adhesion mecha-
nisms, summarized in Table 2, have mostly been conducted
on polystyrene-based surfaces. Cellular attachment to the
culture substrate is proposed to proceed through the binding
of cell adhesion molecules, particularly integrin receptors, to
adhesive protein ligands that are adsorbed on the substrate
surface®®** (Fig. 3). Integrins along with selectins, cadherins
and members of the immunoglobulin superfamily make up
the four major groups of cell adhesion molecules. Selectins,
cadherins and immunoglobulin superfamily members typi-
cally act mainly as cell-cell adhesion mediators, while integ-
rins are identified as the major receptors for extracellular
matrix proteins, which facilitate cell-surface interactions.®*®
Integrins are heterodimeric adhesion receptors that are
formed through the non-covalent association of two type I
transmembrane glycoproteins, termed the o- and the
-subunit.®®®” Human peripheral blood monocytes have been
characterized for the expression of nine integrin heterodimers:
al1f1, a3fl, adpl, a5pl, aLp2, aMp2, aXp2, aVp3,°® and aDP2.%°
Table 3 outlines their respective ligands and reported
expression levels.

Ethylenediaminetetraacetic acid (EDTA) is a chelator well-
known for inhibiting integrin-mediated adhesion by binding
to divalent cations including Ca®>*, Mg>* and Mn*" in such a
way that these cations are prevented from coordinating integ-
rin ligation. Monocyte adhesion to surfaces can be completely
or nearly fully inhibited at EDTA concentrations varying from 2
to 10 mM.”%”? Anti-integrin monoclonal antibodies were fre-
quently utilized to identify specific integrins involved in mono-
cyte adhesion to polystyrene-based surfaces. Numerous studies
point to the P2 integrin subfamily as the major monocyte-
surface adhesion mediator.”””> Blocking individual o subunits
(aX, aM, and aL) associated with the p2 subunit resulted in
limited inhibition of monocyte adhesion, but simultaneous
blocking of all three a subunits produced an inhibitory effect
comparable to blocking the 2 subunit, suggesting the involve-
ment of all three heterodimers in adhesion.”® The contri-
bution of each heterodimer varies depending on the avail-
ability of adhesion-mediating proteins in the media that are
adsorbed on the surfaces. For instance, monocytes interact
with type I collagen exclusively through aXf2,”> while aMp2 is
reported to mediate adhesion via adsorbed C3 fragments
(C3bi) and serum components such as fibrinogen and factor
X.”%7* studies show that blocking aM or aX reduces monocyte
adhesion on fibrinogen-coated surfaces, but a more pro-
nounced effect was observed for aX.”> RGD-binding integrins

This journal is © The Royal Society of Chemistry 2025
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(x4p1, a5p1, and aVp3) are expressed by human monocytes,
suggesting a role in monocyte adhesion.®®’® Monocyte
adhesion to synthetic RGD-containing copolymers (which
happens exclusively through RGD-binding mechanisms) was
less effective than adhesion to fibrinogen-coated surfaces,
indicating that the context in which RGD is presented, for
example, the presence of other cell receptor binding sites, play
a decisive role in cell attachment to fibronectin.”” RGD-con-
taining fibronectin fragments cannot disrupt already estab-
lished monocyte adhesion.”* Hence, different integrin path-
ways are likely adopted depending on the specific composition
of protein adlayer on the surface.

Integrin-independent adhesion mechanisms such as
electrostatic and hydrophobic interactions should also be
considered.”®®° Positively charged surfaces can facilitate the
adhesion of various cell types,”®”%%"%? generally believed to be
due to the electrostatic attraction between the positively
charged substrates and the typically negatively charged cell
membranes.”®’® For instance, the typically non-adherent
human monocyte cell line U937 has been observed to adhere
to cationic polymer-coated surfaces when these surfaces
exceed a certain threshold of surface charge and primary
amine group concentration.””®® However, surface charge
density alone cannot fully predict electrostatic interactions
because proteins adsorb to surfaces on time scales that are
often much shorter than cell settling and adhesion.*® The
screening effect of electrolytes in the culture media also
reduces the net attractive force.”®”® These phenomena compli-
cate cell-surface electrostatic interactions, often involving
more than simple attraction between opposite charges. For
instance, in serum-containing media, positively charged sub-
strates may also enhance adhesion by adsorbing proteins in
favorable conformations that increase binding accessibility by
integrins®® rather than through simple attractive forces.
Studies have shown similar adhesion levels for HT-1080 and
HeLa cells on cationic, anionic, and nonionic substrates in
serum-free media, suggesting that electrostatic interactions are
not solely dependent on surface charge.”®

Phenotype and function of bag- vs. flask-generated Mo-DCs

The impact of culture vessel materials on ex vivo-derived Mo-
DCs has been reviewed in our earlier publication™® and pre-
sented in Table 4. Most authors reported no significant differ-
ences between Mo-DCs generated in FEP bags versus poly-
styrene flasks."* ™ In our hands, Mo-DCs cultured in FEP bags
were observed to have comparable viability, phenotype, cyto-
kine secretion profile and CD8" T cell stimulatory capacity as
those cultured in TCPS flasks."® Some authors, on the other
hand, reported a diminished secretion of IL-12 by FEP bag-cul-
tured Mo-DCs.">®® Some authors also studied the performance
of hydrophobic bags composed of polyolefins. Mo-DCs gener-
ated in the MACS GMP bags of the CliniMACS Prodigy® system
were reported to be phenotypically and functionally equivalent
to those generated by standard flask culture.** Tan et al
reported a considerably lower DC yield and post-cryopreserva-
tion viability in polyolefin bags as compared to polystyrene
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Table 2 Key findings of studies on monocyte adhesion mechanisms to culture substrates

Author Cell type Surface

Observations

Babaei et al., U937, NB4, N- and O-rich PPCs
2018 % monocytes

Sandor et al., Monocytes, TCPS coated with fibrinogen
20167 Mo-DCs

McNally and Monocytes ProNectin F-coated TCPS
Anderson, 2002 7*

Shen et al., Monocytes 4 polystyrene-based surfaces (PS, TCPS,

2001 7° Primaria, ULA), pre-incubated with 1%
plasma

Garnotel et al., Monocytes TCPS coated with acid-soluble or pepsin-

2000 7 digested collagen I

Patarroyo et al., Monocytes TCPS

19887

4310 | Biomater. Sci, 2025, 13, 4303-4320

« The O- and N-rich organic coatings promoted cell adhesion,
but only if the coatings contain a minimum functional group
content.

« The number of adherent monocytes was proportional to
functional group composition (COOH, NH,) in the coatings.
« Podosomes were observed on nearly all surfaces that
promoted cell adhesion.

« Presence of albumin on the PPC-coated surfaces above the
defined critical concentration might indicate the adhesion of
monocytes to the PPCs.

 Main conclusion: modifying the nitrogen content in the PPCs
could turn a surface from adhesion-deterrent to adhesion-
promoting for specific cell types, a phenomenon that could be
exploited to select certain cell types from a mixture by
exposing the mixture to a PPC containing a particular
nitrogen content.

« Blocking oX resulted in a significant (~25%) reduction in
monocyte adhesion.

« Blocking oM had a slight but not significant reduction in
adhesion. However, blocking oM significantly decreased
monocyte adhesion strength.

« Main conclusion: oXp2 dominates adhesion of monocytes to
fibrinogen over aMp2.

« EDTA and EGTA at 10 mM either completely or nearly
completely inhibited initial monocyte adhesion.

- Addition of RGD peptides in the media had no impact on
initial monocyte adhesion.

« Anti-f1 antibodies (clone JB1a & 6S6) and anti-B3 antibody
(clone B3A) did not impact initial monocyte adhesion,
whereas anti-p2 antibodies (clone YFC118.3 & MHM23) either
partially or completely inhibited monocyte adhesion.

« Main conclusion: initial monocyte adhesion is likely
mediated by 2 integrins, and independent of pathways
binding to RGD-containing proteins.

« Monocyte adhesion linearly and positively correlated with
the amount of fibrinogen adsorbed on each tested surface.

« Addition of EDTA before seeding the cells reduced monocyte
adhesion in a dose-dependent manner. Monocyte adhesion
was completely inhibited at 2 mM EDTA.

- Addition of EDTA after the cells started to adhere only
partially reduced adhesion and cannot completely inhibit
adhesion even at high EDTA concentrations.

 Main conclusion: initial monocyte adhesion to polystyrene-
based surfaces is mediated by fibrinogen-binding integrins,
possibly aMf2; initial adhesion has an important effect on
long-term adhesion.

« Adhesion was reduced by 85% with 5 mM EDTA.

« Antibodies against oX (clone FK-24 and 5-HCI-3) and 2
(clone MEM-48 and MHM-23) significantly reduced monocyte
adhesion.

« Slight but significant adhesion reduction was observed by
blocking f1 (with clone P4C10).

« No significant inhibition was observed by blocking oL and
oM.

« Main conclusion: monocytes interact with type I collagen
through oXp2.

« Blocking of the 2 subunit alone with mAbs 60.3 showed an
inhibitory effect.

« Blocking of the a subunits, oX (with anti-Leu-M5), aM (with
60.1), and oL (anti-LFA-1) individually showed either limited
or minimal inhibitory effects, but combination of the three
showed inhibitory effect that was comparable to blocking 32
with 60.3.

« Main conclusion: p2 integrin, either alone or associate with
aX, aM, or oL mediates monocyte adhesion. However,
blocking of p2 did not exhibit full inhibition of monocyte
adhesion to plastics, indicating the existence of p2-
independent adhesion mechanisms.

This journal is © The Royal Society of Chemistry 2025
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Author Cell type Surface Observations

McNally and Monocytes Modified polystyrene-based surfaces « Blocking of B2 integrins (60.3, MHM23) inhibited initial
Anderson (fluorinated, siliconized, nitrogenated, monocyte adhesion to all four tested surfaces. Blocking of aM
(1994)7* oxygenated) (60.1) also exhibited a partial inhibitory effect.

1- Proteins attracted by surface
functional groups and form protein

adlayer on substrate

2- Monocytes approach
protein adlayer

proteins

« Adhesion to surfaces reduced by 50-100% when
complement component C3-depleted serum was used, but
restored when C3 was replenished, indicating interactions
between C3 and aM/p2 promote monocyte adhesion.

« Adsorbed fibrinogen reduced effectiveness of mAbs tested.
« Main conclusion: alternate adhesion pathways may be
adopted depending on the propensities of adhesion-
mediating components present on different surfaces.

3- Monocytes tether to surface
through binding of cell adhesion
receptors to surface-adsorbed

4- Formation of adhesomes and
differentiation into DCs

Fig. 3 Mechanisms of cell-protein—surface interactions in monocyte initial adhesion and differentiation into Mo-DCs.

Table 3 Integrin subunits expressed by monocytes
f subunit o« subunit Common ligands Reported expression level
f1(CD29) ol (CD49a) « Laminin, collagen « Low expression: MFI ratio to isotype control (35 : 8)**
« Recognize GFOGER sequence in collagen
a3 (CD49c¢) - Fibronectin, laminin, collagen, epiligrin etc. « Low expression: MFI ratio to isotype control (14 : 8)**
- Recognize RGD sequence
a4 (CD49d) « Fibronectin by recognizing domains in CS-1, « Low expression: MFI ratio to isotype control (19 : 8)**
CS-5 regions
« VCAM-1
a5 (CD49e) « Fibronectin & fibrinogen « Mid-low expression: MFI ratio to isotype control (70 : 8)**
« Recognize RGD sequence
B2 (CD18) oL (CD11a)  «ICAM 1-4 « High expression: MFI ratio to isotype control (180 : 8)**
- High expression: MFI ratio to isotype control (230 : 50)*°
« High expression®
oM (CD11b)  « More than 40 dissimilar ligands « High expression, MFTI ratio to isotype control (155 : 8)*
« Complements iC3b, C4b « Mid-high expression, MFI ratio to isotype control (120 : 50),
similar to CD14 *
- Fibrinogen « High expression®’
« ICAMs « Ratio of CD11b/CD11c: 7.1; CD11b& CD11c competes for
binding to fibrinogen””
aX (CD11c) - Similar binding specificity as CD11b due to « Mid-low expression: MFI ratio to isotype control (53 : 8)**
sequence similarity (e.g. iC3b, ICAM-1)
« Fibrinogen by binding G-P-R « Mid-high expression: MFI ratio to isotype control (120 : 50),
similar to CD14 *
- High expression but relatively lower than CD11a & CD11b**
oD (CD11d)  « ICAM-3, VCAM-1 * Mid-high expression: MFI ratio to isotype control (150 : 50),
similar to CD14 ©°
- Newly discovered, proposed to bind to fibronectin, High expression but relatively lower than CD11a & CD11b*
fibrinogen, vitronectin like CD11b.
B3 (CD61) aV (CD51) « Vitronectin, fibronectin, laminin, collagen. « High expression of 3 subunit; both p3 and aV upregulated

« Recognize R-G-D sequence

This journal is © The Royal Society of Chemistry 2025

upon adhesion to type I collagen & fibronectin®®
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Table 4 Comparative characteristics of Mo-DCs in bag vs. flask systems (also refer to Fekete et al., 2018

10)
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Maturation markers (CD80,

Culture method DC viability (%) CD83, CD86, CCR7) Cytokine secretion Functionality

Fluoropolymer bag vs. Comparable Similar expression of DC Mixed findings across Mo-DCs generated in closed

polystyrene flask viability in bag and  maturation markers in both studies - some report bags are largely

(review of multiple flask systems; only minor phenotype  significantly lower IL-12 phenotypically and

studies by Fekete et al., differences noted (e.g., slight production in bag cultures,  functionally similar to those

2018)"° variation in CD1a) while others find no from flasks. Bags can lead to

difference reduced IL-12 (and IL-10)

production in some cases,
but bags offer advantages in
a cGMP context.

Hydrophobic gas- Higher viability Typical DC markers (CD80, IL-12 increased during DCs produced in bags were at

permeable bag vs.
plastic flask (Guyre
et al., 2002)*

FEP Teflon bag vs.
polystyrene flask
(Kurlander et al.,
2006)"

Clinical-grade bag vs.
plate culture (Rouas
et al., 2010)%°

Adherent plastic dish
vs. non-adherent dish
(Sauter et al., 2019)®

FEP bag vs. TCPS
multi-well plate
(Bastien et al., 2020)"?

observed in bag-
cultured DCs: >90%
in bag vs. lower in
flask

Comparable
viability in both
conditions

Not reported (both
methods yielded
viable mature DCs;
no noted viability
issues)

No significant
change between
adherent vs. low-
attach culture

No significant
difference in final
DC viability (bag: 75
+11% vs. plate: 62 +
3%)

CD83, CD86) were expressed in
both; bag-cultured DCs showed
a mature phenotype with only
slight differences, and MHC I/II
remained high in both

CD83 and CCR7 maturation
marker levels were similar in
bag- and flask-derived DCs;
overall phenotype
indistinguishable

Mature DC phenotype achieved
in both: high expression of
CD80, CD83, CD86

CD80, CD86, and CCR7
expression were significantly
decreased in suspension (bag-
like) culture compared to
standard adherent culture

Comparable maturation marker
profile — upregulation of CD80
(~40% of viable cells), CD83
(~30%), CD86 (~80%) was
equivalent in bag- and flask-
grown DCs by day 9

maturation in both bag and
flask; no significant
difference after
normalization

Significantly lower IL-12
(p70) secretion in bag
culture during DC
maturation; IL-10 was
likewise reduced in bag
(quantitative reduction
noted, exact pg mL™" not
given)

Bag-DCs secreted negligible
IL-12; in contrast, plate-
generated DCs produced
robust IL-12

>10 fold lower IL-12 (p40
subunit) secretion from DCs
on non-adherent surface
(LPS-matured) vs. adherent
surface. IL-10 and TNF-«
were similarly >10-fold
lower with non-adherence
No significant difference in
IL-12 secretion was observed
upon maturation on day 9
between DCs cultured in
FEP (median: 5000 pg mL ™)
vs. TCPS (median: 15 000 pg
mL™"); IL-10 was similarly
in the same order of
magnitude

least as potent (if not more)
in antigen presentation and T
cell stimulation as flask-
derived DCs.

Bag-derived DCs showed no
loss in migratory response or
ability to expand antigen-
specific CD8" T cells.

Bag-DCs failed to initiate
effective Th1 responses likely
due to an altered activation
profile (NF-xB and p-catenin
preactivation, down-
regulation of IL-12/
costimulatory genes).

DCs matured on non-
adherent dishes induced
antigen-specific T cells
similarly to adherent-
cultured DCs.

Bag vs. plate cultured Mo-
DCs expanded CMV-specific
CDS8' T cells with similar fold
expansion and CD25
expression on both day 7 and
day 14. Both culture methods
yielded T cells with upregu-
lated CD107a and granzyme
B expression.

flasks,'® whereas Guyre et al. suggested that bag-generated
Mo-DCs were superior in yield, viability and functions.®”
Variations in Mo-DC culture media, vessels and handling
could account for the discrepancies observed between groups.

Current comparative studies of Mo-DCs cultured in flasks
versus bags often lack comprehensive characterization of the
culture materials used. Many studies utilize commercially
available culture vessels without conducting surface character-
ization assays, overlooking potential lot-to-lot variations or
differences between vendors (e.g., TCPS from Corning versus
Falcon may undergo different surface treatments). To enable
more systematic and truly comparative studies, a fundamental,
stepwise approach is necessary for culture vessel selection
(Fig. 4): 1. characterize surface properties such as surface
charge, wettability, roughness, and surface chemistry using
surface characterization techniques (e.g., scanning electron

4312 | Biomater. Sci,, 2025,13, 4303-4320

microscopy, X-ray photoelectron spectroscopy). 2. Analyze
protein adsorption phenomena and characterize the resulting
protein adlayer properties. 3. Study cell-surface interactions
and subsequent cellular behaviors. This fundamental
approach would enable more comprehensive and reproducible
comparative studies by addressing important intermediate
steps that are often neglected in current research, and provide
informative vessel design and selection guidelines.

Current gap in knowledge on the effect of cell adhesion on the
differentiation and maturation of Mo-DCs

Another source of variability in reported Mo-DC yield and
quality is whether the product being characterized includes
only the adherent fraction, only the suspension fraction, or
both. The fraction of adherent cells and their characteristics
differs from one culture material to another (e.g. between

This journal is © The Royal Society of Chemistry 2025
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Common "empirical” approach to vessel selection

"Fundamental” approach to vessel
selection & design
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Fig. 4 Common “empirical” approach vs. “fundamental” step-by-step approach for vessel selection.

untreated polystyrene, TCPS, olefins, FEP, etc.). Some groups
harvest only the suspension cell fraction as qualified Mo-DCs
and regarded the adherent fraction as macrophage-like
cells.'>®®%% Conversely, other groups documented that adher-
ent Mo-DCs were functionally equivalent or even superior to
the non-adherent cells.’”®" Traditional protocols rely on the
adherence of monocytes to TCPS,”>°® whereas more recent
research efforts have demonstrated that the generation of
mature Mo-DCs could completely be carried out in suspension
cultures.'®™*°* The MicroDEN® (Corning Life Sciences), a
closed and automated perfusion system, was successfully
employed to generate immature Mo-DCs, showing that Mo-DC
differentiation could also be performed under perfusion.”
Certain studies have demonstrated the critical roles played
by integrin binding during cell adhesion in deciding the cell
fate of monocytes and monocyte-derived cell types.®®”%9%97
Gonzalez et al. observed that binding of CD61/CD51 and
CD29/CD49¢ to plasma proteins drove the Mo-DC differen-
tiation in extracorporeal photochemotherapy.”® Rezzonico
et al. reported that ligation of CD11b or CD11c rapidly stimu-
lated high production of IL-1p.°® However, to date, it is still
unclear whether cell adhesion is beneficial for the differen-
tiation and maturation of a facultative adherent cell type such
as Mo-DCs."® The mechanotransduction and downstream sig-
naling pathways that are triggered during the adhesion process
remain to be systematically uncovered, which will be essential
to understand the biological machinery underlying how cell-
surface interactions would impact the final attributes of Mo-

This journal is © The Royal Society of Chemistry 2025

DC products. Although the benefits of adhesion are not yet
fully understood, culture materials can be engineered through
surface modifications to either promote or inhibit cell
adhesion, enabling the generation of homogeneous popu-
lations and facilitating more controlled comparative studies.

Engineering tailored Mo-DC culture
vessels using surface treatments

Synthetic polymers such as polystyrene and fluoropolymers
have been broadly used in biological applications including
in vitro cell culture owing to their excellent bulk properties
such as mechanical strength, chemical resistance and
biocompatibility.**'°® A surface treatment allows tuning of
the surface properties without affecting the favorable bulk
properties.

Chemical surface treatment

Chemical surface modification techniques are the traditional
methods for surface treatment due to their minimal need for
specialized equipment. These techniques typically involve
treating polymeric materials with gaseous or, more commonly,
liquid reagents to introduce reactive functional groups on the
surface through reactions such as hydrolysis, aminolysis, fluor-
ination, oxidation, or reduction.’®*°> Numerous studies have
documented the chemical treatment of various polymeric
materials towards cell culture applications.'®™1

Biomater. Sci, 2025, 13, 4303-4320 | 4313
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Kou et al. found that polymethacrylate polymers with
higher surface carbon content correlated with enhanced DC
maturation, whereas rich surface oxygen preserved a less
inflammatory, immature DC state.'®* Self-assembled mono-
layers presenting polar terminal groups (-OH, -COOH, -NH,)
cause modest DC maturation. In contrast, Mo-DCs on CHj;-
terminated monolayers unexpectedly released high levels of
TNF-a and IL-6 despite being the least mature, likely due to
increased apoptosis and altered integrin signaling on the
non-polar surface.'® DCs cultured on clinical titanium sub-
strate that were sandblasted and acid etched expressed higher
levels of maturation markers and pro-inflammatory cytokines
compared to those cultured on smooth tissue culture plastic
controls.'® A principal component analysis demonstrated
that non-stimulating surface property and the resulting
immature DC phenotype are associated with high surface
hydrophilicity and surface oxygen content.'®® These studies
indicate that surface modifications can tune the balance of
stimulatory vs. tolerogenic signals received by DCs during
culture. By choosing “stimulatory” surface treatments,
researchers can enhance the immunogenicity of Mo-DCs pre-
pared for therapy.

Plasma surface treatment

Plasma surface treatment is considered a prominent alterna-
tive to wet chemistry for cell culture vessel treatment due to its
high reproducibility, versatility, minimal waste production and
solvent-free nature.”>'° Plasma is often referred to as the
fourth state of matter.'°>'°” When gas molecules are provided
with sufficient energy, some or all molecules will have gained
enough energy to ionize, resulting in a mixture of ions, free
electrons, radicals, photons, and neutral species that is so-
called a plasma. Plasma is generally classified into two main
categories: thermal and non-thermal plasmas.'®® For the
surface treatment of polymeric substrates, non-thermal low-
temperature plasma is mostly used as it does not impose
thermal damage to the polymers. There exist different inter-
action modes between a plasma and a surface which gives rise
to various plasma modification techniques including plasma
polymerization, plasma-induced grafting (of chemical func-
tionalities), plasma activation, sputtering and etching, and
plasma syn-irradiation. The underlying principles and reaction
mechanisms of these different techniques have been exten-
sively reviewed elsewhere.?®'%°

Applying an electrical potential remains the most com-
monly used strategy to generate non-thermal gaseous plasma,
which is generally referred to as electrical discharge
plasma.'®*'%° Corona discharge is perhaps the best example of
electrical discharge plasma that is widely used in the treat-
ment of TCPS culture ware by several manufacturers, including
Nunclon Delta® (Thermo Scientific) and CellBIND® (Corning).
Electrical discharge processes come in two basic types: low-
pressure (or vacuum) and atmospheric discharge.'”® Low-
pressure plasma systems employ a vacuum chamber, whereby
ambient gas in the chamber is pumped out and then filled
with the desired process gas at a pre-set and controlled

4314 | Biomater. Sci, 2025, 13, 4303-4320
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pressure. Atmospheric plasma, with the example of corona dis-
charge, is generated by applying a high voltage to an electrode
in the form of a wire or a sharp tip."®”"**° As air or surrounding
gas passes through the electrode, a fraction of the gas mole-
cules is ionized, leading to the formation of a corona discharge
that bombards the treated surface to introduce oxidation pro-
ducts."" Corona discharge is widely used in the manufactur-
ing of culture vessels due to its simplicity, lower operational
costs, and lack of need for specialized equipment like vacuum
chambers. However, it offers limited control over the physico-
chemical characteristics of the treated surfaces and is reported
to have a short stability period on polyolefins.'*****

Plasma polymerization employs a polymerizable monomer
in either gas or liquid state at the plasma discharge, which
gets converted into reactive fragments that form a highly cross-
linked, thin plasma polymer coating (PPC) upon reacting with
a surface."” Hydrocarbons are frequently used as the
monomer of choice. Considering the important roles of
oxygen- and nitrogen-containing functional groups in the
context of biological applications, one or more heteroatom gas
sources rich in oxygen or nitrogen elements (e.g. carbon
dioxide and ammonia) are often mixed with a polymerizable
hydrocarbon gas (e.g. ethylene and butadiene) to form the pre-
cursor gas mixture.''” The resulting active species condense
onto the substrate, forming an organic thin-film coating with
oxygen and/or nitrogen-containing functionalities implanted
in the cross-linked hydrocarbon backbone. The concentration
of implanted functional groups can be controlled by adjusting
the deposition process parameters such as the hydrocarbon-to-
heteroatom gas ratio.'*

A set of oxygen-rich and nitrogen-rich PPCs have been
developed and characterized to study their potential in biologi-
cal and biomedical applications.?'%%!1>'13 1t has been
reported extensively that the introduction of biologically rele-
vant functionalities such as primary amines (-NH,), hydroxyl
(-OH), and carboxyl (-COOH) groups led to enhanced
adhesion of various cell types.”®'™* Past studies by our team
revealed that the number of adherent monocytes correlated to
the concentration of functional groups present on the
surface.®? On the other hand, a low-adhesion coating such as a
PPC carrying methyl (-CH;) can be applied if minimizing cell
adhesion is favored.® These studies reveal that material surface
properties play decisive roles in controlling cell adhesion at
the substrate interface, presenting a prospect to potentially
modulate cell-surface interactions by tuning the substrate
surface chemistry with surface modification techniques.

Peptide or protein surface modification

The surface modifications described above influence which
proteins adsorb and how, which in turn can affect the inter-
actions between Mo-DCs and surfaces. However, another
approach is to attach bioactive compounds, such as cell
adhesion and receptor-interacting molecules to the surfaces.
This bioconjugation typically requires functional group precur-
sors to immobilize biomolecules through covalent grafting (for
example, via prior plasma treatment).'® Our group has suc-

This journal is © The Royal Society of Chemistry 2025
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cessfully employed this method to capture and expand endo-
thelial progenitor cells on peptide-functionalized polystyrene
surfaces."*>''® Studies have also demonstrated the use of
peptide grafting to modulate immune cell interactions and
responses.'’”"'® For example, RGD-grafted surfaces have been
shown to enhance the adhesion and activation (elevated
expression of CD86, MHC-II and intracellular IL-10) of dendri-
tic cells.'*® Additionally, this strategy could potentially be used
to create a completely non-adhesive Mo-DC substrate by graft-
ing proteins or polymers that block adhesion. Similarly, poly-
mers such as poly(N-isopropylacrylamide) (PNIPAM), which
undergo temperature-responsive phase transitions, have been
used to enable conditional cell detachment or adherence
based on environmental stimuli.'*°

Surface topography and mechanical stimuli

Researchers are also increasingly exploring biomechanical
engineering to direct cellular responses. Mennens et al
observed that immature DCs cultured on polyacrylamide sub-
strates of varying stiffness exhibited differential C-type lectin
expression and antigen internalization."”’ Quartey et al’s
recent review highlights how DCs sense nanoscale features of
their microenvironment through integrin-mediated mechano-
transduction and adapt their antigen uptake, migration, and
maturation to mechanical stimuli introduced by modifying the
surfaces with 3D hydrogels or ECM-mimetic substrates.'*?
As an example, DCs cultured in 3D hydrogels with aligned
collagen fibers exhibited a reprogrammed metabolic profile
and greater maturation compared to those in non-aligned
matrices.'* We recommend that readers refer to Quartey et al.
for an extensive review of emerging biomaterial platforms
such as hydrogels, 3D scaffolds, and nanostructured surfaces
incorporating mechanotransduction and matrix biology, all of
which offer promise in designing DC culture vessels.

In addition to static surface modifications, fluid shear
stress (FSS) has emerged as an orthogonal mechanical cue to
activate Mo-DCs in ex vivo culture. Dombroski et al. used a
cone-and-plate device to expose immature DCs to circulatory-
level FSS and observed increased secretion of pro-inflamma-
tory cytokines, upregulation of MHC I/Il and costimulatory
markers, as well as activation of NF-«xB and cFos phosphoryl-
ation relative to static controls.'*® These findings indicate that
optimized shear forces can amplify immunogenicity without
substantially compromising cell health.'*® Hence, dynamic
substrates that apply cyclic strain or introduce fluid flow, such
as perfusion bioreactors, rocking platforms or in-line pressure
and shear sensors could potentially be incorporated into the
manufacturing processes.

Translating engineered surfaces into clinical culture vessels

Surface engineering offers a powerful strategy to optimize DC
vaccines by modulating the culture environment at the cell-
material interface. By engineering surface chemistry, topogra-
phy, and stiffness, researchers have been able to modulate DC
maturation markers, cytokine profiles, and immunogenic
potential in ways directly relevant to vaccine efficacy.'**

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review

In cGMP-compliant manufacturing, any techniques employed
to modulate surface properties must minimize leachable and
extractable compounds and be compatible with rigorous clean-
ing, sterilization, and lot-to-lot reproducibility. At the same
time, tailored culture vessels with specialized coatings or
proprietary materials may enhance Mo-DC potency but can
also increase production costs and limit accessibility.
Understanding how vessel selection and surface treatment
influence critical quality attributes while balancing cGMP
requirements and cost will be essential for transitioning DC
vaccines into clinical trials and ensuring broad, sustainable
access to these therapies.

Conclusion

With the rapid expansion of the global cell therapy market, the
impact of in vitro cell culture on the final therapeutic efficacy
has gained much traction and the selection of appropriate
culture vessels has become an important consideration in the
product development strategy. Despite their appealing pro-
spects, Mo-DC cancer immunotherapies have only shown limited
benefits in clinical trials. Strategically designed culture vessels
together with ongoing advances in culture preparation methods
represent auspicious means that may overcome the challenge pre-
sented by the limited clinical performance. In fact, Mo-DC gene-
ration is associated with high batch-to-batch variability, which is
another challenge currently faced in the field. This is, in part, a
result of the poor control over cell-surface interactions during cell
preparation. The cell-surface interaction mechanisms presented
in this review constitute the first step in the cascades to fully elu-
cidate the impact of in vitro cell culture on Mo-DC cell fate, and
will inform the design and development of next-generation bio-
materials. Novel surface modification techniques can be
employed to fine tune vessel surface properties, either enhancing
or inhibiting cell adhesion mechanisms to better control cell be-
havior at the substrate interface. By optimizing these interactions,
it is possible to improve both in vitro manufacturing efficiency
and the in vivo therapeutic efficacy, and ultimately leading to
more consistent and scalable production methods for clinical
applications.
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