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ABSTRACT: Synthetic cancer vaccines may boost anticancer immune responses by co-delivering tumor antigens and adjuvants to
dendritic cells (DCs). The accessibility of cancer vaccines to DCs and thereby the delivery efficiency of antigenic material greatly
depends on the vaccine platform that is used. Three-dimensional scaffolds have been developed to deliver antigens and adjuvants
locally in an immunostimulatory environment to DCs to enable sustained availability. However, current systems have little control
over the release profiles of the cargo that is incorporated and are often characterized by an initial high-burst release. Here, an
alternative system is designed that co-delivers antigens and adjuvants to DCs through cargo-loaded nanoparticles (NPs)
incorporated within biomaterial-based scaffolds. This creates a programmable system with the potential for controlled delivery of
their cargo to DCs. Cargo-loaded poly(D,L-lactic-co-glycolic acid) NPs are entrapped within the polymer walls of alginate cryogels
with high efficiency while retaining the favorable physical properties of cryogels, including syringe injection. DCs cultured within
these NP-loaded scaffolds acquire strong antigen-specific T cell-activating capabilities. These findings demonstrate that introduction
of NPs into the walls of macroporous alginate cryogels creates a fully synthetic immunostimulatory niche that stimulates DCs and
evokes strong antigen-specific T cell responses.
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■ INTRODUCTION

Cancer vaccination aims to enhance the magnitude and
broaden the scope of the anticancer T cell repertoire by
exploiting dendritic cells (DCs) as orchestrators of adaptive
immune responses. By supplying DCs with a source of tumor-
associated antigens and DC-activating adjuvants, such as toll-
like receptor (TLR) ligands, DCs are equipped to (cross-
)present antigens together with co-stimulatory cues to tumor-
specific T cells. The vaccine formulation and the vaccine
platform that is applied dictate the ability of their cargo (i.e.,
immunostimulatory factors) to reach DCs in vivo. Moreover,
the immunological context plays an important role as
immunosuppressive environments will negatively impact DC
maturation and T cell priming.1

Over the last years, biomaterial-based three-dimensional
(3D) scaffolds have been applied for local immunotherapy to
create permissive environments that exert spatiotemporal
control over immunomodulatory cues and immune cells
while minimizing off-target exposure to immune-activating
agents.2 Biomaterial-based scaffolds can be applied as cancer
vaccines by locally implanting or injecting a physical 3D
structure underneath the skin that recruits DCs through release

of chemotactic factors such as granulocyte-macrophage colony-
stimulating factor (GM-CSF).3−9 The matrix provides
incoming DCs with a depot of tumor-associated antigens (in
the form of tumor lysates,3 irradiated tumor cells,4 or full
protein either in soluble form adsorbed onto the scaffold5,6,8 or
covalently immobilized on the scaffold7) together with
immune-stimulating adjuvants such as TLR 9 agonist CpG
oligodeoxynucleotides. These scaffold-based approaches evoke
potent and durable anti-cancer immunity in prophylactic and
therapeutic preclinical models.3−8 Immune responses were
superior to subcutaneous administration of soluble antigens
and adjuvants without scaffolds, suggesting that sustained
availability, co-presentation of antigens/adjuvants, and the
supportive environment provided by the matrix contribute to
the induction of anti-cancer immune responses. However, the
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current systems have limited control over the release profiles of
antigens and/or adjuvants that are incorporated and are often
associated with an initial high burst release. Hence, there is a
need to develop novel strategies to deliver cargo in a more
controlled fashion to DCs within such scaffolds.
Incorporating antigens and adjuvants into nanoparticles

(NPs) that are loaded into the scaffold walls provides a means
to fine-tune their release profiles and degradation behavior,
thereby providing an opportunity for another level of
spatiotemporal control over the presentation of activating
cues to DCs.10 A particle-based approach furthermore benefits
from the inherent uptake of particulate matter by DCs, thereby
potentially improving uptake of the cargo,11,12 favoring co-
delivery of components for strong DC activation,13−17 and
enhancing cross-presentation12,18−20 of antigens and adjuvants
presented within biomaterial-based scaffolds. Thus, NPs may
be exploited to trigger cancer-specific immune responses of
enhanced magnitude and potency compared to delivery of
soluble antigens and adjuvants.10,19,21,22

Here, we introduce an alternative strategy to co-deliver
tumor-associated antigens and adjuvants to DCs. We expand
on previous approaches by incorporating poly(D,L-lactic-co-
glycolic acid) (PLGA) NPs carrying model tumor-associated
antigens and two synthetic TLR ligands into the polymer walls
of a scaffold-based delivery system. We make use of injectable
macroporous cryogels based on alginate, a biocompatible and
natural polysaccharide derived from algae, which have been
reported to support immune cell infiltration and can be
delivered in a minimally invasive manner through syringe
injection.4,23−25 Our findings demonstrate that PLGA NPs can
be easily incorporated into macroporous alginate cryogels to
create a fully synthetic immune niche that can stimulate DCs
and evoke strong antigen-specific immune responses in vitro.
This straightforward approach provides an important ex-
pansion of the scaffold-based vaccine platform which supports
sustained presentation of antigens and adjuvants within a
supportive environment and at the same time enables
enhanced control over the uptake and release kinetics of
antigens and adjuvants toward DCs.

■ EXPERIMENTAL SECTION
Methacrylation of Alginate. Methacrylated alginate (MA-

alginate) was prepared, as described previously4,23 with minor
modifications. In brief, sodium alginate (Pronova UP LVG,
NovaMatrix) was dissolved in a 100 mM 2-(N-morpholino)-
ethanesulfonic acid (MES) buffer solution (pH 6.5). N-Hydrox-
ysuccinimide (NHS, Sigma-Aldrich) (1.3 g) and N-(3-dimethylami-
nopropyl)-N′-ethylcarbodiimide hydrochloride (EDC, Sigma-Al-
drich) (2.8 g) were added to activate the carboxylic acid groups of
alginate. After 5 min, N-(3-aminopropyl)methacrylamide hydro-
chloride (APMA, Polysciences) (2.07 g; molar ratio of NHS/EDC/
APMA is 1:1.3:1.1) was added to the solution. After 24 h stirring at
room temperature (RT), the solution was precipitated in acetone,
filtered, and dried on an oil pump. The degree of methacrylation of
alginate was determined using 1H NMR (Bruker Avance III 400 MHz,
Figure S1A). The efficiency of methacrylation was determined based
on the ratio of the integrals for alginate protons to the methylene
protons.
Production of PLGA NPs. PLGA NPs were produced, as

described previously using an o/w emulsion and solvent evaporation−
extraction method.13 PLGA NPs were prepared encapsulating
endograde ovalbumin (OVA) protein (Hyglos) or NY-ESO-1 long
peptide (long peptide covering the NY-ESO-1 HLA-A2.1 epitope
SLLWITQC, GenScript) together with TLR ligands, polyinosinic/
polycytidylic acid (polyI/C, Sigma-Aldrich), R848 (Enzo Life

Sciences), and ATTO647N dye (A647, ATTO-TEC). The
encapsulation efficiency of R848, NY-ESO-1 peptide, and A647 was
determined by reverse-phase HPLC, as described previously.13 R848,
NY-ESO-1 peptide, or ATTO647N dye were extracted from NPs by
dissolving 1 mg of NPs in 100 mL of dimethyl sulfoxide (DMSO)
followed by centrifugation at 14,000 rpm for 10 min. A total of 25 μL
of supernatant or standard was assayed by HPLC. The quantity of
R848, NY-ESO-1 peptide, or ATTO647N dye was calculated by
interpolation from the standard curves. The encapsulation efficiency
of polyI/C was determined by absorption of digested particles or
standard on a NanoDrop 2000 (Thermo Fischer Scientific), as
described previously.13 OVA amounts were quantified by measuring
the protein content of digested particles using the Coomassie Plus
Protein Assay Reagent (Pierce), according to the manufacturer’s
protocol. NP size and polydispersity were determined using dynamic
light scattering (NANO-flex, Particle Metrix).

Fabrication and Characterization of Alginate Cryogels.
Macroporous cryogels were produced by redox-induced free-radical
polymerization for 17 h at −20 °C of MA-alginate in Milli-Q water, as
described previously4,23 at [2.3% (wt/vol)] alginate in a Teflon-mold
with 4 × 4 × 1 mm dimension pre-cooled at −20 or 4 °C. PLGA NPs
(sonicated 3 × 30 s with Bioruptor, Diagenode) or endograde OVA
protein with TLR ligands polyI/C (Sigma-Aldrich) and R848 (Enzo
Life Sciences)] were added to the polymer solution before
cryogelation. The amount of tetramethylethylenediamine (TEMED)
{[0.04% (wt/vol)−0.5% (wt/vol)]} and ammonium persulfate (APS)
{[0.18% (wt/vol)−0.28% (wt/vol)]} varied to enable freezing of the
solution before polymerization took place. ACRL-PEG-G4RGDAS-
SKY was synthesized, as described,4 which was used as a comonomer
[0.8% (wt/vol)] during polymerization to create cell-adhesive
cryogels. After thawing, cryogels were washed in MQ (1×) and
sterile PBS (100 μL, 5×) before performing cell experiments.

Macroscopic characterization of the gels was performed by
fluorescence microscopy (Olympus FV1000 confocal laser scanning
microscope or Leica DMI600B). Cells were stained with Hoechst
33342 (1:2000, Thermo Fischer Scientific). Injectability of 4 × 4 × 1
mm cryogels was assessed via an injection through hypodermic 16G
needles together with 200 μL of PBS. Structural analysis of 4 × 4 × 1
mm alginate cryogels was performed using scanning electron
microscopy on lyophilized cryogels that were coated with 5 nm
platinum. The swelling ratio was determined on 8 × 5 mm cylindrical
alginate cryogels, as previously reported.23

R848 Release from OVA/TLR NP and Alginate Cryogels.
Alginate cryogels were produced in 100 μL volumes containing 312.5
μg of soluble OVA/TLR NPs (50 μg of OVA/TLR NPs per 16 μL)
or OVA protein with TLR ligands (polyI/C and R848) added prior to
cryogelation in levels comparable to the OVA/TLR NPs. Two
alginate cryogels or soluble OVA/TLR NPs (625 μg) were incubated
in 1 mL of MQ at 37 °C on a shaker for up to 7 days. Supernatant was
taken at different timepoints, lyophilized, dissolved in 40 μL MQ, and
analyzed using HPLC (Waters XSelect Peptide CSH C18 column) for
R848 release.

Mice. Mice were housed at the Central Animal Laboratory
(Nijmegen, the Netherlands) where food and water were provided ad
libitum. This study was carried out in accordance with European
legislation. Protocols were approved by the local authorities (CCD,
The Hague, the Netherlands, approval number 10300) for the care
and use of animals with related codes of practice.

Generation of Mouse Bone-Marrow-Derived DCs and In
Vitro DC Activation. Bone-marrow-derived DCs (BMDCs) were
generated from female and male 5−12-week-old C57BL/6J mice
(Charles River) using either GM-CSF or FLT3 ligand. The femurs
and tibia were flushed with BMDC medium [RPMI 1640 medium
supplemented with 10% heat-inactivated fetal calf serum (FCS), 0.5%
antibiotic−antimycotic, 2 mM L-glutamine, and 55 μM beta-
mercaptoethanol (all Gibco)] to extract bone marrow. For the GM-
CSF DCs, bone marrow cells (2 to 4 × 106 per Petridish) were
cultured in 13 mL of BMDC medium containing 20 ng/mL GM-CSF.
On day 3, 4 mL of additional BMDC medium with 37.2 ng/mL GM-
CSF was added to the cells. On day 6, GM-CSF BMDCs were
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harvested through gentle aspiration and counted. GM-CSF BDMCs
were dissolved at 10 × 106/mL in BMDC medium. For the FLT3
ligand, DC bone marrow cells (15 × 106 per Petridish) were cultured
in 10 mL of BMDC-FLT3L medium (BMDC medium containing 200
ng/mL FLT3 ligand and 5 ng/mL GM-CSF). On day 5, 5 mL of
additional BMDC-FLT3L medium was added to the cells. On day 9,
nonadherent cells were harvested and replated (3 × 106 cells per
Petridish) in 10 mL of BMDC-FLT3L medium. On day 13, FLT3L
BMDCs were harvested through gentle aspiration and counted.
FLT3L BDMCs were dissolved at 10 × 106/mL in BMDC medium.
Alginate cryogels were placed in a sterile flat bottom 96 well plate

(Corning), and when indicated, gels were incubated for 1 or 2 days in
200 μL BMDC medium at 37 °C prior to cell experiments. Following
the incubation, gels were either dried with a sterile 5 × 5 Surgical
Care HG Compress (Killion) and placed in a sterile flat bottom 96-
well plate or directly placed in a sterile flat bottom 96-well plate.
Subsequently, 1 × 105 day 6 GM-CSF BMDCs in 10 μL or 1 × 105

day 13 FLT3L BMDCs in 10 μL were added on top of the gels. After
1−2 h incubation, another 190 μL of medium was added to the wells.
TLR ligands [soluble polyI/C (20 μg/mL) and R848 (4 μg/mL)] or
sonicated PLGA NPs without scaffold were used as positive controls.
Where indicated, TLR ligands and OVA proteins were added in
amount similar to that present in PLGA NPs. Cells were incubated at
37 °C for 24 or 48 h, as indicated. The supernatant was collected for
analysis of cytokine production by DCs. Both types of BMDCs were
harvested by incubating them for 15 min at RT with 50−100 μL
Accutase (Thermo Fisher Scientific). Thereafter, 100 μL of BMDC
medium was added, and the gels were centrifuged at 200 rcf for 10
min and at 450 rcf for 2 min. Cryogels were carefully taken out, and
cells were transferred to a V-bottom plate for antibody staining. Cells
were stained with Zombie Violet Fixable viability dye (eBioscience)
for 30 min at 4 °C, followed by cell-surface staining with the following
antibodies for 30 min at 4 °C: CD11c-PE Cy7 (BD PharMingen)
(purity typically >90%), CD80-FITC (BioLegend), CD40-PE (BD
PharMingen), CD86-biotin (BD PharMingen), and BV510-con-
jugated streptavidin. Cell viability was assessed using Annexin V
(BD PharMingen) and 7AAD staining (eBioscience) and compared
to medium and collagen hydrogels generated, as described.26 In all
experiments, cells were analyzed using a BD FACSVerse flow
cytometer, and data were analyzed using FlowJo software version
10.0.7.
Isolation of OT-I T Cells and Antigen-Specific Activation of

OT-I T Cells by BMDCs. OT-I CD8α+ T cells were isolated from 5−
16 week old female and male OT-I mice [C57BL/6-Tg(TcraTcrb)-
1100Mjb/Crl, Charles River]. Spleen, inguinal, and axillary lymph
nodes were digested for 30 min at 37 °C with DNase I (20 μg/mL,
Roche) and Collagenase III (1 mg/mL, Worthington) and
subsequently meshed over a 100 μm cell strainer. Splenocytes were
treated with ammonium−chloride−potassium lysis buffer for 3−5
min at RT to lyse blood cells. CD8α+ T cells were isolated using the
mouse CD8α+ T cell isolation kit (Miltenyi Biotec), according to the
protocol. Purity was typically >95%, as determined by flow cytometry
staining with APC-conjugated CD8α (BioLegend). Next, OT-I cells
were stained with CellTrace Violet (2, 5 μM; Invitrogen) for 10 min
at 37 °C, according to the protocol.
To study antigen-specific OT-I T cell activation, 20,000 GM-CSF

or FLT3L BMDCs were activated for 24 h in alginate cryogels or
using positive controls. Next, 50,000 CellTrace Violet-labelled OT-I T
cells were added. The supernatant was taken after 24 h of OT-I
activation to determine IFNγ production, and after 72 h, cells were
collected through incubation with 150 μL of cold PBS + 2 mM
ethylenediaminetetraacetic acid for 10 min at 4 °C. Retrieved cells
were stained with Fixable Viability Dye eFluor 780 (eBioscience) and
CD8α-PE (BD PharMingen). The mean cell cycle of all T cells was
determined as a measure for the average number of cell proliferation
cycles. The mean cycle was calculated with the formula Log2(f),
where f is the Cell Trace Violet geometric mean fluorescence intensity
(MFI) of all non-proliferated T cells divided by the Cell Trace Violet
MFI of all T cells. The division index was calculated using FlowJo
software.

Generation of Human Monocyte-Derived DCs and In Vitro
DC Activation. Peripheral blood mononuclear cells were isolated
from buffy coats obtained from HLA-A2.1+ healthy volunteers after
written informed consent and in agreement with institutional
guidelines using Ficoll density gradient centrifugation (Lymphoprep,
ELITechGroup). CD14+ monocytes and naiv̈e CD8+ T cells were
isolated using CD14 microbeads and the human Naive CD8+ T cell
isolation kit (both Miltenyi Biotec), respectively. Monocytes were
differentiated into immature monocyte-derived DCs (moDCs) in 6
days using RPMI 1640 containing 10% FCS, 2 mM L-glutamine, 0.5%
antibiotic−antimycotic enriched with interleukin-4 (IL-4, 300 U/
mL), and GM-CSF (450 U/mL) (both Miltenyi Biotec). Isolated
cells were stored in liquid nitrogen in 10% DMSO (CryoSure) and
90% FBS.

Human moDCs were thawed from liquid nitrogen. In vitro DC
activation (24 and 48 h) in alginate cryogels containing NY-ESO-1
PLGA NPs was studied, as described for BMDCs. Soluble NY-ESO-1
peptide and TLR ligands were added to the controls in the same
amounts as is present in NPs. Flow cytometric staining was performed
using Zombie Violet Fixable viability dye for 30 min at 4 °C, followed
by cell-surface staining with the following antibodies for 30 min at 4
°C: CD14-FITC (Miltenyi Biotec), CD80-PerCP-eFluor710 (Phar-
Mingen), CD86-PeCy7 (PharMingen), and CD40-PE (Beckman).

CD8+ T Cell Transfection and NY-ESO-1 Specific T Cell
Activation by moDCs. CD8+ T cells from the same HLA-A2.1+

donor as the moDCs were transfected, as previously described27 with
mRNA (5 mg/mL, BioNTech RNA Pharmaceuticals) encoding for a
mouse T cell receptor (specific for the HLA-A2.1-specific NY-ESO-1
epitope SLLWITQC). Transfection efficiency was determined 1 day
after transfection using anti-mouse TCR-β-FITC (BioLegend) and
was typically between 80 and 90% (Figure S9A). These NY-ESO-1
specific T cells were stained with CellTrace Violet and were added to
activated moDCs (ratio DCs/T cells as 1:2.5) in alginate cryogels.
The supernatant was taken after 24 h of T cell activation to determine
IFNγ production. After 72 h of activation, cells were collected and
stained with Fixable Viability Dye eFluor 780, CD8-FITC (BD
BioScience), and CD25-PE (BD BioScience).

Migration of DCs through Alginate Cryogels. Immature
moDCs were activated for 48 h with a mixture of IL-4 (300 U/mL),
GM-CSF (450 U/mL), tumor necrosis factor α (TNFα, 10 ng/mL)
(CellGenix), prostaglandin E2 (10 μg/mL) (Pfizer), IL-1β (5 ng/
mL) (CellGenix), and IL-6 (15 ng/mL) (CellGenix). Approximately
1 × 105 day 8 mature moDCs were added on top of 75 μL collagen
hydrogels generated, as described26 or on top of 75 μL alginate
cryogels alone or topped with 25 μL collagen in a transwell insert
containing 5 μm pores (Corning). The lower chamber of the transwell
system was supplemented with 1 μg/mL CCL21 (BioLegend), which
was refreshed after 24 h. The number of migrated moDCs were
quantified after 48 h using the MACS Quant analyzer (Miltenyi
Biotec).

Production of Cytokines. Cytokine production by mouse and
human DCs and T cells was quantified using standard sandwich
ELISA kits, according to the manufacturer’s protocol. Mouse IL-6
(BioLegend), TNFα (eBioscience), IFNγ (Invitrogen), IL-12
(Invitrogen), and human IFNγ (Invitrogen) were determined.

Statistical Analysis. Data are expressed as mean ± standard error
of the mean. Statistical analyses were performed in GraphPad Prism 6
software using the appropriate testing methods, as indicated in the
figure legends. Statistical significance was defined as a two-sided
significance level of <0.05. ns = not significant, *p ≤ 0.05, **p ≤ 0.01,
and ***p ≤ 0.001.

■ RESULTS

Production of PLGA NP-Loaded Alginate Cryogels.
We probed the potential of alginate cryogels to serve as a
scaffold-based depot of tumor antigens and adjuvant-loaded
PLGA NPs. Alginate is an attractive basis for biomaterial-based
scaffolds as alginate polysaccharides are non-immunogenic,
non-toxic, and biocompatible.28 Macroporous 3D scaffolds
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were prepared through free-radical cross-linking of methacry-
lated alginate polymers (MA-alginate, Figure S1A) at −20 °C
to create a large and interconnected porous structure that
facilitates influx of cells. During the cryopolymerization
process, MA-alginate polymers and PLGA NPs are concen-
trated in semi-frozen regions around the ice crystals (Figure
1A). Cross-linking of MA-alginate proceeds within these semi-
frozen regions, resulting in the physical entrapment of PLGA
NPs within the tightly cross-linked polymer walls of the
alginate scaffold. Ice crystals act as porogens and their size and
structure dictate the nature of the macroporous network of the
resulting 3D cryogels.23

The PLGA NPs that were incorporated into the polymer
walls of alginate cryogels have been frequently used for DC
activation.10,13 These particles are negatively charged and are
approximately 200 nm in size and contain TLR3 ligand polyI/
C, TLR7/8 ligand R848, and an A647 fluorescent dye. In
addition, as antigens we added either OVA protein (OVA/
TLR NPs), which can be used in preclinical tumor mouse
models, or a clinically relevant human NY-ESO-1 long peptide
(NY-ESO-1/TLR NPs) (Figures 1B and S1B,C).
To construct cell-adhesive scaffolds that facilitate the

interaction with cellular integrin receptors, acrylated RGD
peptide ligands were co-polymerized during the cryogelation
process.29

Figure 1. Production of PLGA NP-loaded alginate cryogels. (A) Schematic overview of the cryogelation process. (B) Schematic overview of
antigen and adjuvant-loaded PLGA NPs. (C) Representative confocal images of alginate cryogels prepared in polystyrene molds without OVA/
TLR NP PLGA NPs (upper panels), PLGA NPs added after (middle panels), or before (bottom panels) cryogelation. Scale bar equals 100 μm.
(D) Quantification of A647 fluorescence of 4 × 4 × 1 mm cryogels where 50 μg of OVA/TLR NPs was added (cryogels before washing set to
100%). Data were analyzed with an unpaired t-test to compare with and without washing. (E) Fluorescence of OVA/TLR A647-NPs incorporated
into alginate cryogels with or without [0.8% (wt/vol)] RGD. A two-way ANOVA with Dunnett’s multiple comparison test (comparing NP
concentration) or Sidak’s multiple comparisons test (comparing −RGD and +RGD) was performed to test statistical significance. (D,E) Stars
indicate significance compared to 0 μg, unless indicated otherwise.
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We added OVA/TLR NPs to the MA-alginate solution
before induction of free-radical polymerization and inves-
tigated NP localization in the alginate network using confocal
microscopy after washing of the scaffolds. The retention of
NPs was observed, and they exclusively localized in association
with the walls of the scaffold. In contrast, addition of NPs after

the cryogelation process to pre-formed cryogels did not result
in particle retention after washing (Figure 1C). To
quantitatively corroborate this observation, the A647 fluo-
rescence signal before and after washing of the respective
alginate cryogels was measured. This analysis demonstrated
that >97% of NPs are retained within the cryogels after

Figure 2. Mouse BMDCs take up PLGA NPs from alginate cryogels which induces DC maturation. (A) Representative confocal image of BMDCs
in OVA/TLR A647-NP-loaded alginate cryogel [green = nuclei (Hoechst), red = A647 dye from NPs] after 24 h. Scale bar equals 50 μm. Inset:
Dotted line represents outline of cell. (B−G) BMDCs were cultured 48 h with OVA/TLR A647-NPs or NPs encapsulated in alginate cryogel
polymer walls with or without [0.8% (wt/vol)] RGD, after which the % of A647+ cells (B), A647 geometric MFI (C), CD40 MFI (D), and the %
CD80+CD86+ cells (E) of CD11c+ cells were determined. The amount of TNFα (F) and IL-6 (G) in the supernatant after 24 h was quantified.
(B,C) n = 3 in three independent experiments. (D,F,G) n = 4 in four independent experiments. (B−G) Data were analyzed using a two-way
ANOVA and Dunnett’s multiple comparison test. Stars indicate significance compared to 0 μg, unless indicated otherwise.

ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Article

https://doi.org/10.1021/acsbiomaterials.0c01648
ACS Biomater. Sci. Eng. 2021, 7, 5622−5632

5626

https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c01648?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c01648?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c01648?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c01648?fig=fig2&ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.0c01648?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


repeated washing when the NPs were added before cross-
linking, whereas most of the fluorescence was washed away
when the NPs were added to the preformed cryogels (Figure
1D). This indicates that NPs do not simply stick to the
polymers as was pursued previously30 but instead are
entrapped within the dense scaffold walls when they are
added prior to cryogelation. We next evaluated NP
encapsulation at different doses into non-functionalized
alginate cryogels and adhesive RGD-functionalized cryogels.
A clear dose-dependent increase in fluorescence was observed
with increasing amounts (0−100 μg) of OVA/TLR NPs. This
observed increase in fluorescence was similar for cryogels with
and without adhesion sites (Figure 1E). In conclusion, NPs
were successfully encapsulated within the polymer walls of
alginate cryogels with or without cell adhesion moieties by
introducing them to the free polymer solution before
cryogelation with a high encapsulation efficiency.
Mechanical Properties of NP-Loaded Cryogels.

Alginate cryogels are highly elastic and display remarkable
deformability. They shear-collapse when force is applied and
re-gain their shape when the stress is relieved.23 The
cryogelation process determines the mechanical properties of
the scaffold. In particular, balancing ice nucleation and freezing
rate versus the rate of free-radical polymerization is pivotal.
We hypothesized that addition of NPs to the polymer

solution may affect the cryogelation process and could thus
impact the injectability of the cryogels as a whole. Therefore,
we investigated whether introducing NPs into the polymer
network would affect cryogel integrity and mechanical
properties when using the cryo-polymerization conditions

described above. Although the PLGA NPs are small enough to
fit within the porous walls of the scaffolds, addition of 50 or
100 μg of PLGA NPs altered the cryogel structure on a
macroscopic level and affected mechanical robustness,
resulting in breaking during injection (Figure S2A,B). Most
likely the presence of NPs in the polymer solution affects the
rate of ice nucleation and thereby alters the scaffold network
structure. Decreasing the amount of the polymerization
initiator system (APS and TEMED) and thereby slowing
down the gelation process and effectively providing more time
for nucleation and growth of ice crystals indeed restored
scaffold integrity and rescued scaffold injectability through a
16G needle (Figure S2C). The presence of NPs did not
significantly impact the swelling ratio of alginate cryogels
(Figure S2D). These results suggest that by careful tuning of
the polymerization initiator system, mechanically robust
alginate cryogels with high amounts of NPs can be produced.

Murine DC and T Cell Activation in OVA/TLR NP-
Loaded Alginate Cryogels. To establish whether PLGA
NPs entrapped within tightly cross-linked alginate cryogel
polymer walls are available for DCs, we cultured mouse
BMDCs in OVA/TLR NP-loaded alginate cryogels and
studied their ability to take up NP-encapsulated cargo.
BMDCs remained viable within the scaffolds (Figure S3A),
and cryogel porosity permitted DC infiltration and migration
throughout the construct (Figure S3B). These observations
together with the similar porosity, similar matrix interconnec-
tivity, and similar injectability (Figure S2) that we observed for
the NP-loaded cryogels compared to non-NP-loaded cryogels
suggest that the NP-loaded will effectively allow for the influx

Figure 3. Mouse BMDCs acquire antigen-specific T cell-priming capabilities within NP-loaded scaffolds. (A−C) OT-I T cells were added to
BMDCs cultured in alginate cryogels and the % of proliferated OT-I T cells (A) and their mean cell cycle (B) after 72 h was determined, together
with their IFNγ production after 24 h (C). In the “TLR” conditions, equal amounts of soluble OVA were added as in 10, 50, or 100 μg NPs,
together with R848/polyI/C (A−C) n = 4 in four independent experiments. Data were analyzed using a two-way ANOVA and Dunnett’s multiple
comparisons test. Stars indicate significance compared to 0 μg, unless indicated otherwise.

ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Article

https://doi.org/10.1021/acsbiomaterials.0c01648
ACS Biomater. Sci. Eng. 2021, 7, 5622−5632

5627

https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.0c01648/suppl_file/ab0c01648_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.0c01648/suppl_file/ab0c01648_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.0c01648/suppl_file/ab0c01648_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.0c01648/suppl_file/ab0c01648_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.0c01648/suppl_file/ab0c01648_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.0c01648/suppl_file/ab0c01648_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c01648?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c01648?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c01648?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c01648?fig=fig3&ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.0c01648?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of DCs following s.c. administration and subsequent T cell
priming within the scaffolds and in the draining lymph nodes

in vivo as was shown before.3−8 Confocal imaging after 24 h
revealed that BMDCs had taken up the A647 dye that was

Figure 4. Human moDCs activated by PLGA NP-loaded alginate cryogels prime NY-ESO-1-specific T cells. (A) Fluorescence of NY-ESO-1/TLR
A647-NPs incorporated into alginate cryogels. A Kruskal−Wallis test and Dunn’s multiple comparison test were performed to test statistical
significance. n ≥ 23 in three independent experiments. (B−E) Human moDCs were cultured for 24 or 48 h with NY-ESO-1/TLR A647-NPs or
NPs incorporated into alginate cryogels, after which the percentage of A647+ cells (B), A647 MFI (C), and relative CD40 MFI (D,E) in CD14−

viable cells was determined. The same amount of soluble NY-ESO-1 and soluble TLR ligands was used in “TLR” conditions as in 10, 50, and 100
μg NPs, respectively. (F−I) Primary human NY-ESO-1-specific T cells were added to DCs cultured in alginate cryogels, and the % of CD25-
expressing CD8+ T cells at 24 h (F), % of proliferated CD8+ T cells at 72 h (G), and mean cycle of CD8+ T cells at 72 h (H) were analyzed,
together with their IFNγ production after 48 h (I). (B,E−I) n = 3 in three independent experiments. (C,D) n = 2 in two independent experiments.
(B−I) Stars indicate significance compared to 0 μg, unless indicated otherwise. (B−E) Data were analyzed using a two-way ANOVA and Sidak’s
multiple comparison test. (F−K) Data were analyzed using a two-way ANOVA and Dunnett’s multiple comparison tests (F−K) on log-
transformed data (F,G).
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encapsulated within NPs entrapped within the cryogel polymer
walls (Figure 2A). Quantification by flowcytometry demon-
strated that more than 90% of BMDCs were positive for the
A647 dye after 24 h when 50 or 100 μg of NPs was
incorporated (Figure S4A), which increased to almost 100%
after 48 h of incubation (Figure 2B). The total amount of NPs
taken up by BMDCs from scaffolds, as measured by the A647
geometric mean fluorescence intensity (MFI) was, however,
significantly lower compared to when NPs are freely available
(MFI of 1232 ± 216 for BMDCs cultured in cryogels loaded
with 100 μg of NP vs a MFI of 12,741 ± 1181 for BMDCs
exposed to freely available NPs) (Figures 2C and S4B),
indicating that the cryogel walls present a barrier for NP
uptake by DCs.
We next investigated whether OVA/TLR NP uptake results

in BMDC activation. Although DCs did not get activated when
cultured in NP-free cryogels, we observed increasing
expression levels of activation markers CD40 (Figure 2D),
CD80, and CD86 (Figure S5), and a significant increase in the
percentage of CD80+CD86+ cells (Figure 2E) when BMDCs
were cultured in NP-loaded alginate cryogels. At the same
time, BMDCs cultured in NP-loaded cryogels expressed high
levels of pro-inflammatory cytokines (TNFα and IL-6) (Figure
2F,G). This shows that even though DCs take up fewer NPs
from alginate scaffolds compared to those with free NPs,
strong DC maturation is induced which is comparable to that
of DCs exposed to OVA/TLR NPs in suspension. We assume
that the amount of NPs that is taking up by DCs in the NP-
loaded cryogels is sufficient to overcome the threshold for DC
activation. RGD-functionalization of the OVA/TLR-loaded
alginate cryogels did not affect BMDC activation, suggesting
that BMDCs have sufficient opportunities to interact with the
scaffold network and obtain NPs without these integrin-
binding sites in vitro. Addition of integrin-binding motifs such
as RGD is however likely to have an important role in
supporting immune cell adhesion and infiltration in vivo.31

Taken together, these data underline the potential of alginate
cryogels to establish a depot of cargo-loaded NPs which DCs
are able to take up.
To determine whether BMDCs activated within NP-loaded

scaffolds had been able to take up and cross-present antigen,
we tested their ability to prime antigen-specific T cells.
BMDCs were cultured in OVA/TLR NP-loaded alginate
cryogels for 24 h, after which CFSE-labelled OT-I T cells,
which express a transgenic T cell receptor specific for the OVA
epitope SIINFEKL, were added on top. BMDCs stimulated by
NP-loaded scaffolds induced vigorous proliferation in over
80% of OT-I T cells, similar to BMDCs stimulated with free
NPs (Figure 3A,B). At least 50 μg of NPs were required per
scaffold to induce robust T cell expansion. These T cells also
produced IFNγ, although at lower levels than T cells activated
by BDMCs stimulated with freely available NPs (Figure 3C).
We did not observe significant differences in T cell responses
induced in RGD-functionalized adhesive cryogels and non-
functionalized cryogels, which correspond to the similar levels
of BMDC activation in these scaffolds (Figure 2D−G).
These results clearly indicate that mouse BMDCs are able to

take up NPs from dense alginate scaffold walls but to a lower
extent compared to when NPs are freely available. Despite the
decreased uptake of NPs, BMDCs cultured in alginate cryogels
acquire a highly activated phenotype and can expand antigen-
specific T cells efficiently.

Finally, we set out to study the importance of having the
antigens/adjuvants encapsulated within NP in the scaffold
walls. As such, we compared alginate cryogels containing
OVA/TLR NP with alginate cryogels prepared with the
addition of soluble OVA/TLR before the cryogel gelation
process. We observed that the cargo was retained longer within
the alginate cryogels when it was encapsulated within PLGA
NPs as the release of TLR ligand R848 was delayed (Figure
S6). Next, we took these cryogels and added FLT3L DCs
directly or after incubating the cryogels in complete medium
for 1 or 2 days. This way we could study the impact of cargo
release from the cryogels when DCs do not enter the scaffold
directly, which reflects the situation when such cryogels are
administered in vivo.4 The encapsulation of cargo within NP
instead of being present within the alginate scaffold walls in the
soluble form only had a minor impact on the upregulation of
activation markers and IL-12 production by FLT3L DCs
(Figure S7). We did however observe that OT-I T cell
activation and expansion was higher when OVA/TLR were
presented in NP-loaded alginate cryogels, especially when we
waited 1 or 2 days before adding the DCs (Figure S8). This
underlines the added benefit of using NP to incorporate
antigens and adjuvants within alginate cryogels in order to tune
and slow down the release of cargo.

Human DC and T Cell Activation in NY-ESO-1/TLR
NP-Loaded Cryogels. We next evaluated activation of
human DCs and subsequent priming of primary human
antigen-specific T cells in NP-loaded alginate cryogels to
evaluate the potential of clinical translation of this synthetic
platform. Alginate cryogels loaded with NPs encapsulating NY-
ESO-1 long peptide, TLR ligands polyI/C and R848, and
A647 (Figure S1B,D) were produced, and fluorescence
measurements confirmed dose-dependent incorporation of
the NPs (Figure 4A). Primary monocyte-derived DCs
(moDCs) from HLA-A2.1+ donors cultured within NY-ESO-
1/TLR NP-loaded cryogels were able to take up NPs as up to
100% of moDCs were positive for the A647 dye after 48 h of
incubation (Figures 4B and S4C). Again, we observed reduced
NP uptake in alginate cryogels compared to freely available
NPs (Figures 4C and S4D). The uptake of NPs resulted in
upregulation of activation marker CD40 on moDCs to a
similar extent as moDCs stimulated with free NPs in a dose-
dependent manner (Figure 4D,E), indicating that NY-ESO-1/
TLR NP-loaded cryogels induce DC maturation.
To study antigen-specific T cell expansion in this setting,

CD8+ T cells from the same HLA-A2.1+ donor were
transfected with a NY-ESO-1-specific TCR with high efficiency
(Figure S9A). When these antigen-specific T cells were
cultured with moDCs in control cryogels containing empty
NPs or when they were cultured in NP-loaded cryogels
without DCs, we did not observe any upregulation of
activation marker CD25 or T cell proliferation (Figure S9B−
D). On the contrary, when NY-ESO-1-specific T cells were co-
cultured with moDCs within NY-ESO-1 NP-loaded alginate
cryogels, we observed a significant increase in CD25 expression
(Figure 4F), strong induction of T cell proliferation (Figure
4G,H), and an upregulation of IFNγ production (Figure 4I).
These data confirm our observations for OVA/TLR NPs,
showing that alginate cryogels comprise a versatile platform
that can be used to form a depot of antigen/adjuvant-loaded
NPs to expand both human and mouse antigen-specific T cells
in various in vitro models.
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■ DISCUSSION

The ability of cancer vaccines to induce potent antitumor
immune responses heavily relies on adequate delivery of
tumor-associated antigens and adjuvants to DCs in the right
context. NP-based delivery systems can be applied to control
biomolecule release profiles, improve cargo half-life, and boost
(co-)delivery of antigens and adjuvants to DCs, which is
critical to achieve strong DC activation. Here, we developed a
novel strategy to stimulate DCs within macroporous scaffolds
by incorporating antigen/adjuvant-loaded PLGA NP into the
polymer walls of the scaffold. This alternative approach to
deliver stimulatory signals to DC within 3D scaffolds results in
strong DC activation and acquisition of antigen-specific T cell-
priming abilities.
Biomaterial-based scaffolds applied as platforms for cancer

vaccination promote sustained availability of antigens and
adjuvants and provide a supportive environment for immune
cell priming. DCs can be recruited and activated in vivo
through incorporation of GM-CSF and CpG oligodeoxynu-
cleotides. These scaffold-based vaccines are able to induce
robust anticancer immune responses that are superior to
subcutaneous administration of soluble antigens and adjuvants
without scaffolds.3−8

We expand on this platform by encapsulating biodegradable
PLGA NP loaded with synthetic tumor-associated antigens and
DC-activating TLR ligands into scaffold walls with high
efficiency in a straightforward manner. NP-loaded alginate
cryogels were prepared that preserve their favorable mechan-
ical properties and can thus serve as a depot for the antigen/
adjuvant-loaded NP. The main advantage of using pre-defined
synthetic tumor antigens as a source of antigen rather than
tumor lysate3,32 or irradiated tumor cells4 is that it is a fully
synthetic approach. This precludes the time and regulatory
burden associated with culturing of whole tumor cells, avoids
the limited immunogenicity associated with tumor lysates,
prevents the suppressive effects that tumor lysates can have on
DCs,33,34 and eliminates the potential risk of inducing
autoimmunity against self-antigens.35−37

This alternative approach of providing DCs with activating
signals through NPs incorporated into the polymer walls has
other advantages as well. Incorporating antigens and adjuvants
into NPs that are loaded into the scaffold walls, rather than
adsorbing the proteins directly onto the scaffold surface5,8 or
attaching them in a covalent manner6 offers the opportunity
for another level of spatiotemporal control over the
presentation of activating cues to DCs. Based on the type
and formulation of the NP that is used, the release profile of
the components can be tuned.10 For instance, NP can be
prepared that degrade in response to a change in pH, due to
the presence of enzymes or by oxidation in order to more
precisely control the spatiotemporal release kinetics of the
encapsulated cargo. A particle-based approach furthermore
benefits from the inherent uptake of particulate matter by DCs,
thereby potentially improving uptake of cargo,11,12 favoring co-
delivery of components,13−17 and enhancing cross-presenta-
tion12,18−20 of antigens and adjuvants presented within
biomaterial-based scaffolds. To fully apprehend the behavior
of PLGA NP-loaded alginate cryogels, the exact kinetics of DC
influx and NP uptake, NP degradation, diffusion of cargo out
of NP, and the passive release of NPs for different types of
particles from the scaffold walls will need to be established.
This characterization will be pivotal to gain more insights into

the (tuneable) spatiotemporal characteristics of the NP-loaded
scaffold-based cancer vaccine platform, which can have a large
impact on the resulting immune response. Covalent attach-
ment or slow release of antigens and adjuvants can, for
instance, improve bioavailability for long-term DC stimulation
and promote memory formation,7,8 although care must be
taken as persisting depots of antigens for DCs have been
reported to induce dysfunctional T cells or locally sequester
effector T cells.38,39 Side-by-side comparison of various
strategies to deliver antigens and adjuvants to DCs within
3D biomaterial-based scaffolds will in the future be required to
delineate per application what approach is most relevant.

■ CONCLUSIONS
We have successfully developed an alternative strategy to
stimulate DCs within macroporous cryogels by incorporating
antigen/adjuvant-loaded NPs into the polymer walls of the
scaffold. Through careful optimization, NP-loaded alginate
cryogels were prepared that preserve their favorable mechan-
ical properties and can thus serve as an injectable depot for the
antigen/adjuvant-loaded NPs. This work provides an impor-
tant addition to the toolbox of scaffold-based cancer
vaccination approaches by combining the advantage of
particle-based cargo delivery to DCs with the favorable
properties of 3D biomaterial-based scaffolds. In the future,
various particle-based formulations could be introduced into
the injectable cryogels in order to gain more control over the
spatiotemporal release kinetics of antigens and adjuvants.
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